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1 Executive summary 

1.1 What is Atlant? 

The Atlant system is a ground-based ion generator that is hypothesized to use wind uplift and 
turbulence to introduce charged aerosols and other particles into the cloud layer, thereby 
increasing the coalescence of water droplets and hence promoting the formation of raindrops. 
Atlant is claimed to be a rain-enhancement technology rather than a rain-making technology. The 
enhancing effect of electric forces on the collision/coalescence and formation of raindrops has 
been investigated experimentally since the 1950s. However no substantive progress has been 
made in either identifying the underlying physical process or in the statistical measurement of the 
effect of such ionisation on rainfall. 

1.2 Potential benefits of Atlant 

In three previous Australian trials, the Atlant system has been associated with increased rainfall. 
Furthermore, these trials have led to the development of statistical techniques for the estimation 
and evaluation of any contribution of the Atlant system to natural rainfall events. Application of 
these techniques to the analysis of individual rain gauge data collected in these trials has 
consistently indicated increased rainfall downwind of the Atlant site of the order of 15 per cent. 

While caveats are associated with the robustness of these earlier trial results, this order of 
enhancement has the potential to yield substantial additional volumes of rainfall. Based on the 
assumption that the area of influence extends over a 60˚ sector of a circle of radius 90km 
(equivalent to 4,240 square km), this degree of enhancement would theoretically generate around 
445 gigalitres of additional rainfall (assuming underlying annual rainfall of 700mm spread 
uniformly over this area). Rainfall does not translate directly into effective water supplies—a 
range of factors including soil characteristics, topography, the location of storages and timing will 
affect the degree of runoff. However, if the preceding levels of enhancement are true, then, even 
with a conservative estimate of effective yield, the Atlant system has the potential to make a 
substantive contribution to the additional water needed to meet the growing competition between 
commercial, environmental and urban water demands. 

1.3 Previous Atlant trials  

The first two field trials of Atlant were supervised by the University of Queensland and carried 
out in the Brisbane and Bundaberg areas, using techniques similar to those used in cloud-seeding 
experiments. While substantially higher than average rainfalls were observed in the target as 
opposed to the control areas, it was also clear that the natural level of variability in rainfall over 
space and time was too great to draw any strong conclusions about the significance of the 
observed increase. 

To try to overcome this problem of measuring an effect that is small relative to the degree of 
natural background variability, a statistical modelling approach was developed. Steering wind 
direction was determined on a daily basis and used to identify whether a gauge in the target area 
was downwind of Atlant and hence likely to be exposed to its effect. Any positive Atlant 
enhancement was therefore restricted to a dynamic target area oriented according to daily wind 
direction and described by a 60˚ sector of a circle of radius approximately 90km centred on the 
Atlant. 
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The location of subsequent trials was shifted to the Mount Lofty Ranges in South Australia where 
the technology could be evaluated under a mid-latitude weather system featuring frontal activity. 
In the 2008 Mount Lofty Ranges trial, the operating schedule was influenced by meteorological 
conditions on the day and the target area was defined as a 120˚ downwind sector extending out 
approximately 70km. This angle was selected after analysing typical wind speed variations for the 
area over the period of the trial. Crosswind and upwind areas served as a control. The statistical 
modeling methodology used in this trial was expanded to include a wide range of meteorological 
and orographic covariate information in order to reduce the large variability in observed rainfall. 
This provided a more powerful tool for detecting an Atlant effect, and a significant amount of 
rainfall enhancement was estimated to have occurred. 

There are a number of issues relating to the design of the first three trials that impact on the 
validity and robustness of their findings. In particular, operation of the Atlant system was not 
randomised in any of these trials, being oriented instead to the maximisation of operating time, 
thereby maximising the size of any potential enhancement, and making it easier to detect. 

During the second Atlant trial at Paradise Dam, the rate of ion formation and dispersion from the 
Atlant device was measured with a view to seeking evidence of a physical link between ion 
generation and precipitation. Atmospheric models have been used to show how a plume of ions 
might be carried relatively quickly into the cloud layer with prevailing winds and natural uplift. 
However, the chemical interaction of emitted ions in the atmosphere and their effect on droplet 
formation is complex and difficult to measure, and is poorly understood. 

It became clear that demonstrating a causal link between the operation of the Atlant system and 
rainfall would require a major research effort. It was therefore determined that the efficacy of the 
Atlant system had to be established through randomised field trials, at least in the first instance. 
Since this decision was made after commencement of the third trial, in the Mount Lofty Ranges in 
2008, it was only possible to implement it for the fourth trial, in 2009, which was also carried out 
in the Mount Lofty Ranges. 

1.4 Design modifications for 2009 trial 

For the fourth Atlant trial, the subject of this report, the trial design was informed by the findings 
of the earlier trials, as well as by comments from the Scientific Reference Panel (SRP) and the 
recommendations of two independent reviews of the analysis of the 2008 trial. Their reviews 
acknowledged that the 2008 trial indicated a positive enhancement effect. However both also 
identified the lack of randomisation in the conduct of this trial as its major weakness: 

 "The absence of a proper randomised protocol whereby the Atlant device was 
operated or not operated on days allowed by its operating rules means that it is not 
possible to discount a hypothetical “unknown effect” that mimics the intended effect 
of the Atlant device." (Henstridge et al., 2010) 

Following input from the SRP, it was decided to design the fourth trial so that analysis by a 
traditional double ratio would be possible. This required the introduction of a second Atlant site 
and the adoption of a randomised crossover design, ensuring that each site could potentially serve 
as a control for the other. Clearly this would have the effect of allowing subsequent analysis to 
address the question of whether there was an Atlant effect free of the suspicion that the days when 
either site was operated had been 'cherry-picked' in any way. An obvious drawback was that the 
sites would then be operated on days unsuitable for any enhancement, and so effectively reduce 
the extent of possible enhancement compared with the 2008 trial. However, this was felt to be a 
reasonable price to pay for obtaining valid data for assessing the efficacy of the technology. 
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1.5 Evaluation issues addressed in this report 

A number of issues related to the statistical estimation of rainfall enhancement arose in the course 
of preparing this report. These are discussed in more detail in later sections of the report and 
include: 

• Effectiveness of randomisation for balancing the impact of varying meteorological 
conditions on the estimation of an Atlant effect; 

• Limitations of the standard double ratio method for estimating the Atlant enhancement 
effect given the large natural variability (in space and time) of observed rainfall; 

• Use of a modelling approach that controls for prevailing meteorological conditions and 
varying orographic characteristics of downwind gauges in order to reduce this 
variability; 

• Choosing between day-level average rainfall and gauge-by-day-level observed rainfall as 
the appropriate unit of analysis for statistical modeling of rainfall; 

• Modeling zero rainfall observations as well as positive rainfall observations; 

• Identification and modeling of atypical Widespread Rain Event (WRE) days;  

• Treatment of outliers and influential values when modeling day-level rainfall; 

• Use of random effects to account for unexplained spatial and spatio-temporal correlation 
when modeling gauge-by-day-level downwind rainfall; and 

• Use of bootstrap simulation to assess the precision of the rainfall enhancement estimates 
obtained from the statistical models. 

1.6 Results for the 2009 Mount Lofty Ranges trial 

The fourth Atlant trial was held in the Mount Lofty Ranges from August to early December 2009. 
A crossover design based on two Atlant sites was employed, with a randomised operating 
schedule. This ensured that no hidden selection effects influenced the decision to operate or not to 
operate the Atlant systems. One site was switched on and off on a daily basis, the other site was 
switched on and off on a two-day basis. 

The target area was dynamically defined on a daily basis as the union of two 60˚ sectors of a circle 
approximately 90km extending downwind of the two Atlant sites. Steering wind direction was 
calculated from readings at Adelaide airport. These sectors are smaller than those used in the 2008 
trial but are consistent with those used in the second (Paradise Dam) trial. This reduction in the 
area of the downwind sector was considered necessary in order to ensure that the link between a 
gauge being classified as downwind and it being exposed to the Atlant ion plume was as strong as 
possible while at the same time ensuring that as many gauges as possible contributed data for the 
analysis. Daily meteorological data on wind speed and direction as well as temperature and 
pressure, together with the spatial location and elevation of the gauges in this target area on each 
day of the trial, were then combined with the rainfall values recorded by these gauges to define the 
data set that underpins the analysis set out in this report. 

An initial double-ratio analysis of the trial data was equivocal in terms of identifying whether an 
Atlant effect existed, indicating a large positive effect when the double-ratio statistic was based on 
total rainfall in downwind gauges and a negative effect when it was based on summing daily 
average rainfalls for these gauges. A subsequent double-ratio pseudo-analysis of historical rainfall 
patterns in the two trial areas (i.e. when Atlant was not operational) displayed high variability, 
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implying very large negative 'effects' in some years and very large positive 'effects' in others. 
Given the order of magnitude of the expected Atlant signal, it was therefore deemed impossible to 
measure it against such an erratic baseline. This led to the conclusion that while a double-ratio 
analysis may be appropriate for an experiment run over a period of many years with a randomised 
crossover design based on static areas that are identical except for application of the treatment, it 
does not provide the level of control necessary to detect a relatively small enhancement signal 
against the background variation in natural rainfall. A statistical modeling approach to detection of 
an Atlant effect was therefore adopted. 

Exploratory analysis of the trial data revealed a predominance of heavier rainfall events in 
association with winds from a north-westerly direction. This had the effect of greatly reducing the 
number of downwind rain gauges relative to the south-western Atlant location (C2) on days of 
heavier rainfall. It also showed that these gauges tended to vary much more in their distance from 
C2. In contrast, the number of downwind rain gauges relative to the north-eastern Atlant 
location,C3, was much more balanced across days of heavier rainfall, and also tended to vary 
much less in terms of their distance from this site. These considerations indicated adoption of 
statistical models that differentiated between the effects due to operation of the two sites, and also 
included interactions determined by the distance of a gauge from a site. 

Initial modeling was carried out using daily average rainfall data and a limited range of 
meteorological and orographic covariates, reflecting the fact that there were limited daily data on 
average rainfall downwind of each site. The modeling approach allowed for: 

• The dynamic selection of target and control gauges; 

• The treatment of zero rainfall days; 

• The weighting of the daily average data according to the number of contributing gauges. 

The analysis revealed that operation of the Atlant system does not appear to influence the 
probability of rainfall occurring downwind of the Atlant site. However, it found that for days 
when rainfall did occur there was a significant enhancement effect downwind of the C3 site, but 
no corresponding enhancement downwind of the C2 site. Taking both sites into account, this 
model indicated an overall enhancement of 6.4 per cent. A bootstrap simulation analysis of this 
model showed that that this enhancement estimate was quite variable, with there being 
approximately 80 per cent confidence that the true enhancement was greater than zero. 

The use of individual gauge-day rainfall records as the unit of modelling allows more 
sophisticated models for identifying Atlant effects. In particular, the large sample size implicit in 
this type of modeling permits the use of a much wider variety of meteorological and orographic 
controls as well as a more detailed decomposition of the Atlant effects into lagged and 
contemporaneous components and the introduction of interactions with individual gauge distances 
from the Atlant sites. However, it also requires consideration of potential correlation between 
rainfall readings from the same gauge on different days and from different gauges that are 
exposed to a similar extent on the same day. As a consequence, two types of random effects 
models were fitted to the gauge-day data. The first involved allocating a random effect to each 
gauge, while the second allocated random effects to groups of gauges that were judged to be 
similarly exposed on a day. 

Overall, the second 'spatio-temporal' random effects structure produced the better model fit to the 
gauge-day rainfall data, with both models again indicating a difference in the Atlant effect at C2 
and C3, with significant, but oppositely signed, lagged effects at both sites and with significant 
distance interactions. The corresponding overall enhancement under the random gauge effects 
model was estimated at 9.6 per cent, while the estimated enhancement under the spatio-temporal 
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random effects model was somewhat lower, at 7.5 per cent. Bootstrap simulation analysis under 
both models indicated that there was a confidence level of at least 90 per cent that the true 
enhancement was positive. 

Use of the gauge-day data also allowed direct modeling of the probability of a gauge recording 
rain on a day. This showed that operation of Atlant was associated with a small, but significant, 
reduction in this probability. However, many rainfall 'events' correspond to very small amounts of 
rain being recorded by a gauge (< 1mm). When the model was refitted to rainfall events defined 
by at least 1mm of rain being recorded by a gauge, the reduction referred to above virtually 
disappears. This provides some evidence that operation of Atlant may serve to depress very light 
to negligible rainfall, but has little effect on whether more substantial rainfall events occur. 

1.7 Summary of results 

Statistical modeling of the 2009 Atlant trial data shows significant downwind effects associated 
with operation of Atlant for daily average rainfall as well as for gauge by day rainfall. The model 
for daily average rainfall leads to an estimated downwind enhancement of 6.4 per cent, while a 
parametric bootstrap analysis based on this model indicates that there is 80 per cent confidence 
that the true enhancement was positive. Under the preferred gauge by day rainfall model, which 
includes spatio-temporal random effects, the estimated enhancement is 7.5 per cent, and a similar 
parametric bootstrap analysis indicates that there is a higher level of confidence (90 per cent) that 
the true downwind enhancement was positive. While this is roughly half of the enhancement 
found in the 2008 trial, it should be remembered that the 2009 trial covered an area approximately 
twice the size, with each site operating only 50 per cent of the time. 

1.8 Structure of report 

This report first describes the theoretical basis and operation of the Atlant system, followed by an 
overview of the issues confounding detection of weather modification signal against the 
background noise of natural rainfall variability. The design of the 2009 trial is discussed in 
Chapter 4, followed by an exploratory statistical analysis of the characteristics of the trial data. A 
traditional double-ratio analysis of these data is then presented, followed by the results of analysis 
using a statistical modeling approach. This approach controls for meteorological conditions and 
orographic effects with a view to reducing background noise. The results presented are for 
modeling day-level average rainfall initially, followed by more sophisticated modeling of 
individual gauge-by-day rainfall records. The relative merits and shortcomings of these different 
approaches are then discussed in Chapter 9, which concludes the report with a summary of its 
main findings. 



  

 
6 

2 Background 
The hypothesis that the presence of electric forces enhances collision-coalescence and formation 
of larger raindrops has been investigated experimentally (Sartor, 1954; Goyer et al. 1960, Abbott, 
1975; Dayan and Gallily, 1975; Smith, 1972; Ochs and Czys, 1987; Czys and Ochs, 1988) and 
theoretically (Sartor, 1960; Lindblad and Semonin, 1963; Plumlee and Semonin, 1965; Paluch, 
1970; Schlamp et al. 1976). The current literature in the field of cloud and aerosol microphysics 
suggests that ions can influence the formation of clouds and raindrops at multiple stages 
throughout the process (e.g. Harrison and Carslaw, 2003 for an overview; Harrison 2000, Carslaw 
et al. 2002, Khain et al. 2004). In particular, there is evidence consistent with ions enhancing the 
coalescence efficiency of charged cloud droplets compared to the neutral case. Though electrical 
effects on cloud microphysics are not fully understood (see Chapter 10 of McGorman and Rust, 
1998 and Chapter 18 of Pruppacher and Klett, 1997 for an overview), enhancement of the 
coalescence process may play an important role in explaining any effect on raindrop formation 
and consequent rainfall enhancement attributable to the Atlant technology. 

Research attempting to link the micro-level effects of ions on the formation of raindrops and the 
macro-level application of ion generation to enhance rain has been limited. Bernhard Vonnegut 
speculated that electrical charges in clouds could aid in the initiation of rainfall (Moore and 
Vonnegut, 1960). Vonnegut carried out numerous experiments into the electrification of clouds, 
including the widespread releases of ions into the air to test the effect of priming clouds with 
negative space charges (Vonnegut and Moore, 1959). In subsequent work, Vonnegut et al. (1961, 
1962a, 1962b) showed that the electrical conditions in clouds could be modified with the release 
of ions of either polarity. These ions are released into the sub-cloud air using a high-voltage power 
supply that generates corona discharges from an extensive array of small diameter wires elevated 
above the ground and exposed to local winds and updrafts. These discoveries confirmed that 
anomalous polarity clouds developed over sources of negative charge, and suggested the operation 
of an influencing electrification mechanism. It has also been reported (Moore et al., 1962; 
Vonnegut and Moore, 1959; Vonnegut et al., 1961) that the space charge released from an 
electrified fine wire produces large perturbations in the fair-weather potential gradient for 
distances of 10km, or more, downwind. Most recently, Kaufman and Ruiz-Columbié (2005, 2009) 
conducted field experiments using a DC-corona antennae for the purpose of precipitation 
enhancement and also as a means of aerosol deposition. 

2.1 Description of Atlant 

Although previous investigations of ion-based rainfall enhancement were not conclusive, they do 
provide the basis of a plausible hypothesis for how the Atlant system functions to affect rainfall. 
This hypothesis was used to design key elements of the statistical analysis. Each Atlant ion-
emitting device consists of a high-voltage generator connected to a large network of thin metal 
wires supported on a frame with a series of pyramids on top. The approximate dimensions of the 
device are 12m x 3m x 5m (Figure 1). It consumes about 500W of power and generates voltages 
of 70kV. 
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Figure 1 The Atlant at C2 Site (Willunga, SA). 

 

2.2 A physical model for Atlant 

Assumptions about the behaviour of condensation nuclei and drop coalescence underpin the 
operation of Atlant. As experiments detailed above have shown, the coalescence efficiency 
between colliding drops of opposite charge is enhanced by the presence of the charge, as is that 
between charged drops and uncharged drops, and is significantly higher than the pure gravity and 
hydrodynamic-induced values. At collision, the thin film of air between the drops and the surface 
tension of the drop surfaces prevent coalescence. At small separation distances, the size of the 
electrostatic forces between the drops increases markedly. In the case of drops of opposite charge, 
or a charged drop and neutral drop, the electrostatic forces can overcome the viscous forces 
provided by surface tension and thin film of separating air, so that a higher portion of collisions 
result in coalescence rather than bounce (Ochs and Czys, 1988). 

Counter-intuitively this may also occur for drops of the same polarity. As two drops with same 
polarity of net charge get very close together, the drop with the larger charge can induce the 
opposite charge on the near surface of the other (Sartor and Abbot, 1972). However this requires 
very large charges on one of the drops, and must overcome the initial repulsive electrostatic force. 

Although many questions remain to be answered about the underlying processes, a working 
hypothesis based on current understanding is outlined below. 

1. Initially, negative ions are generated from a high-voltage corona discharge wire array; 

2. The ions become attached to particles in the atmosphere (especially soluble particles), 
which later act as cloud condensation nuclei (CCN); 

3. The ions are conveyed to the higher atmosphere by wind, atmospheric convection and 
turbulence; 

4. The electric charges on these particles are transferred to cloud droplets; and 

5. The electrostatic forces on droplet interaction aid the coalescence of the cloud droplets, 
resulting in enhanced raindrop growth rate and ultimately increasing rainfall downwind 
from the Atlant ion emitter. 

Two key points relevant to using this model in a field evaluation of the Atlant system are therefore 
that the area of influence is: 

• Unique to orographic conditions at the site; and 

• Dynamically defined, depending primarily on wind speed and direction. 
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3 Approaches to evaluation 
A prerequisite of rainfall enhancement detection is an estimate of the amount of rain which would 
have fallen had the treatment not been applied. In weather modification experiments, an estimate 
of this value is usually derived from mean rainfall measurements over the course of a trial within 
an untreated, control area. This estimate is compared with mean rainfall over a target area in an 
attempt to identify the degree of rainfall enhancement. 

A premise of this type of analysis is that a randomised treatment protocol, along with a 
sufficiently large sample size, will balance out the effects of variation between the target and 
control. However, very high levels of variability in rainfall make this assumption problematic. 
This variability is both temporal, across days, months and even years, as well as spatial, with some 
areas receiving a lot of rain while neighbouring areas concurrently receive little. Temporal 
variation in rainfall reflects the variation in meteorological conditions over time, while orographic 
factors such as elevation and proximity to a coastline will interact with meteorological conditions 
to produce spatially varied precipitation across adjacent areas. 

This high level of variability produces a large spread of rainfall measurements, or large variance 
in the data. As a consequence, the calculated estimates of mean target and control rainfall are 
associated with large error margins. The challenge of this type of analysis, therefore, is to generate 
sufficiently small margins of error for the measurements of mean control and target rainfall in 
order to obtain a significant result. This either requires a huge rainfall enhancement effect, so that 
the consequent shift in mean rainfall is the main contributor to the observed variability in rainfall 
measurements, or a large enough sample size so that the control and target mean values are 
estimated precisely irrespective of the high variation in the actual rainfall measurements. The 
reality, however is that the rainfall enhancement signal is modest and the sample size limited, with 
the high variability of rainfall then creating a lot of background ‘noise’ against which it is often 
not possible to detect a rainfall enhancement signal. 

Various experimental design techniques can be employed to counter this variability, and to 
thereby decrease error margins. By choosing a control area that is as similar as possible to the 
target area, one can minimise variation due to differences in the spatial distribution of rainfall 
measurements. This is the basic principle underpinning a typical crossover design, where two 
areas with similar rainfall patterns are selected and treatment is applied to either one or the other 
area using a randomised schedule. The untreated area acts as a control for the area being treated, 
and allows for a traditional double-ratio analysis. This approach goes some way to balancing 
random spatial variation (NRCNAS 2003). 

Increasing the sample size by running trials for long periods, often many years, has been 
necessary to reduce the margin of error towards levels where analysis can potentially yield 
significant results. Blocking, which identifies certain combinations of temporal conditions as 
providing a different level of rainfall enhancement from other combinations, can also reduce the 
variance of outcome measures by restricting randomised treatment allocation to blocks consisting 
of ‘similar’ temporal conditions, thus reducing variability caused by day-to-day changes in these 
conditions. 

However, despite extensive efforts over the past fifty years to reduce the effect of natural 
variability in rainfall by employing these design techniques in randomised trials of rainfall 
enhancement, it seems clear this approach has not produced a reliable methodology for detecting 
rain enhancement (Cotton and Pielke 2007). Most cloud seeding experiments still do not provide 
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evidence sufficient to reject the null hypothesis of no enhancement, and usually produce data ‘not 
sufficient to reach statistical conclusions’ (NRCNAS 2003). 

The problem with this ‘pure’ randomisation-based analysis of rainfall is that it treats all rainfall 
measurements that have been randomised over (in the sense that treatment application for these 
measurements was at random) as being randomly drawn from the same distribution of potential 
values. However, we know that this is not true. We know that variation in rainfall from gauge to 
gauge within a day is driven by variation in orographic conditions, and that day-to-day variation 
for a particular gauge is driven by variation in meteorological conditions. 

This constantly changing background of spatial and orographic variation typically has a much 
greater influence on rainfall than any potential enhancement effect. Furthermore, we can measure 
many of the important factors that contribute to this background variation. However, this 
knowledge is ignored when we simply average target and control rainfall in the hope these 
external effects then cancel out. Insofar as they do not, the resulting variability in our estimation 
of an enhancement effect can (and typically does) far outweigh the actual level of this 
enhancement. This leads to significant limitations when a randomisation-based approach to 
evaluation of an enhancement effect is applied to this problem. More efficient means of analysis 
are required if we hope to gain significant results in realistic time frames. 

Statistical techniques have seen tremendous improvements in recent decades. However, within the 
field of weather modification, methodology based on treatment randomisation and mean rainfall 
comparisons is well established, and alternative methods of statistical analysis have not, as yet, 
been widely adopted. Given the complexity of the problem at hand and the importance of any 
consequent improvements in water management, these significant developments in statistical 
sciences ought to be explored by weather modification scientists.  

A review of statistical analysis in weather modification by the US National Research Council of 
the National Academies (NRCNAS 2003) makes the following assessment: "To fully consider and 
evaluate the myriad of variables in weather modification experiments, multivariate statistical 
process models that exhibit spatial and temporal dependence are much better suited [to this 
analysis than the single test]". 

Sophisticated statistical methodologies for the analysis of spatiotemporal data were not available 
in the early days of weather modification. It was not until the 1990s that they could be realistically 
implemented in the analysis of field trials (NRCNAS 2003). Consequently randomisation has 
continued to serve to mitigate both spatial and temporal correlation effects in many evaluation 
studies. "However, just as blocking designs can improve efficiency over randomisation, one can 
get more efficient estimates by modeling the spatial (and spatiotemporal) effects." (NRCNAS 2003). 

The basis for these spatiotemporal methods is that evaluation is carried out in the context of 
models that explicitly account for the different sources of variation in the rainfall measurements. 
That is, measurements of other variables that influence the variability of the rainfall of interest, 
and are unaffected by it (i.e. are ‘upstream’ of this rainfall), are used to make statistical inferences 
about its distribution. That is, in contrast to a randomisation analysis of the trial data, which 
estimates an enhancement effect by just comparing mean control rainfall with mean target rainfall, 
this type of analysis infers the value of this effect from a regression model of rainfall that includes 
meteorological and orographic covariates.  

Meteorological covariates that correlate strongly with rainfall include wind direction and speed as 
well as daily average barometric pressure, average daily temperature and the amount of moisture 
in the air (the difference between average daily temperature and average daily dew point 
temperature). Important orographic covariates include the spatial location of a rain gauge relative 
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to the source of the treatment and the elevation of the gauge. Gauge-specific orographic effects 
that are uncorrelated between gauges can be modelled via the introduction of a random effect for 
each gauge. 

The availability of statistical software for fitting these models allows analysis to be directly 
carried out using the available daily rainfall data from each gauge within the target and control 
areas, rather than just the average rainfall measurements over all target and control gauges for a 
particular day. Overall, our experience is that gauge-level models that include the meteorological 
and orographic covariates described in the previous paragraph can account for around half the 
observed variation in gauge level daily rainfall (Beare et al. 2010). Consequently, if data for a 
large number of gauges is available (as is usually the case), then this approach can dramatically 
increase the power to detect an enhancement effect over a much shorter time frame. 

It should be noted, however, that this extra power is dependent on our ability to adequately control 
for the between-gauge variability in rainfall on a day using appropriate spatial covariates in the 
analysis model. This information, which is averaged over when performing classical randomised, 
means-based, analyses, is effectively utilised in a model-based approach to derive a more accurate 
prediction of the natural rain in the target area, i.e. the rain which would have fallen in the absence 
of treatment. As a consequence, accurate estimation of the enhancement effect, defined by the 
difference between the actual rainfall in the target gauges and the modelled estimate of the 
corresponding natural rain, becomes feasible. 

Accurate assessment of the precision of the estimated enhancement effect must also be 
considered. Given the complex nature of the statistical models for rainfall that underpin this 
estimate, standard approximation-based approaches to determining this precision become 
problematic, especially as they often involve assumptions about rainfall measurements from 
different gauges being uncorrelated. In this context adoption of a bootstrap approach to 
determining the distribution of the enhancement estimate, allowing direct calculation of 
confidence intervals for its expected value, is recommended. This is the approach taken for the 
model-based analysis described in this report. In particular, we assess precision of the estimated 
enhancement via parametric bootstrap simulation based on the same models that are employed to 
obtain this estimate. 



  

 
11 

4 Design of the 2009 Mount Lofty Ranges trial 

4.1 Experimental design 

A primary aim of the 2009 Mount Lofty Ranges trial is to test the hypothesis that operation of the 
Atlant system in the assessment region leads to increased rainfall in the expected area of influence 
of Atlant. That is, there is a null hypothesis that corresponds to no effect on rainfall, with this 
being rejected in favour of evidence of rainfall enhancement if parameters associated with 
operation of Atlant are significant in the statistical model for rainfall defined under this 
hypothesis, and this model also implies a significant relative increase in observed rainfall that can 
be attributed to operation of Atlant. In taking this approach, it is recognised that the actual level of 
significance used depends on the risk associated with not identifying a positive Atlant 
enhancement effect when it exists. 

In order to test this hypothesis, it was decided to use a modified form of a crossover design which 
would then also allow evaluation by the traditional double-ratio analysis method. In a crossover 
experiment, as outlined earlier, two distinct areas are chosen such that they are sufficiently near 
each other for there to be a good correlation between natural rainfall in each area, but sufficiently 
far apart that there is little chance of the treatment in a target area influencing rainfall in a control 
area. When a randomised operating schedule is used with a crossover design it allows for a 
double-ratio analysis of the data. The design of the trial was therefore modified from that used in 
2008 to include a second Atlant location. 

4.2 The Atlant locations and trial area 

The Atlant site used in the 2008 Mount Lofty Ranges Trial at Willunga (C2) was again selected 
for the 2009 trial. In addition to this site, a second Atlant was introduced at Tea Tree Gully (C3) 
around 58km north east of C2 (Figure 2). The C2 Atlant site (35°18’ 41.34’S, 138° 31’ 22.02’E) is 
located 44km south-southwest of the Adelaide CBD and approximately seven km from the coast 
on the Gulf of St Vincent. The C3 Atlant site (34°49’ 28.10’S, 138° 44’ 48.70’E ) is located 18km 
northeast of the Adelaide CBD and approximately 25km from the coast on the Gulf of St Vincent. 

Variations in rainfall were assessed through an analysis of rainfall data from the Bureau of 
Meteorology rain gauges shown in Figure 2. Although the true extent of any Atlant influence is 
unknown, this trial area was selected on the basis of being likely to capture the bulk of gauges 
whose measured rainfall, based on previous trials, would be expected to be influenced by the 
operation of the Atlant. Following the analysis used in the second Atlant trial at Paradise Dam, it 
was decided that for the 2009 trial the area of influence of Atlant would be confined to two 60˚ 
sectors extending downwind from C2 and C3. A gauge was included in the analysis if it was 
within one degree of 'Euclidean distance' from one of the two Atlant sites. 'Euclidean distance' is 
the square root of the sum of the squared difference between the latitude of the gauge and the 
latitude of the site and the squared difference between the longitude of the gauge and the longitude 
of the site. This distance approximates 90km. 

The extensive rain gauge and weather station network provided by the Bureau of Meteorology 
(BOM) includes 282 rain gauges within this trial area. With the exception of a small number of 
gauges (20) which did not provide data of sufficient quality to be included in the trial (Table 1), 
262 gauges provided rainfall data over the period of the trial. Only 85 of these gauges provided 
data for every day of the trial. 
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The C2 and C3 sites are sufficiently near each other for there to be a reasonably strong correlation 
between the natural rainfall in each area. Note that both target areas are dynamic, in the sense that 
the gauges that they cover vary from day to day depending on the direction of the steering wind, 
which was taken to be the speed-weighted average of the wind directions at 850 hPa and 925 hPa 
at Adelaide Airport. 

Figure 2 The location of the Atlant sites at C2 (Willunga) and C3 (Tea Tree Gully). The 
rain gauges used in the trial are indicated by green circles. The circles which 
delineate the trial area are centred on the Atlant sites and have a radius of approx 
90km. All gauges within these circles were used in the analysis with the exception of 
those producing data of insufficient quality (Table 1). 
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Table 1 Rain gauges within the area delineated by the circles in Figure 2 which were 
not used in the trial analysis. The BOM indicated these gauges were operational but 
had no reported usable long-term rainfall and/or had not reported regularly over the 
past 3 years. Dist: BOM district region area number. 

Site # Dist Site Name Site # Dist Site Name 
021121 21 Apoinga (Wilivere) 023142 23a Novar Gardens (Sturt River At 

Anzac Hwy 
023009 23a Mallala 023320 23a Nuriootpa Town Bridge 
023075 23a Adelaide (Clapham) 023367 23b Angaston Creek (Saltrams 

Gully) 
023094 23a Athelstone Fc 023371 23b Rowland Flat (Jacobs Creek) 
023112 23a Gawler River (Virginia Park) 023378 23b Light River (Mingays 

Waterhole) 
023119 23a Unley Roberts St 023700 23c Inglewood Alert 
023127 23a Bibaringa (S E Gawler Alert) 023763 23c Mount Crawford Forest 

Headquarters 
023132 23a Adelaide (Magill Campus 

Alert) 
023908 23c Waterfall Gully (Waterfall 

Alert) 
023136 23a Craigburn Farm (Sturt Flood 

Control Dam 
023909 23c Adelaide (Gorge Weir Alert) 

023141 23a Concordia (Turretfield Dam 
Alert) 

024571 24b Nildottie (Kroehns) 

4.3 Meteorological and orographic features of the Atlant locations 

The Atlant sites in the 2009 trial are both in the Mount Lofty Ranges, which are orientated 
northeast to southwest. Both sites are along the first significant ridgeline closest to the coast, and 
are exposed to the prevailing weather—typically from the west. 

South Australia is classified as having a Mediterranean climate and is influenced by offshore trade 
winds in the summer and on-shore westerlies in the winter. As a consequence, the trial location 
experiences a dry and warmer period from November to April with prevailing winds from the 
southeast to east and a moderately wet and colder period from May to October with prevailing 
winds from the northwest to southwest (BOM, 2008). The climate of the Mount Lofty Ranges is 
significantly affected by an elevation ranging from 350m to 700m and winds sweeping across the 
Gulf of St Vincent. 

The C2 and C3 sites are located at an elevation of 348m and 373m above sea level respectively, 
and have significant upslope valleys located to the west and northwest (see Figure 3 and Figure 4). 
At C2, the landform elevation rises from the coast travelling from west to east for 4300m at a 1.1 
per cent rise (i.e. 1.1m vertical for every 100m horizontal), then continuing east for 2100m the rise 
increases to 12.3 per cent with the last 200m corresponding to a very steep 21.7 per cent rise. 
Similarly, C3 has an elevation rise from the coast travelling from west to east for 23,000m at 3.3 
per cent followed by a steeper rise of 11.2 per cent over the final 2,000m. These rises are depicted 
in Figure 5 and Figure 6. 
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Figure 3 Elevation of Atlant site C2 with topographic lines indicated in metres. 

 

Figure 4 Elevation of Atlant site C3 with topographic lines indicated in metres. 

 

Typically, a moist marine onshore airflow from the west rises as it approaches these sites—i.e. 
there is orographic lifting. The resultant turbulence and vertical movement of air would be 
expected to result in quick upward dispersal of the ions generated by Atlant. It is clear from Figure 
2 that locating an external control area that matches the trial area is difficult. The meteorological 
and topographic characteristics of neighbouring areas were quite different from the trial area. The 
land area to the north and east of the trial area is relatively flat and dry when compared to the trial 
area, and the influence of offshore fronts on precipitation in these areas is not nearly as strong. 
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Figure 5 Southern Mount Lofty Ranges elevation rise from west to east. 

 

Figure 6 Northern Mount Lofty Ranges elevation rise from west to east. 

 

4.4 Operating schedule 

The trial ran for 128 days subject to the operating protocol described below, commencing at 9am 
1 August 2009 and finishing at 9am 7 December 2009. During the trial the Atlant sites were 
switched on and off at 9am in accordance with the specified switching regime. This was to 
coincide with the BOM reporting time for the rain gauges, and to reduce the chance that overlap 
of rainfall measurements diluted the results. An additional advantage is one of operational 
convenience, in that 9am is approximately the start of a working day. A 30 minute 'temporal 
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buffer’ was also added to the switch time, so that the ions from the off-going Atlant had time to 
clear the area before switching on the ongoing Atlant. Thus, with a nominal switch time at 9am, 
the operating Atlant was turned off at 8.30am and the ongoing Atlant was then turned on at 9am. 

The two sites were operated according to a randomised, asynchronous, alternating daily schedule 
(Appendix A). C2 was operated on a randomised on-off sequence. C3 was operated on a 
randomised on/on-off/off sequence. To achieve this schedule, consecutive two-day blocks for 
each site were generated, with 1= on, and 0 = off (Table 2). 

Table 2 Schedule for consecutive two-day blocks. 

C2 C3 
Day 1 Day 2 Day 1 Day 2 

0 1 1 1 

1 0 0 0 

1 1   

0 0   

Rather than randomly generating the schedules for C2 and C3 and then combining them, a 
schedule was constructed from the eight two-day groups (Table 3) and then this schedule was 
randomly sequenced. An advantage of this approach was that it ensured that each of the four 
C2-C3 operating combinations (on-on, on-off, off-on, off-off) was scheduled for an equal number 
of days. The two-day sequence was repeated eight times so that each combination had an equal 
probability of 1/8 of occurring. The 64 two-day groups were then randomly sequenced to give the 
operating schedule commencing 1 August 2009 and completing 6 December 2009. 

Table 3 Schedule for eight combinations of the two-day groups. 

C2 C3 
Day 1 Day 2 Day 1 Day 2 

0 1 1 1 
1 0 1 1 
1 1 1 1 
0 0 1 1 
0 1 0 0 
1 0 0 0 
1 1 0 0 
0 0 0 0 

Note that use of the above design was motivated by the need to compromise between maximising 
the cross-over frequency, which would have had C2 and C3 both operating on an asynchronous 
on-off basis, and the desire to allow modeling of potential lagged Atlant operating effects, which 
required at least one site to operate continuously for two or more days. These lagged effects had 
been noted in analysis of previous Atlant trials, and the randomisation used in the 2009 trial 
provided an opportunity to test whether it represented something more than an artifact of the way 
the Atlant had been operated in those trials. 

The groups were randomly sequenced using the rand function in the statistical package Matlab, 
which generates pseudo-random values drawn from a uniform distribution on the unit interval. 
The function uses the Mersenne-Twister algorithm (Nishimura and Matsumoto, 1998). The full 
random sequence yielded 32 days when both sites were on, 32 days when both sites were off, 32 
days when C2 was on and C3 off; and 32 days when C2 was off and C3 on. The operating 
sequence was supplied to the Scientific Reference Panel prior to the commencement of the trial. 
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In some instances an Atlant system was scheduled to operate but did not operate due to technical 
faults. Similarly, the systems were shut down despite being scheduled to operate due to fire 
dangers, in accordance with risk management plan. Unscheduled downtimes were recorded in the 
operating log. The Atlant operating data used in the preliminary analysis of the 2009 Mount Lofty 
Ranges trial reflected the actual duration of Atlant operation on a day. However, because there are 
a number of cases where either C2 or C3 ran or did not run for a very short time during the day, 
we adopted the rule that a site was treated as operational on a day if it ran for 12 or more hours 
that day. Otherwise it was treated as non-operational. Using this rule, Appendix A lists the full 
planned and achieved operating schedules. Table 4 provides explanations for the departures from 
scheduled operation. 

One deviation from the schedule calls for some explanation. After the first month of operation of 
the trial it was determined that no full 24-hour period of operation of either Atlant had been lost. 
However, 10% of the hours on C2 and 9% of the hours on C3 were lost due to technical 
breakdown or severe weather. It was assumed that this loss rate would continue, and as such it 
was decided to over sample the ‘on’ operation by 10%. The intention was to randomly select 10% 
of the remaining ‘0000’ 2-day groups (i.e. sets of 2 days in succession where both C2 and C3 were 
off all the time) and turning them into ‘1111’ 2-day groups (i.e. where C2 and C3 were on all the 
time). This was done using a random number generator in Matlab and as a result C2 and C3 were 
both operated on 3 October and 4 October.  

However, this deviated from the basic structure of the plan with regard to the 64 sequences of 
pairs of consecutive days. In each such pair, the design had C3 either off for both days, or on for 
both days. In that original sequence, the following days were pairs: 30 Sep and 1 Oct: C3 off both 
days; 2 Oct and 3 Oct: C3 off both days; 4 Oct and 5 Oct: C3 off both days When this further 
randomisation was done, this structure was not retained, and the result was that 3 Oct and 4 Oct, 
which were not paired in the original design, were re‐allocated to be on at both C2 and C3. 
Nonetheless, this was deemed not to have an impact on the overall analysis. 

Table 4 Departures from scheduled operations. 

02 August C2 was scheduled to operate, but was shut down due to a mechanical 
fault. 

25 August C3 was scheduled to operate, but was shut down due to a mechanical 
fault. 

27 September  C2 was scheduled to operate, but was shut down due to a mechanical 
fault.  

03 – 04 October C2 and C3 both scheduled to not operate but both were operated. See 
preceding paragraphs for explanation. 

18-19 November C2 & C3 were scheduled to operate but were shut down due to a 
‘catastrophic’ fire danger in the area. 

4.5 Auxiliary data 

Auxiliary data for use in the analysis were obtained from the BOM. These data sets included daily 
meteorological observations from Adelaide airport and the location and elevation of BOM rainfall 
gauges. 

Observations from Adelaide airport were computed as daily averages and included: 

• Wind speed (km/h); 

• Wind direction (degrees from due north, clockwise) with separate readings at 700 hPa, 
850 hPa and 925 hPa; 

• Air temperature; 
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• Dew point temperature; and 

• Mean sea level pressure. 

Steering winds are associated with the general direction and speed of cloud movement and vary 
with the height of the cloud layer(s). Steering wind direction and speed for the trial were 
approximated by a vector average of the 850 and 925 hPa values of wind direction and speed. 

4.6 Target area definition 

The determination of whether a gauge is exposed to the ion plume released by the Atlant device 
cannot be ascertained with any degree of precision because our current understanding of the 
physics underlying the spread of the ion plume in incomplete. However, the plume will be 
directed by surface and upper level winds. The direction of these winds will change through the 
course of a day, but the typical range of wind directions over a 24 hour period is not great, with 
the analysis carried out for the 2008 trial at C2 indicating an average range of between 60˚ and 
80˚. It is therefore presumed that the path of a plume could spread across a sector originating at 
the Atlant device. While the selection of the angle of this sector is necessarily somewhat 
subjective, based on experience from analysis of the second Atlant trial (Paradise Dam), which 
indicated a highly directional downwind Atlant effect, it seemed reasonable to deem this angle to 
be 60˚. This angle was set before the trial commenced to reduce potential bias in the analysis. The 
orientation of this 60˚ sector is dynamically defined on a daily basis, being centred on the radial 
vector describing the downwind direction from the Atlant. Rather than including all gauges across 
a target area, this dynamic daily partitioning of the target area in relation to steering wind 
direction serves to focus the signal generated by the Atlant system. 

The determination of primary steering wind flows was obtained using radiosonde data (vertical 
wind profile), produced by the BOM. Radiosonde data is recorded at Adelaide Airport at six-
hourly intervals to provide four readings per day. To obtain a steering wind direction, the vectors 
of wind speed and direction were averaged between the surface and upper winds (925 hPa and 850 
hPa respectively) at each of the four time points throughout the day, and the vector average of 
these four averages was taken to obtain the daily wind direction. Vector averages were taken 
rather than geometric averages as the speed of the wind will impact on the overall transport of the 
plume. A gauge was then determined to be downwind on the day when both the following 
conditions were satisfied: 

sin θ −ω( ) lat − latA( ) + cos θ −ω( ) long − longA( ) < 0;
sin θ +ω( ) lat − latA( ) − cos θ +ω( ) long − longA( ) < 0.

 

Here θ is the angle from the wind direction vector (in the case of the downwind sector, this value 
is 30˚), ω is the angle between the gauge and due north, lat and long and latA and longA are the 
latitude and longitude of the gauge and the Atlant device respectively. Any gauges not within the 
downwind sector are considered to be crosswind/upwind. 
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Figure 7 Downwind sectors in a westerly wind, showing gauges and C2 and C3 Atlant 
location. The degree of overlap is dependent on the direction of the wind. 

 

4.7 Summary of trial design and data 

Period of trial: 

• 1 August 2009 to 6 December 2009. 

Operating schedule: 

• Atlant was operated on a randomised daily schedule for all days of the trial, starting and 
ending at 9:00am. 

BOM Data: 

• Meteorological data consisted of daily averages of four wind speed and direction readings 
at a single point, Adelaide Airport, taken at approximately equally spaced intervals, 
together with daily average air temperature, dew point temperature and air pressure, all 
at Adelaide Airport; 

• Gauge-specific data included the location (latitude and longitude) and the elevation of 
each gauge; 

• The unit of observation was daily gauge level rainfall starting and ending at 9:00am. 

Target/control areas: 

• Two overlapping sectors defined by 60˚ sectors extending 90km downwind of each 
Atlant, where downwind was determined by the steering wind direction on a day. This 
was calculated as a speed-weighted average of measured wind directions at 850 hPa 
and at 925 hPa at Adelaide Airport. 
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5 Exploratory analysis of the trial data 
This section describes an exploratory analysis of the impact of different sources of variation on 
the rainfall observed during the 2009 Mount Lofty Ranges trial. 

5.1 Sources of variation in rainfall enhancement experiments 

Rainfall enhancement experiments typically use observed gauge-level rainfall as a substitute for 
actual rainfall. Furthermore, if the experiment is based on a crossover design, then the target and 
control areas of the experiment are often treated as static and meteorologically interchangeable, 
with daily rainfall calculated as an average over the treated and control areas separately. The 
results of aggregating individual gauge data in this way can be affected by a number of sources of 
variation: 

A Changes in meteorological conditions common to both sites from day to day (temporal 
variation); 

B Differences in meteorological conditions between sites over the course of a day (spatial 
variation); 

C Differences in orographic characteristics of the two sites (spatial variation); 

D Interaction of the above two factors to produce varied rainfall outcomes (spatio-
temporal variation). 

A randomised treatment schedule, if performed over a long enough time period, will act to reduce 
the impact of these sources of variation on the estimated rainfall enhancement effect. The impact 
of orographic variance (C & D) can be minimized by careful selection of the two experimental 
locations. In particular, when the areas being compared are static it is possible to ensure that there 
are no great discrepancies in gauge numbers or orographic features between them. This allows a 
like-with-like comparison of the two areas. Site selection can also reduce the impact of area-to-
area differences in meteorological conditions (B) as choosing two areas that are not too distant 
from each other will increase the likelihood of shared weather conditions. 

However, the design of the 2009 trial is such that we cannot define a fixed geographical area for 
exposure. Due to the hypothesized physical mechanism of the Atlant (release of negative ions 
from a ground-based structure dispersed by prevailing winds), the target area is deemed to be a 
60˚ sector downwind of the Atlant (referred to as the downwind sector). Therefore, for a single 
Atlant location, the location of the target area changes from day to day as steering wind direction 
changes. That is, the location of the target area is dynamic - if one leaves aside the decision on 
where to locate the ground-based emitter, its location is not experimentally controlled. 

The introduction of a dynamic target area increases the complexity of the orographic variation in 
the experimental data. For example, the orographic variation between the sites (C & D) now 
becomes an issue because of variation between target areas for the same site on different days. 
Heterogeneity in the distribution of the BOM gauges also introduces variability, as the number of 
gauges from which readings are taken will fluctuate as the location of the target area changes. The 
nature of this variation is both spatial (between C2 and C3) and temporal (from day to day at a 
given site). Since these factors are not independent of each other, there is potential for interactions 
between them. The impact of these interactions on the data from the 2009 trial has implications 
for the analysis of these data. 
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5.2 Day-to-day variation in daily average rainfall 

There are day-to-day changes in meteorological conditions common to both downwind areas 
(temporal variation). This variation creates a range of measured rainfall values. It might be 
assumed that the variation in daily meteorological conditions between target and control areas was 
effectively controlled by the randomisation of the operating schedule. However, the extent of the 
observed variability in rainfall is such that it is unlikely that such randomisation ensured adequate 
control over the duration of the trial. Also, there are likely to be temporal correlations in 
meteorological conditions that would further reduce the level of background variability that could 
be controlled in this way. 

Another typical feature of rainfall patterns is they are highly skewed, with a very large proportion 
of zero rainfall days. This makes statistical analysis problematic, but cannot be avoided. 

The distributions of daily average rainfall in the downwind sectors at C2 only, C3 only and where 
C2 and C3 sectors overlap is shown in the box and whisker plots in Figure 8 and Figure 9. Figure 
8 includes zero rainfall days and Figure 9 shows only days on which rainfall was recorded. The 
labels denote: 

• C2 – within 60˚ downwind of C2 only; 

• C2 & C3 – within 60˚ downwind of C2 and of C3; and 

• C3 – within 60˚ downwind of C3 only. 

These plots have the following features: The top and bottom of a ‘box’ are the lower and upper 
quartiles (25th and 75th percentiles), respectively, so the length of a box is the interquartile range 
(IQR). The line in the middle of a box is the median. The whiskers are drawn from the ends of the 
box to the furthest observations within the whisker length, which is 1.5 times the IQR. 
Observations outside the whiskers are more than 1.5 times the IQR distant from either the lower 
or upper quartile and are considered as potential outliers. The notch indicates the variability of the 
median, so that box plots whose notches do not overlap have medians that are different at the 5% 
significance level (assuming normally distributed data). 

An examination of these figures reveals that day-to-day variation in rainfall across the downwind 
sectors is high, with many measurements of zero or very low rainfall, as well as a large number of 
outlying observations (outliers), creating a highly skewed distribution of daily average values. 

When the zero rainfall days are included, similar distribution patterns are seen downwind of C2 
and C3 - the means, medians and interquartile ranges are of the same order of magnitude. Looking 
at positive rainfall days only, it becomes clear that the interquartile range is wider at C3, and the 
upper whisker extends further although the range is approximately the same. 

It is also clear that rainfall is lower in the overlapping region downwind of both C2 and C3. This 
is because the overlap gauges tend to be further to the east and at lower elevations. 
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Figure 8 Box and whisker plot of average daily rainfall at C2 and C3, including zero 
rainfall days. 

 

Figure 9 Box and whisker plot of average daily rainfall at C2 and C3, excluding zero 
rainfall days. 

 

Given the skewness of the distributions evident in Figure 8 and Figure 9 and the influence of 
outliers on statistical analyses of these data, transforming them to have a distribution that is at 
least roughly symmetric prior to analysis is usually recommended. This also reduces the need to 
selectively remove outlying observations that can completely dominate the analysis. 
Transformation to the log scale leads to a multiplicative as opposed to an additive approach to 
modeling of effects. It also requires separate consideration of days when no rainfall was observed. 
Note that separate consideration of zero rainfall days in analysis is warranted in any case, since 
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the distribution of rainfall has a probability mass at zero as opposed to a continuous distribution 
that includes zero. 

The distribution of the daily averages of the logarithms of observed rainfall (Log Rainfall) is 
shown in Figure 10. Note that these average values correspond to the logarithms of the daily 
geometric means of non-zero rainfall values. These distributions are still somewhat right skewed 
but there are no clear outliers. The greatest amount of variability is evident at C3. 

Figure 10 Box and whisker plot of daily values of Log Rainfall at C2 and C3. 

 

5.3 Variation in distribution of exposure 

Before continuing to examine the uncontrollable sources of variation in the trial data, it is 
worthwhile reviewing an aspect of the trial design that may have introduced an operational source 
of bias - lack of control of operation of Atlant across days in which gauge exposure could occur. 

Although the operating schedule was randomised across all days of the trial, cloud moisture is 
considered to be a precondition for Atlant exposure to be effective, and cloudless days are 
unlikely to be an effective exposure opportunity. It is not a straightforward process, however, to 
block operation of Atlant by days when it is expected to be effective, due to the difficulty in 
reliably predicting the presence of sufficient cloud moisture, and because we cannot rule out the 
possibility of unknown lag effects from a clear day extending over to rain days. 

Consequently, one potential outcome of randomising across all days of the trial is an uneven 
distribution of operation across days during which the preconditions for gauge exposure are met. 
The observation of rainfall can be used, to a degree, as a proxy for the windows of opportunity in 
which Atlant may be effective. It is certainly of interest to know whether on and off days were 
distributed evenly across days that could result in exposure. 

In order to examine the distribution of Atlant operation across days when gauges could be 
exposed, days when rainfall was observed were grouped according to how many gauges in the 
downwind sector recorded rain (of at least 1 mm). The groups shown in Table 5 range from all 
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days when at least one gauge in the sector recorded rain (1+) to only those days when rain was 
widespread across the sector (20+). The results are summarized contingent on the operating status 
of C2 and C3. 

Somewhat surprisingly, given the intent of the experimental design was only to ensure the systems 
were operated independently of weather conditions, the conditions under which the systems were 
operated are reasonably well balanced. 

Since the distribution of gauges is known not to be homogeneous across the C2 and C3 sites, 
repeating this type of analysis using the proportion of gauges recording rain rather than the 
number of gauges could potentially reveal a pattern not found in the latter analysis (Table 6). 
When grouped in this manner, a balance of on and off days over rain days is still evident. 
However, the following trends are discernable: 

• When rainfall was localised, C3 was inactive slightly more often than it was active; 

• When rainfall was widespread, C2 was active slightly more often than it was inactive. 

These analyses, by and large, show that the treatment was spread evenly over days susceptible to 
exposure, and indicates that variation in exposure was therefore not a significant source of 
operational bias in the data. 

Table 5 Rain days grouped according to number of gauges in downwind sectors 
recording rain. Operational status of C2 and C3 shown for each group. 

C2 C3 Number of 
Gauges 
Recording 

Number 
Of Days On (%) 0ff (%) On (%) 0ff (%) 

1+ 75 46.7 53.3 52.0 48.0.0 
2+ 63 47.6 52.4 47.6 52.4 
5+ 55 49.1 50.9 47.3 52.7 
10+ 46 50.0 50.0 47.8 52.2 
20+ 37 51.4 48.6 51.4 48.6 

Table 6 Rain days grouped according to percentage of gauges in downwind sectors 
recording rain. Operational status of C2 and C3 shown for each group. 

C2 C3 % of 
Gauges 
Recording 

Number 
Of Days On (%) 0ff (%) On (%) 0ff (%) 

5%+ 56 48.2 51.8 46.4 53.6 
10%+ 51 49.0 51.0 45.1 54.9 
25%+ 38 52.6 47.4 50.0 50.0 
50%+ 34 55.9 44.1 50.0 50.0 

5.4 Area-to-area variation in gauge-level rainfall 

In addition to the day-to-day variability of meteorological conditions common to both areas, 
differences in conditions between areas over the course of a day will create variation in observed 
rainfall and reduce the comparability of the two areas. Direct measurement of meteorological 
conditions at individual gauges would be the most effective way of dealing with this source of 
variability. Unfortunately, the reliance on data from BOM gauges makes this impossible. 
However, the gauge level data does provide some insight in the potential extent of this sort of 
within-day variation via the degree of correlation between the two areas with regard to rain 
patterns being widespread or scattered. An indication of how widespread a rain event is the 
proportion of gauges in the downwind sector that record rainfall. 
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Figure 11 is a scatterplot comparing the proportion of gauges downwind of C2 only recording 
rainfall with the same proportion for gauges downwind of C3 only, given rainfall was recorded by 
at least one gauge downwind of either C2 or C3. Several things are quite clear when we examine 
this figure: 

• A larger proportion of gauges recorded rainfall downwind of C3 as opposed to C2 given 
there was rainfall recorded downwind of either site; 

• Rainfall was frequently reported downwind of C3 when no rainfall was recorded 
downwind of C2; and 

• Widespread rainfall was recorded downwind of C2 only when rainfall was recorded 
downwind of C3 

These patterns suggest potentially significant variation in meteorological conditions between C2 
and C3 over the course of the trial. The implication here is that gauges downwind of C3 are more 
likely to have been exposed to the effects of Atlant as a consequence of more of these gauges 
meeting one of the three necessary conditions for exposure - namely, cloud moisture present in the 
vicinity of a gauge. 

Figure 11 Scatter plot of the proportion of gauges recording rainfall downwind of C2 
and C3, given, rainfall was recorded either downwind of C2 or C3. 

 

It should be noted, however, that meteorological factors are not the only source of variation here. 
The third source of variation, namely orographic variation, comes into play, as factors such as the 
spatial density of gauges and their elevation will have an impact on the pattern seen in this plot. 
This is more evident when looking at rainfall volumes downwind of the two sites. 

To discern a difference in the profiles of rainfall volumes between C2 and C3, all rainfall 
recordings in the downwind sectors for each site were ordered according to size, then sequentially 
added and plotted against the proportion of total readings. This creates a cumulative distribution 
of rainfall as shown in the upper graph in Figure 12. For both C2 and C3, many small rainfall 
readings create a plot in which over 50% of the readings contribute a very small proportion of 
total rainfall volume measured. 

The difference between C2 and C3, while noticeable in this plot, is more evident when Log 
Rainfall is plotted, as this transformation expands the range of the distribution at the lower end. 
See the lower graph in Figure 12. Here it is clear that the lower tails of the two distributions are 
quite different. There are a substantially larger number of small positive rainfall readings at C3 as 
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opposed to C2. For example, there are 20 average rainfall observations of less than 0.5mm at C3 
and only 9 at C2. 

Figure 12 The cumulative distribution of rainfall and Log Rainfall downwind of C2 and 
C3 plotted against the proportion of total readings. 

 

Again, although this is evidence of potential meteorological difference between C2 and C3, it 
must be considered in light of the inevitable orographic factors that would influence this result. 
Indeed, the C3 site is in the Adelaide hills where there are large clusters of gauges in relatively 
elevated locations. 

In summary, in the absence of direct meteorological measurements at the two sites, an 
examination of the rainfall data reveals likely meteorological within-day variation between C2 and 
C3. Orographic factors would be expected to add to this variance, so an accurate assessment of the 
degree of variation in rainfall due to meteorological variation is not readily ascertained from this 
analysis. 

5.5 Variability in gauge density 

As outlined earlier, orographic variation is a contributing but unchanging factor in static crossover 
trials. However, when dynamic target and control areas are introduced, the magnitude of this 
source of variance is far greater. This has two implications. First, the number of gauges used to 
construct the daily average rainfall value can vary from day to day due to a heterogeneous 
distribution of gauges. Second, the spatial location of the gauges within the downwind sector will 
also vary from day to day. These sources of spatio-temporal variation are examined here. 
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Figure 13 Box and whisker plot of number of gauges downwind of C2 and C3. 

 

Figure 14 Box and whisker plot of number of gauges downwind of C2 and C3, positive 
rainfall days. 

 

Looking at the first of these, the distribution of the number of gauges in the C2 and C3 downwind 
sectors is shown for all days in Figure 13 and for positive rainfall days in Figure 14. What is 
immediately clear is the much greater degree of variability in the number of gauges downwind of 
C2 as opposed to C3. 

The implication of this difference in downwind gauge numbers is that there is a concomitant 
variation in measurement error when calculating averages across the two downwind sectors. 
While at times a large number of gauges fall in the C2 sector, at other times very few gauges will 
be called upon to represent a large area. Therefore, many of the estimates of average daily rainfall 
downwind of C2 are likely to be relatively imprecise and, given the size of the downwind area, 
some estimates are likely to be highly unreliable. 
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5.6 Variability in spatial distribution of gauges 

The second consequence of a dynamically defined target area is variation in the orographic profile 
of gauges within the downwind sector, both from day to day for a particular site, and between the 
C2 and C3 sites on a given day. Hence, the fact that rain gauges are not uniformly distributed over 
the trial area may be important. 

In order to visualize the spatial variation in the locations of the gauges, we plot daily average 
geographic locations (latitude and longitude) and average elevations of gauges downwind of either 
C2 or C3 against numbers of downwind gauges. See Figure 15. 

The average latitudes of downwind gauges have a similar range for C2 and C3. However, the 
numbers of downwind gauges at these sites varies widely, especially for C2. Furthermore, since 
darker areas on these plots indicate values that occur more often, we see that for C2 there is a high 
frequency of days with a small number of gauges (which we knew from Figure 13 and Figure 14) 
and they tend to be in the south (higher latitudes). In contrast, for C3 we can see the lower 
numbers of gauges identified earlier, but we also see that the darker areas are spread out more, 
indicating that these smaller numbers of gauges are spread out over a large range of latitudes. 
Consequently, there is less potential for orographic bias at C3 than there is at C2. 

Daily average longitude and daily average elevation display a similarly pronounced disparity in 
contributing gauge numbers at C2. This is nowhere near as pronounced at C3. A higher frequency 
of easterly gauges is revealed at C3 (higher longitudes), which is not unexpected given the higher 
concentration of gauges known to exist close to the C3 downwind of prevailing winds. The 
average elevation of gauges downwind of C2 is higher than for C3. 

The most striking revelation from this analysis is that gauges downwind of C2 display a greater 
range of orographic characteristics compared with those downwind of C3, particularly with regard 
to elevation and latitude. For C2, when there are few gauges reporting, they tend to be located 
more to the south and at lower elevations. When the number of gauges reporting at C2 is relatively 
large, the average location is more northerly and their average elevation is higher. 
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Figure 15 Gauge numbers plotted against average daily gauge locations downwind of 
C2 and C3 only. 

 

A further indication of the impact of this spatial variation in downwind gauge numbers can be 
obtained by looking at the relationship between the daily average of Log Rainfall and the number 
of contributing downwind gauges. This is shown separately for C2 and C3 in Figure 16 and in 
Figure 17, along with a fitted linear trend. A significant downward trend in average rainfall as 
gauge number increases is evident at C2. In contrast, there is no significant trend evident at C3. 

Figure 16 Scatter plot and linear fit average log daily rain and the number of gauges 
contributing, downwind C2 only. 
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Figure 17 Scatter plot and linear fit average log daily rain and the number of gauges 
contributing, downwind C3 only. 

 

In conclusion, the use of dynamic target and control areas appears to have had a larger impact on 
rainfall variation at C2 than at C3. In particular, the pattern of rainfall variation at C2 appears to 
reflect the heterogeneous distribution of gauges downwind from this site. Another factor, yet to be 
considered, which would contribute to the pattern of rainfall variation is the spatio-temporal 
variation in wind direction (which dictates the dynamic target area). This relationship between 
wind direction and rainfall is examined further below. 

5.7 Rainfall and wind direction 

We have seen how the downwind sectors at each of C2 and C3 vary over time in both the number 
and orographic characteristics of the gauges that they include. Meteorological conditions dictate 
the area of the dynamic sector, and orographic features will interact with these meteorological 
conditions to create different patterns of rainfall. 

To explore the relationship between the rainfall patterns at C2 and at C3, meteorological trends in 
wind direction and rainfall volumes were examined in relation to the number of downwind gauges 
at each site. Figure 18 shows the frequency (number of days) of the different directions of the 
steering wind over the trial . These winds come most frequently from the west or northwest. 
Figure 19 and Figure 20 show the number of gauges downwind of C2 only and C3 only 
respectively, under the different steering wind directions. 

We see that the number of gauges downwind of C2 tends to be large when the winds are from the 
south-southwest, which is not frequent. The number of gauges reporting downwind of C2 tends to 
be small when the winds are from any other direction. In particular there are 10 or less gauges 
when the wind direction is from the northwest, north and northeast. 

This is in sharp contrast to the distribution of downwind gauges at C3. There are few such gauges 
when the wind is from the south and southwest. There are a relatively large number of gauges 
downwind of C3 when the wind is from the northwest, north and northeast. There are still 20 or 
more gauges reporting when the wind is from either due east, the southeast or due west. 
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Figure 18 Daily average steering wind directions. 

 

Figure 19 Number of gauges downwind of C2 under different wind directions. 

 

Figure 20 Number of gauges downwind of C3 under different wind directions. 

 

Rainfall volumes were examined in relation to wind direction. Average daily rainfall for days on 
which rainfall was recorded downwind of either C2 or C3 under different steering wind directions 
is shown in Figure 21. It is clear that the majority of rainfall events occurred when the steering 
winds were from the west through to the north. Considerably less rainfall occurred when the 
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winds were from the south and southwest. Little rainfall was recorded during rainfall events when 
winds were from the northeast and southeast. This correlation between rainfall volume and wind 
direction could therefore account for the inverse relationship between rainfall and the number of 
reporting gauges at C2. 

Figure 21 Average daily rainfall under different wind directions when rainfall was 
recorded downwind of either C2 or C3. 

 

Figure 22 The proportion of days recording rainfall under different wind directions. 

 

The proportion of days on which rainfall was recorded at one or more gauges under different wind 
directions is shown in Figure 22. When steering winds are from the south and southwest, a large 
proportion of days record rainfall. A comparison with Figure 21, which shows low average daily 
rainfall for south and southwest steering winds, reveals that these winds bring scattered and/or 
light rainfall. This comparison also leads to the inference that the bulk of total rainfall during the 
trial appears to have come from weather systems originating from west to north. 

The fact that there were a number of rainfall events when winds were from the east and these were 
associated with substantial volumes of rainfall may need to be taken into account given the 
differing proximities of C2 and C3 to the coast. The target area for C2 in particular is effectively 
reduced in this case by the fact that a large proportion of the downwind area is then over water. 
Further, the orographic effects of the ranges would be expected to differ considerably at the two 
sites in this situation. 
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6 Dynamic double ratio analysis 

6.1 Double-ratio analysis 

Statistical methods based on the double-ratio statistic have been widely used in the field of 
weather modification, and are typically applied to rainfall data to determine the effect of cloud 
seeding. Comparison of rainfall over seeded versus non-seeded periods allows inferences on the 
effects of cloud seeding to the extent that all differences between the two periods can then be 
ascribed either to the effect of seeding or to random year-to-year variation. The double ratio 
statistic has an expected value of one if seeding has no effect and there is evidence of a positive 
effect of seeding upon rainfall if its value is significantly greater than one. 

In the crossover design used for the trial, paired target areas C2 and C3 are 'seeded' (Atlant turned 
on) on an alternating basis, with the 'unseeded' area (Atlant turned off ) serving as the control for 
the seeded target area. That is, the downwind area of C2 acts as a control for the downwind area 
of C3 when C2 is off and C3 is on, and vice versa. The effect of seeding (Atlant operation) can 
then be assessed using the value of the root double ratio (RDR), which is the geometric mean of 
the ratios of the area-specific seeded to unseeded precipitation. This can be expressed as: 

RDR =
C2AtlantOn
C2AtlantOff

×
C3AtlantOn
C3AtlantOff

 

where 

• C2AtlantOn  denotes average rainfall downwind of C2 when C2 is operational and C3 is not;  

• C2AtlantOff  denotes average rainfall downwind of C2 when C3 is operational and C2 is not; 

• C3AtlantOn  denotes average rainfall downwind of C3 when C3 is operational and C2 is not;  

• C3AtlantOff  denotes average rainfall downwind of C3 when C2 is operational and C3 is not. 

A requirement of double-ratio analysis is that the area downwind of C2 does not overlap with the 
downwind area of C3, and vice versa. However, given the location of the sites and prevailing 
weather conditions, rainfall gauges may be:  

• Downwind of C2 and upwind/crosswind of C3; 

• Downwind of C3 and upwind/crosswind of C2; 

• Downwind of C2 and C3; or 

• Upwind/crosswind of C2 and C3. 

It is therefore necessary to exclude gauges downwind of both C2 and C3 in addition to those 
upwind/crosswind of both C2 and C3 when calculating RDR in practice, by using a modified 
double ratio—the dynamic double ratio—as described in the following section. 

6.2 Dynamic double-ratio analysis 

As noted at the conclusion of the previous section, a standard double-ratio analysis requires that 
the target and control areas do not overlap. Since this overlap occurs for the dynamically defined 
target and control areas used in the 2009 trial, a variant of double-ratio analysis was carried out for 
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the trial period. This used a dynamic double-ratio (DDR) statistic, in which the target and control 
areas were redefined each day depending on wind direction and did not overlap. 

The formula for the DDR used for the 2009 trial is: 

DDR =
Downwind C2 onlyC2on/C 3off
Downwind C3 onlyC2on/C 3off

×
Downwind C3 onlyC2off /C 3on
Downwind C2 onlyC2off /C 3on

 

where Downwind C2 onlyC2on/C 3off  denotes the ‘average rainfall’ recorded by gauges that were 

downwind of C2 but not of C3 on days when C2 was operational but C3 was not. Similar 
interpretations hold for the other components of DDR. 

There are a number of ways that the DDR can be calculated, depending on how one interprets the 
concept of ‘average rainfall’. These include: 

• The gauge by day average of total observed rainfall in all gauges in each of the four 
downwind areas defined in the DDR over the period of the trial; 

• The simple average of daily average rainfall in each downwind area; and 

• The area weighted average of daily average rainfall in each downwind area, where the 
area used for each gauge by day rainfall reading is the area of the Voronoi polygon 
centred at the gauge that provided the reading. This is the polygon defined by locations 
surrounding the gauge that are closer to it than they are to any other gauge in the trial 
area. 

The first DDR definition is, from a statistical perspective, the most efficient but it does give 
greater weight to days on which there were more gauge-level observations. Further, in 
determining the accuracy of the estimate it would be necessary to take into account the spatial 
correlation between the gauge observations. The second definition gives equal weight to all days 
and can be seen as a comparison of estimates of average daily rainfall in the downwind areas. 
However, it does not take into account the fact that the spatial distribution of gauges is far from 
uniform. Weighting by the area for which a particular gauge is the closest observation, i.e. its 
Voronoi area, is an attempt to correct for this.  

6.3 Results of the DDR analysis 

The DDR statistics for the trial under each method are presented in Table 7. There is an implicit 
assumption in the preceding section that there are two downwind areas from which rainfall data 
are obtained for each day when C2 is on and C3 is off and vice versa. Out of the 128 days of the 
trial, there were 63 ‘on-off’ days when this condition held. However, only 46 of these provided 
rainfall data for both downwind areas used in the DDR statistic. Consequently, in Table 7 below 
we present average rainfall values and the resulting DDR value under each of the three methods 
described above when data from all 63 ‘on-off’ days are used and also when only data from the 46 
‘balanced on-off’ days are used in the calculation of the DDR statistic. 

We note that the DDR statistics defined by averaging across all gauge-day records, or by weighted 
averaging of these records based on the area of the Voronoi polygon surrounding a gauge, have 
values substantially greater than one, while those based on simple averaging of daily average 
rainfall have values less than one. These differences highlight the sensitivity of the DDR statistic 
to instability in the values of daily average rainfall, and indicate the need for a more sophisticated 
modeling approach that does not rely (as does the DDR analysis) on the success of randomisation 
across days in balancing meteorological and orographic influences on rainfall. 
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Table 7 DDR statistics for 2009 trial. 

Component 
 

C2On/C3Off 
Downwind 

C3 
(C2 Control) 

C2On/C3Off 
Downwind 

C2 
(C2 Target) 

C3On/C2Off 
Downwind 

C2 
(C3 Control) 

C3On/C2Off 
Downwind 

C3 
(C3 Target) 

DDR 
value 

All 63 ‘on-off’ days 
# gauge-day records 802 774 1187 691  

Overall Average 2.9868 1.8160 1.0268 2.6107 1.2434 

Average of Daily 
Averages 

3.2954 2.1102 1.8715 2.3090 0.8888 

Voronoi-Weighted 
Averages 

3.0015 2.4347 1.3522 2.6749 1.2668 

46 ‘balanced on-off’ days  
# gauge-day records 627 238 449 643  

Overall Average 3.8188 3.2361 1.1506 2.8056 1.4375 

Average of Daily 
Averages 

3.8936 2.3403 2.1349 2.4052 0.8229 

Voronoi-Weighted 
Averages 

3.4462 3.5701 1.5468 2.7923 1.3676 

A potential consequence of making of a dynamic comparison of downwind areas more generally 
relates to the issue of spatial correlation in gauge-level observations. If it is reasonable to expect 
that gauges roughly oriented in a downwind direction are more likely to be correlated then this 
could in turn increase the variation in the daily averages and the inter-annual variation in total 
observed rainfall. This could easily occur if the spatial variation in rainfall on a given day was 
more homogenous downwind than crosswind. 

6.4 Historical DDR analysis 

It is straightforward to examine the underlying variability in the DDR over time. In this case we 
look at the inter-annual variation based on overall downwind area averages, as this should be the 
most efficient estimate. The DDR values were calculated from historical data using the same 
operating schedule and site locations as for the 2009 trial. 

The analysis is based on daily gauge-level rainfall over the trial area for August–December 
1998-2007. The year 2008 was excluded, as there was an Atlant trial in the trial area over the 
same period. The results are summarized in Table 8 and Figure 23. From the table it can be seen 
that three out of the 10 historical observations exceeded the trial result. The figure highlights the 
high level of year-to-year variability in the DDR statistic. 

While the DDR is a simple and easy to calculate statistic for an experiment with a randomised 
crossover design, it is clear that it does not provide the necessary level of control to detect a 
relatively small enhancement signal against the background variation in natural rainfall. Given the 
lack of stationarity of rainfall patterns due to medium to long-term cycles in climate it seems 
unlikely this problem could be overcome though extended trials. 

While there are undoubtedly a number of improvements that would be made to the design of the 
trial, it is inherently difficult to block against a large number of meteorological and orographic 
factors that affect rainfall and for which there is a considerable degree of uncertainty. Hence in the 
following analysis we have elected to pursue a conditional approach that estimates Atlant effects 
using regression models based on meteorological and orographic covariates. 



  

 
36 

Table 8 Historical gauge-day average rainfall (mm) values and DDR statistics, 
1998-2007. 

Year C2 Control C2 Target C3 Control C3 Target DDR 
1998 0.2794 0.6259 1.4265 0.9629 1.2297 
1999 0.3094 1.3434 1.2015 0.6645 1.5495 
2000 0.4293 1.0175 1.2641 1.4695 1.6598 
2001 0.8382 1.5571 1.8955 1.0956 1.0362 
2002 0.5827 0.3652 0.3541 0.5855 1.0180 
2003 0.5235 0.5154 1.8652 1.0663 0.7502 
2004 0.6142 1.0592 1.2443 1.1841 1.2810 
2005 3.0776 0.8346 2.3500 1.5082 0.4172 
2006 0.1383 0.2481 0.2510 0.0731 0.7226 
2007 0.4679 0.6068 0.5753 0.9199 1.4399 

1998-2007 0.6396 0.8746 1.2096 0.9839 1.0546 
2009  1.0268 1.8160 2.9868 2.6107 1.2434 

Figure 23 Historical DDR statistics based on gauge-day average rainfall, 1998-2007. 
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7 Day-level analysis 
Although the C2 and C3 sites have similar topography and exposure to meteorological conditions, 
there are still differences between them that ought to be controlled for before seeking to identify 
an Atlant effect. This can be done by fitting a regression model that includes orographic and 
meteorological effects in addition to effects related to operation of Atlant. In particular, 
orographic differences between different gauges that are downwind on different days can be 
controlled for in such a model by including gauge-specific variables such as elevation, latitude 
and longitude. Seasonal differences in rainfall can be allowed for by including month (or 
combinations of months), and daily variation in general meteorological conditions can be allowed 
for by including factors such as temperature, humidity, pressure, wind direction and wind speed. 
In this section we describe a regression analysis that uses daily average rainfall data obtained from 
the same two non-overlapping dynamic target/control areas underpinning the DDR analysis 
described in the previous section. 

7.1 Data exploration and diagnostics 

A key assumption of any regression analysis is that the same regression model can be used for all 
the observations. However, in the case of the 2009 trial there were seven days when an 
exceptional amount of rainfall was recorded throughout the trial area, and not just downwind of 
one or the other of the Atlant sites. In particular, on 24 August, 16 September, 21-22 September, 
25 September and 12-13 October at least 10mm of rainfall was recorded in at least 250 of the 301 
gauges that provided data for the trial. These are referred to as widespread rainfall event (WRE) 
days below. No equivalent rainfall events were found in an examination of rainfall records for the 
trial area over August–November 1998-2007. 

The treatment of rainfall data for WRE days can be expected to have a substantial influence on 
statistical analysis of these data. Clearly, ignoring these events will give undue weight to 
conditions that the Atlant system is unlikely to influence. Two options were therefore considered: 

• The removal of mean level effects of WRE days by including a fixed indicator variable 
for WRE days in the regression model (akin to a seasonal effect); and 

• The use of robust regression methods. 

The modeling results presented in the following section are based on the first option since this 
produced superior regression diagnostics. Clearly, the removal of the mean level effects of the 
WRE days will remove any possible particularly large (or small) effect Atlant may have over 
these heavy rainfall days. However, it will also reduce the variability in the model prediction 
errors. This in turn may influence the precision that we might attribute to any observed 
enhancement effect.  

A single high leverage observation (downwind of C2 on 25 November) was identified. On this 
day the wind was almost directly from the east and only one of the three gauges downwind of C2 
recorded a small amount (0.4mm) of rain. Following removal of this observation, two further 
outlying observations were identified from residual plots (downwind of C2 on 5 August and 
downwind of C3 on 6 December), and the effect of removing these observations was explored. It 
can be argued that this introduces a degree of subjectivity into the modeling approach. As a 
consequence robust regression modeling of all the data, including these outliers, was performed as 
an alternative to the subjective removal of outliers. The results of this robust analysis are 
summarized in Appendix C, and lead to essentially the same model as that described below. 
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7.2 Regression modeling of daily rainfall 

There were four important elements to conducting an analysis of covariance or regression 
modeling of daily rainfall: 

• The dynamic selection of target and control gauges; 

• The treatment of zero rainfall days; 

• Model specification or the choice of covariates; and 

• The weighting of the daily data. 

The analysis was restricted to daily averages based on data from gauges strictly downwind of 
either C2 or C3. These are referred to as downwind gauges below. For comparability with the 
double ratio analysis, data from overlap gauges, i.e. gauges downwind of both C2 and C3, were 
excluded. Note that this restriction is strictly not necessary, since one could also include averages 
based on data from the overlap gauges in the model. However, in many cases there were very few 
gauges in the overlap sector, making their averages somewhat unstable. In addition, it was unclear 
whether these gauges, being often quite far from the Atlant sites but still subject to the influence 
of both Atlants, would behave in the same way as gauges that were considerably nearer and 
considered to be under the influence of a single Atlant. As a consequence, it was decided to 
confine modeling to non-overlap gauges. 

While there were 128 days for the trial for two downwind areas, there is a maximum of 220 data 
values for each variable below. This is because there were 36 days during the trial when there 
were no gauges strictly downwind of one of C2 or C3. 

Ignoring zero rainfall days in the analysis will lead to biased estimates of the effects of the 
covariates on total rainfall, since the unconditional expectation of rainfall is the product of 
probability that a rainfall event will be observed and the expected level of rainfall given the event 
does occur: 

E(Rainfall) = Pr(Rainfall > 0)E(Rainfall | Rainfall > 0)  

At the gauge level, a logistic model would typically be used to estimate the probability of a 
rainfall event as a function of the model covariates. In this case, the variable of interest takes the 
value 1 if positive rainfall is recorded at a gauge on a day and is zero otherwise. However, at the 
daily level the unit of analysis is an average of gauge readings, and so we use ordinary least 
squares to model the daily proportion of downwind gauges that recorded a rainfall event. 

An ordinary least squares regression modeling approach is also used to estimate the expected level 
of rainfall given the model covariates and that at least one rainfall event has occurred. Here the 
variable being modelled is limited to a daily average derived from the non-zero downwind rainfall 
measurements. In particular, we modelled the logarithm of the geometric average of these 
measurements, i.e. the daily average of the logarithms of positive gauge level rainfall. 

The covariates that were considered for inclusion in the model were primarily structural, relating 
either to meteorological conditions on the day or the location of downwind gauges. They include 
those listed in Table 9. 
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Table 9 Covariates considered for inclusion in model. 

Wind Speed Average of daily measured wind speeds at 850hPa and 
925hPa at Adelaide Airport; 

Wind Direction Sine transform of half of speed-weighted average of daily 
measured wind directions at 850hPa and 925hPa at 
Adelaide Airport; 

Air Temp Average daily air temperature at Adelaide Airport; 
Dew Point Depression Air Temp minus average daily dew point temperature at 

Adelaide Airport; 
Sea Level Pressure Average daily sea level pressure at Adelaide Airport. 
August/September Takes the value 1 if daily average is for a day in either 

August or September; otherwise is zero; 
Elevation (100m) Average elevation (in units of 100m) of downwind gauges 

contributing to daily average; 
Distance from C2 Average distance (in degrees) from C2 of downwind 

gauges contributing to daily average; 
Distance from C3 Average distance (in degrees) from C3 of downwind 

gauges contributing to daily average; 
C2θ Average wedge angle relative to C2 of downwind gauges 

contributing to daily average; 
C3θ Average wedge angle relative to C3 of downwind gauges 

contributing to daily average; 
WRE Takes the value 1 if daily average is for a Widespread Rain 

Event day; otherwise is zero; 
C2 Target Takes the value 1 if daily average value is based on rainfall 

measurements for gauges strictly downwind of C2 and C2 
is operational on the day; and 

C3 Target Takes the value 1 if daily average value is based on rainfall 
measurements for gauges strictly downwind of C3 and C3 
is operational on the day. 

Using the sine transformation of wind direction eliminates a practical problem in that there is a 
discontinuity with due north taking on the values of 0˚ and 360˚. The angle and distance of a 
gauge relative to either C2 or C3 is the polar coordinate equivalent to decomposing the vectors 
from C2 and C3 to a gauge into: 

• A downwind vector; and 

• A crosswind vector. 

The larger the values of C2θ and C3θ, the more the average value depends on gauges that are 
crosswind relative to C2 and C3 respectively. By definition, the wedge (or minimum sector) angle 
relative to C2 (C3) of any gauge downwind of C2 (C3) must be 60˚ or less. 

The issue of weighting is problematic. On the one hand failure to weight is clearly inefficient, 
given the variability in the number of observations contributing to the daily average, especially 
downwind of C2. However, simply weighting by the number of gauges in the daily average 
ignores the spatial correlation in the gauge level data. The question of whether or not to weight 
rests largely with whether the errors between the groups of gauges contributing to the daily 
averages, in this case defined by location and wind direction, are independent or whether they 
share common but unobserved characteristics. If the latter is true then weighting may not be 
appropriate, since it may decrease rather than increase the efficiency of estimation. Clearly this is 
possible given the limited set of meteorological information that is available. 

A number of weighting schemes are possible, including using the number or square root of the 
number of gauges contributing to the daily average. However, given that there is a systematic 
relationship between the number of gauges in the average and the prevailing wind direction, 
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weighting on the basis of the number of contributing gauges may impact on more than just the 
efficiency of the estimates. An alternative in this case is to non-parametrically model the 
underlying heteroskedasticity in the unweighted model residuals to obtain a relatively efficient set 
of weights. 

These alternative weighting schemes were examined, and not found to substantively alter the 
conclusions drawn from the unweighted regression modeling. For brevity, only unweighted model 
results are presented below. 

7.3 Stage I: Modeling rainfall event probabilities 

The unweighted regression model fit for the proportion of downwind gauges that record a rainfall 
event is presented in Table 10. The overall model fit accounts for approximately 55 per cent of the 
variability in this variable. The only significant covariates in the model are Wind Speed, Dew 
Point Depression and Sea Level Pressure. Furthermore, these variables are significant at a level of 
confidence greater than 99 per cent. 

Table 10 Regression results for the proportion of downwind gauges that recorded a 
rainfall event, unweighted. 

Summary:  
  RSQ = 0.55  
  OBS = 220 
Parameter Estimate Standard Error P-Value 
Intercept 20.5427 4.2795 <.0001 
Wind Speed 0.0083 0.0014 <.0001 
Wind Direction -0.1827 0.2740 0.5058 
Air Temperature -0.0052 0.0092 0.5765 
Dew Point Depression -0.0238 0.0076 0.0022 
Sea Level Pressure -0.0195 0.0041 <.0001 
August/September -0.0029 0.0559 0.9585 
Average Elevation 0.0153 0.0366 0.6755 
Distance C2 -0.0067 0.2515 0.9788 
C2θ -0.0009 0.0014 0.5188 
Distance C2 * C2θ -0.0025 0.0041 0.5381 
Distance C3 -0.3980 0.4058 0.3279 
C3θ -0.0002 0.0013 0.8779 
Distance C3 * C3θ -0.0006 0.0048 0.8943 
WRE 0.1215 0.0883 0.1705 
C2 Target 0.0186 0.0521 0.7217 
C3 Target -0.0200 0.0547 0.7146 

The operating statuses of the Atlant systems, as measured by C2 Target and C3 Target, have no 
discernable effect on the proportion of gauges recording a rainfall event. That is, operation of the 
Atlant system does not appear to be associated with the probability of observing a rainfall event 
within the target areas associated with C2 and C3, or more importantly, the geographic extent of a 
rainfall event in these areas. 

7.4 Stage II: Modeling positive rainfall 

The lack of correlation between the operating status of Atlant and the proportion of downwind 
gauges recording rainfall suggests that we might be able to use the proportion of gauges recording 
rain as a proxy for localized cloud moisture or the propensity for a rainfall event downwind of the 
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site. In doing so, we note that there are three elements or preconditions to a gauge being exposed 
to potential effect of the ion plume emitted by the Atlant system: 

• The device is active; 

• The gauge is downwind of the device; and 

• There is cloud moisture present in the vicinity of a gauge. 

More desirably, we can use the proportion of upwind gauges recording a rainfall event (Upwind 
Gauge Proportion) as a proxy for localized cloud moisture that is approaching the site. Here 
upwind is defined by gauges that have a minimum wedge angle of 180˚ relative to C2 and to C3. 

Table 11 Regression results for the daily values of Log Rainfall, unweighted. 

Summary:  
  RSQ = 0.72  
  OBS = 157 
 
Parameter Estimate Standard Error P-Value 
Intercept 35.4497 15.1984 0.0211 
Wind Speed 0.0080 0.0052 0.1249 
Wind Direction -0.6231 1.5703 0.6921 
Air Temperature -0.0103 0.0359 0.7740 
Dew Point Depression -0.0237 0.0316 0.4536 
Sea Level Pressure -0.0317 0.0147 0.0321 
August/September -0.4511 0.2028 0.0278 
Average Elevation -0.3368 0.1738 0.0546 
Distance C2 -1.2517 1.3681 0.3618 
C2θ -0.0074 0.0073 0.3094 
Distance C2 * C2θ -0.0250 0.0198 0.2099 
Distance C3 -2.4408 2.0138 0.2276 
C3θ -0.0075 0.0054 0.1648 
Distance C3 * C3θ -0.0141 0.0210 0.5030 
WRE 1.3137 0.2683 <.0001 
Upwind Gauge Proportion 2.0109 0.2835 <.0001 
C2 Target 0.0750 0.1789 0.6757 
C3 Target 0.4020 0.1849 0.0314 

Table 11 shows the second stage regression results for the average of the logarithm of positive 
daily rainfall, denoted Log Rainfall. The overall model fit explains 72 per cent of the variation in 
this daily average on days when rainfall occurred. Note that the elimination of zero rainfall days 
reduced the sample from 220 to 157 observations. 

Not unexpectedly the proportion of upwind gauges recording rainfall is highly significant and 
absorbs most of the variability associated with meteorological conditions. Only sea level pressure 
is significant. Average gauge elevation is significant but the gauge distance effects are not. The 
seasonal and WRE dummy variables are significant. 

There is no significant effect associated with operation of Atlant at C2 but there is a positive 
enhancement effect downwind of C3 that is significant at the 95 per cent confidence level. The 
size of the effect is similar to that obtained from previous gauge level analyses. 

As noted earlier, inspection of model fitting diagnostics indicated three potentially influential 
observations. Table 12 shows the fitted model for Log Rainfall when these three observations are 
excluded. Figure 24 is a scatterplot of the actual values of the daily averages against their fitted 
values under this revised model. The two potential outliers, identified as red, and the high leverage 
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point, identified as green, are highlighted on this plot. The high leverage point is related to the 
effect of distance. 

Figure 24 A scatterplot of actual daily values of Log Rainfall against their fitted 
values under the model in Table 12. 

 

The magnitude of the effect at C3 is reduced but is still significant at the 95 per cent confidence 
level. The effect at C2 remains insignificant. Wind direction is now significant and a number of 
distance effects are also significant. Average gauge elevation and the seasonal dummy variable are 
no longer significant. These results are consistent with the results of the outlier robust regression 
analysis of these data reported in Appendix C. 

A backward stepwise regression procedure was used to eliminate insignificant covariates 
(excluding the Atlant operating status variables) from the fit shown in Table 12. The results for 
the reduced model are presented in Table 13. The magnitude of the effect at C3 is reduced further 
and the confidence level drops slightly below 95 per cent confidence level. The effect at C2 is 
again insignificant. 
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Table 12 Regression results for the daily average of Log Rainfall, two potential 
outlying observations and one high leverage observation removed. 

Summary:  
  RSQ = 0.79  
  OBS = 154 
 
Parameter Estimate Standard Error P-Value 
Intercept 24.8772 13.3587 0.0647 
Wind Speed 0.0065 0.0045 0.1496 
Wind Direction 3.8251 1.8370 0.0392 
Air Temperature -0.0033 0.0312 0.9147 
Dew Point Depression -0.0168 0.0274 0.5406 
Sea Level Pressure -0.0265 0.0127 0.0385 
August/September -0.2871 0.1766 0.1063 
Average Elevation -0.0166 0.1793 0.9265 
Distance C2 -4.4055 1.4484 0.0028 
C2θ 0.0073 0.0079 0.3582 
Distance C2 * C2θ -0.0133 0.0183 0.4679 
Distance C3 2.9860 2.3799 0.2117 
C3θ -0.0119 0.0046 0.0109 
Distance C3 * C3θ -0.0378 0.0186 0.0446 
WRE 1.2643 0.2311 <.0001 
Upwind Gauge Proportion 2.4214 0.2511 <.0001 
C2 Target -0.0870 0.1568 0.5801 
C3 Target 0.3200 0.1600 0.0474 

Table 13 Regression results for the daily average of Log Rainfall, reduced model. 

Summary:  
  RSQ = 0.79  
  OBS = 154 
 
Parameter Estimate Standard Error P-Value 
Intercept 24.1982 11.3725 0.0351 
Wind Direction 4.8424 1.0110 <.0001 
Sea Level Pressure -0.0273 0.0111 0.0154 
Distance C2 -4.7373 0.9410 <.0001 
C2θ 0.0124 0.0029 <.0001 
Distance C3 3.7902 1.1052 0.0008 
C3θ -0.0112 0.0034 0.0013 
Distance C3 * C3θ -0.0380 0.0140 0.0075 
WRE 1.3454 0.2124 <.0001 
Upwind Gauge Proportion 2.5826 0.2177 <.0001 
C2 Target -0.0640 0.1553 0.6807 
C3 Target 0.2954 0.1566 0.0614 

The emergence of significant effects associated with average downwind and crosswind distances 
from the sites is interesting. These relationships appear to be in opposite directions at the two 
sites, which is not surprising given the relationships between wind direction, average gauge 
location and average rainfall explored previously. However, it does make the interpretation of 
these estimated effects difficult. One possible interpretation is based on changing orographic 
effects. For example, when the winds were from the West and Northwest they were associated 
with higher rainfall. The gauges downwind of C2 tended to be a low elevations and considerable 
eastward. At C3, the higher elevation gauges would tend to more directly downwind and closer to 
the site. Clearly, such effects would to be much easier to interpret at the gauge level. 
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The reported standard errors do not take into account the potential correlation between the 
estimates of average daily rainfall downwind of the two sites on the same day. In part, this 
correlation will be removed by the incorporation of site-specific orographic covariates in the 
model. However, if the residuals or model prediction errors from different sites on the same day 
are still correlated, the reported standard errors could then understate the true standard errors and 
the reported statistical significance of the effect at C3. 

We calculated the residuals from the model fit in Table 12 above, separated them into residuals 
associated with C2 (C2 Residual) and residuals associated with C3 (C3 Residual), then calculated 
the correlation between these two variables. There are only 128 of the original 154 observations 
that can be 'paired' in this way, leading to a correlation of 0.2911 based on data from 128/2 = 64 
days when positive rainfall was recorded by at least one gauge downwind of C2 and by at least 
one gauge downwind of C3. These 64 'same day residuals' are plotted in Figure 25, with bivariate 
normal probability contours superimposed on their scatter (the red points on the plot correspond to 
WRE days). 

Figure 25 Correlation between ‘same day’ C2 and C3 residuals. 

   

This correlation is not strong, but is significantly greater than zero, indicating that there is 
potentially some underestimation of the standard errors in the model fit for Log Rainfall. A 
conservative calculation would treat this correlation as holding generally across all 154 
observations used in the Log Rainfall model fit, which would then increase the standard error of 
the estimated value of average Log Rainfall by a factor equal to the square root of 1/(1-0.2911), or 
1.1877. 

Assuming further that this factor also applied to the standard errors associated with the estimated 
Atlant effects C2 Target and C3 Target in the preceding Log Rainfall fit, then this would deflate 
their t-values by the same amount. This would reduce the t-value of C3 Target from 2.00 to 1.68, 
or a two-sided p-value of approximately ten per cent. 

7.5 Bootstrap analysis of rainfall attribution 

Estimates of the amount of rainfall that can be attributed to the operation of Atlant on days that 
rainfall was recorded can be calculated using the model defined in Table 12. These estimates are 
set out in Table 14. The method for calculating the Atlant attribution has been documented in the 
analysis of previous trials and is presented in Appendix B. 
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In summary, observed rainfall is split into two components. The first is an estimate of the rainfall 
that would have been recorded by downwind gauges (i.e. for gauge-days designated as being in 
the downwind sector over the course of the trial) had the system not been in operation. This is 
referred to as estimated natural rainfall. The second is the Atlant attribution, obtained by 
subtracting this estimated natural rainfall from the observed actual rainfall for these gauge-days.  

The Atlant attribution is also shown as a percentage of the estimated natural rainfall. Note that the 
method generates an estimate on the log scale initially, then transforms this to estimated natural 
rainfall after correcting for back-transformation bias. In the case of daily average data, this method 
was modified to assume that the value of Log Rainfall for each gauge reporting rainfall downwind 
of C2 (or for each gauge reporting rainfall downwind of C3) was the same, and equal to the 
corresponding daily average. 

Table 14 Estimated Atlant attribution values based on Table 12 model for Log 
Rainfall. Note that these attribution statistics exclude the contributions from the two 
potential outlying observations and the one high leverage observation. 

Attribution Component Value 

Estimated Natural Rainfall (mm) 10421 
Atlant Attribution (mm) 668 
Atlant Attribution (%) 6.4 

A parametric bootstrap method was used to estimate the distributions of the two Atlant attribution 
statistics whose values are displayed in Table 14, and hence to generate confidence intervals for 
their expected values. Under this approach, the fitted parametric model for Log Rainfall in Table 
12 is combined with a logistic model (based on the same set of covariates) for the probability of 
any rainfall being reported downwind of C2 or C3 on a day.  

These two models are then used to simulate (or bootstrap) alternative values for total rainfall from 
gauges downwind of C2 and downwind of C3 on a day. This is done by using the logistic model 
to simulate whether any rain fell downwind of C2 or C3 on a day, and then using the model of 
Table 12 to simulate the average value of Log Rainfall for those days and those downwind areas 
where there was rainfall. This simulated log average is back transformed to give a corresponding 
value of average rainfall. This is weighted by the number of gauges in the downwind area to 
produce a value of total rainfall in the gauges in the downwind area on the day. An alternative set 
of attribution statistics is then produced.  

This process is repeated a large number of times to build up plausible estimates of the actual 
distributions of values for these statistics. Summary statistics (including confidence intervals) for 
these distributions are then 'read off' their corresponding bootstrap distributions. For the results 
quoted below we used 10,000 bootstrap repetitions. 

Figure 26 shows the bootstrap distributions of the estimated total Atlant contribution to rainfall 
over the trial period under the model defined by Table 12, i.e. Atlant attribution (mm), while 
Figure 27 shows the corresponding distribution for Atlant attribution (%). The variability in these 
statistics under the model defined by Table 12 is clear. 
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Figure 26 Bootstrap distribution of Atlant attribution (mm) under model of Table 12. 
Blue curve shows a smooth non-parametric density fitted to the bootstrap values of 
this statistic, while red dashed line shows estimate obtained using actual daily values 
of Log Rainfall. 

 

Figure 27 Bootstrap distribution of Atlant attribution (%) under model of Table 12. 
Blue curve shows a smooth non-parametric density fitted to the bootstrap values of 
this statistic, while red dashed line shows estimate obtained using actual daily values 
of Log Rainfall. 

 

As noted earlier, a significant advantage of using a bootstrap approach to assessing the variability 
of a statistic is the fact that we can 'read off' confidence intervals of interest from the bootstrap 
distribution. In this case we are particularly interested in one-sided confidence intervals for the 
total Atlant attribution (in absolute terms and also as a percentage of estimated natural rainfall). 
These are one-sided intervals that are estimated to contain the true values of these attribution 
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statistics with a specified level of confidence. In Table 15 we show the parametric bootstrap 
estimates of the lower bounds of these one-sided confidence intervals under the model for the 
daily average of Log Rainfall set out in Table 12. 

Table 15 Lower bounds for parametric bootstrap estimates of one-sided confidence 
intervals for Atlant attribution. 

Confidence level 99% 95% 90% 80% 70% 60% 50% 
Atlant attribution (mm) -1043 -549 -271 46 286 479 658 
Atlant attribution (%) -7.4 -4.2 -2.1 0.4 2.3 4.0 5.6 
  

That is, our model for the daily average of Log Rainfall implies that we can have a level of 
confidence of approximately 80 per cent that there was a net positive Atlant contribution to 
rainfall during the 2009 Atlant trial. 

7.6 Summary of the daily analysis 

The key findings from the daily level analysis are that: 

• The operation of Atlant did not significantly affect the probability or the extent to which 
rainfall events are observed downwind of the location of the system; 

• There was no significant enhancement effect downwind of C2; 

• There was a significant positive enhancement effect downwind of C3; and 

• There was an estimated enhancement of 6.4 per cent in the amount of rainfall over the 
trial that could be ascribed to operation of Atlant. Furthermore, a parametric bootstrap 
analysis indicates that there is a level of confidence of approximately 80 per cent that 
the true enhancement value was greater than zero. 

The first point suggests that the ion plume generated by the Atlant system is not sufficient to 
initiate the process of precipitation. However, the initiation of precipitation is often a knife-edged 
or catastrophic event and as such, difficult to predict. The result may simply be a reflection of the 
fact that we have a limited capacity to measure exposure to the system in terms of whether there is 
sufficient atmospheric moisture present and the extent to which any particular gauge within the 
60˚ downwind sector was in fact downwind of the ion plume being generated by the system. 

The second point is not unexpected given the pattern of rainfall over the trial period. The majority 
of rainfall was due to the influence of winds from the west through to the north. There were a very 
limited number of downwind gauges under these conditions, and these gauges tended to be a 
considerable distance from the system. This is sharp contrast to the 2008 trial when the majority 
of the rainfall was from the southwest. Again, there would be considerable uncertainty as to when 
and for how long these gauges were downwind of the ion plume. 

The third point is encouraging given that the result at C3 may simply be a reflection of the fact 
that we had a more consistent coverage of gauge measurements downwind of this site. However, 
should also be noted that C3 was operated differently from C2. In particular, C3 was operated on a 
random 2-day schedule while C2 was operated on a random daily schedule. In previous trials the 
system had operated over extended periods, and temporal correlations between observed gauge 
level rainfall and the length of time the system had been operating were observed. The 2-day 
operating schedule was introduced specifically as a (limited) way of determining if these temporal 
correlations were spurious or not. 
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The final point illustrates the fact that although the daily averages of Log Rainfall contain 
evidence for a positive Atlant enhancement effect, the distribution of the estimated effect is quite 
variable. This reflects the limited amount of information about the impact of Atlant on rainfall that 
is available from these averages. As a consequence, the level of confidence that we have in there 
actually having been an Atlant-induced enhancement of rainfall over the trial is not high, at 
approximately 80 per cent, and suggests that a more detailed analysis using the finer scale spatial 
information in the actual gauge-level values of Log Rainfall should be carried out. 

This conclusion is further supported when we note that the average downwind and crosswind 
distance of gauges from the Atlant sites are important covariates in the model for the daily average 
of Log Rainfall. This indicates that gauge-level variation is likely to be a useful source of 
information for identification of an Atlant effect. 
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8 Gauge-level analysis 

8.1 Gauge-level rainfall correlation 

The statistical analyses of previous Atlant trials were conducted using gauge-level data as the 
units of analysis. In contrast to using daily averages of gauge-level rainfall across an area, the use 
of gauge-level data allows for exploration of interactions between meteorological conditions and 
the orographic effects associated with individual gauge locations. Taking advantage of the 
information available at each gauge by day level reduces the background noise against which a 
rain enhancement signal can be sought. This approach, however, presents the analytical challenge 
of properly accounting for the correlation in rainfall values recorded by different gauges on the 
same day.  

Standard errors for the coefficients of an ordinary least squares regression model are based on the 
assumption that the observations are mutually uncorrelated. Where such correlation exists, the 
effect is to increase the standard errors associated with the estimates of the model parameters. This 
can seriously impact on the validity of statistical inferences for these parameters, since test 
statistics can be biased upwards, leading to claims of significance where in fact no such 
significance actually exists. 

The degree to which rainfall at a gauge is correlated with that of its neighbour is not 
straightforward to measure and is not constant over time. In a spatial sense, whether a gauge is 
measuring the same thing as its neighbour or something different will depend on both the distance 
to its neighbour and the geographical extent of the weather event being measured. In a temporal 
sense, weather systems exhibit strong cyclical behavior that will tend to link current and past 
observations of meteorological conditions. 

The challenge is to achieve an effective measure of this correlation. At one extreme, if all gauges 
were perfectly correlated we would have, in effect, only one observation. In fact, the day-level 
analyses presented earlier in this report represent this extreme in that they effectively assume that 
the correlation between gauges downwind of either Atlant site is perfect on any given day, and so 
we have exactly one observation per day for the gauges downwind of C2 and another for gauges 
downwind of C3. Taking into account the possible pair-wise correlation between these two 
averages then gives us a reasonable idea of the upper bound of the relative standard deviations of 
the model coefficients. In contrast, a gauge-level analysis performed under the assumption that 
rainfall measurements are mutually uncorrelated from day to day and from gauge to gauge 
provides a lower bound for these values. This situation can be improved upon by the specification 
of an appropriate model for this correlation and by the use of bootstrapping techniques based on 
this model for statistical inference. 

We expect that observations that are nearby or closely related exhibit a greater degree of 
correlation. The question then becomes one of what is meant by nearby or closely related. Gauge-
level rainfall may be correlated in a number of dimensions, including: 

• Distance—correlation increases as distance between gauges declines; 

• Elevation—correlation increases as the absolute or vertical difference in elevation 
between gauges declines; and 

• Time—correlation increases as observations become closer in time. 
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Correlation structure may also emerge through more complex processes. For example, the spatial 
correlation between gauges may be greater in an upwind-downwind direction as opposed to a 
crosswind direction. As wind direction shifts over time the spatial correlation structure will shift. 
When rainfall is modelled as a function of meteorological and orographic covariates this removes 
part but not necessarily all of the correlation structures between gauge-level rainfall observations. 
Our strategy, in terms of being able to draw statistical inferences with regard to the efficacy of 
Atlant, is therefore two-fold: 

• First, construct a set of covariates that remove as much as possible of the spatio-temporal 
correlation in gauge-level rainfall; and 

• Second, use random effects to correct for any remaining spatio-temporal correlation, thus 
ensuring that reported standard errors are no longer biased downwards because of a 
lack of mutual independence.  

However, there is still a substantial degree of subjectivity involved in implementing this strategy. 
In a single dimension with evenly spaced observations it is straightforward to enumerate the 
structure of any existing correlations. In multiple dimensions with unevenly spaced observations, 
such an implementation strategy has to be based on a subjective assessment of the potential but 
unmeasured sources of correlation between rainfall measurements. 

8.2 Structure of the gauge-level models 

For the purpose of consistency, the structure of the gauge-level model for the logarithm of 
recorded positive rainfall at a gauge (Log Rainfall) is essentially the same as that used in the day-
level analysis. However, in the case of modeling the probability of observing a rainfall event, a 
point of difference with the day-level analysis is that we know whether a gauge did or did not 
record rain. This allows us to use a logistic regression model for these binary outcomes. 

8.2.1 Gauge model covariates 

An important consideration is that the much larger sample size available for a gauge-level analysis 
allows for a more comprehensive array of covariates to be included. These additional covariates 
are listed below: 

Meteorological covariates 

1. Wind direction and speed at each of three altitudes (as opposed to an average across 
two altitudes), measured at 700, 850 and 925 hPa; 

2. Lagged (previous day) meteorological observations, denoted with an L1 suffix; 

Gauge-specific orographic covariates 

3. Gauge elevation; 

4. Gauge distance from the operating sites; 

Atlant operating sequence covariates 

5. These are represented by dummy variables that identify a site's operating status on the 
day as well as on the previous day. These account for differences in the one day lag 
structure of the operating schedule for C2 and C3. This is necessary because C2 was 
operated on a randomly assigned 2-day cycle (on-off), while C3 was operated on a 
randomly assigned 4-day cycle (on/on-off/off). 
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Gauge-specific spatio-temporal covariates 

6. Gauge location relative to the steering wind direction at each site on a day as well as 
on the previous day; 

7. Gauge distance from each site relative to the operating status of the site on that day as 
well as on the previous day. 

Reasons for considering these additional covariates are set out below. 

1. Wind direction and speed at three altitudes 
Wind speed and direction at lower altitudes are influenced by local meteorological effects created 
by interactions of the air mass with the land and sea, such as the diurnal variation in temperature. 
In contrast, at higher altitudes the winds are de-coupled from these surface effects and vary 
according to air mass changes, typically over several days such as with the passage of a cold front. 
Given the variation between these variables at different altitudes, the independent treatment of 
them within the model would be expected to result in a higher resolution analysis. 

2. Lagged meteorological observations 
The inclusion of lagged meteorological covariates is to account for the purely temporal correlation 
in rainfall data. The analysis of data from past trials indicated that gauge-level rainfall 
observations on one day were highly correlated with prevailing meteorological conditions on the 
previous day. The temporal correlation may be due to the cyclical pattern of high and low pressure 
systems that move thorough a local area. They may also be simply due to the daily scale on which 
rainfall measurements are recorded. Rainfall does not fall evenly throughout the day. If it is 
raining at 8:00am there is a reasonable chance it will be raining after 9:00am. However, what may 
be a single rain event is then recorded over two days. Diurnal patterns in rainfall may strengthen 
or weaken this source of correlation. 

3.-4. Gauge-specific orographic covariates 
The inclusion of fixed gauge-level orographic effects is to account, at least in part, for pure spatial 
correlation in gauge-level rainfall measurement.  

5. Atlant operating sequence 
The operating status of the system on the current and previous day has been included in the model. 
The data from previous trials showed a strong correlation between observed rainfall on a day and 
the operating status of the system on previous days. However, in these trials the system was 
operated when cloud moisture was present and, as a consequence, the duration of operation might 
have simply been a reflection of the propensity for natural rainfall to occur. Another possible 
source of this correlation is the potential to measure a single rain event twice, on either side of the 
transition from one day to the next, as mentioned in point 2. One of the objectives of the 
randomised operating schedule used in 2009 was to test whether the way the system had been 
operated in previous trials contributed to this observed correlation. Therefore, in the 2009 trial, C2 
was randomly operated on a day on, day off basis, while C3 was randomly operated on a two days 
on, two days off basis. 

6. Gauge location relative to wind direction 
The inclusion of gauge location relative to the prevailing wind direction is intended to capture 
some of the variability in rainfall due to the interaction between meteorological conditions that 
vary from day to day and the topography of the trial area. 

7. Distance from gauge to Atlant relative to operational status 
The degree of any potential rain enhancement may be dependent on distance from the Atlant 
device to the rain gauge. For example, one possibility is that the closer a gauge is to the Atlant, the 
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more likely it is to detect a rain enhancement effect, presumably due to exposure to a more 
concentrated ion plume. A correlation may therefore exist between the distance of a gauge from 
the Atlant and the operational status of the Atlant. On the other hand, distance from the device 
may also be proportional to the probability of being included in the downwind sector (the closer a 
gauge is to the Atlant, the more likely it is to be included in the downwind sector), thereby 
exposing that gauge to the Atlant more frequently. The higher frequency of exposure would 
likewise increase the likelihood of measuring a potential rain enhancement effect. In order to 
separate these two potential influences on rain enhancement, the model includes interaction 
covariates for the relationships between gauge distances to the two Atlant sites and their 
operational status.  

8.2.2 Random effects 

Random effects are typically used to allow for correlations in the data that are not captured by the 
model covariates. Two types of random effects are considered in the modeling described below. 
The first allocates a random effect to each individual gauge. This is a purely spatial random effect 
that allows for potentially unmeasured orographic variables that vary from one gauge location to 
the next. The second is a spatio-temporal random effect defined by grouping gauge-level 
observations on a day according to their downwind and crosswind orientations relative to the two 
Atlant sites. Inclusion of this spatio-temporal effect reflects the hypothesis that the correlation 
between gauge-level rainfall measurements on a day will be stronger in a downwind direction on 
that day as opposed to a crosswind direction. 

As noted above, the random gauge effects should pick up fixed orographic effects that are not 
accounted for by the orographic covariates in the model. In doing so, these random effects should 
eliminate some, if not most, of the pure spatial correlation that would otherwise exist in the model 
errors. To the extent that some gauges are more or less frequently exposed to the Atlant ion 
plume, the inclusion of a random gauge effect may also attenuate part of the Atlant signal when 
analysing gauge-level data. This was deemed to be an acceptable risk, since the primary interest of 
the analysis is to demonstrate Atlant efficacy as opposed to accurately measuring the extent of any 
Atlant contribution to rainfall. 

The definition of the spatio-temporal groups was subjective, but aimed at grouping downwind 
gauges that were likely to have had similar exposure to prevailing meteorological conditions, 
including exposure to Atlant. They were constructed in terms of the radial angle made by a gauge 
with C2 relative to the average steering wind direction for the day (C2θ) or the same angle but 
now relative to C3 (C3θ). Six radial classes were constructed as listed in Table 16. 

Table 16 Definition of radial classes for spatio-temporal random effects. 

a C2θ greater than 30° and C3θ greater than 60° 
b C2θ less than or equal to 30° and C3θ greater than 60° 
c C2θ less than C3θ and both C2θ, C3θ less than or equal to 60° 
d C3θ less than or equal to C2θ and both C2θ, C3θ less than or equal to 60° 
e C3θ less than or equal to 30° and C2θ greater than 60° 
f C3θ greater than 30° and C2θ greater than 60° 

For each day, these classes effectively form a radial tiling of the downwind region at each site (see 
Figure 28). 
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Figure 28 Areas covered by radial classes in a north-west wind. 

 

Theoretically, this tiling leads to 128 x 6 = 744 spatio-temporal groups. However, many of these 
are empty, leading to 664 such groups containing gauge-day data over the period of the trial. They 
account for a sizable component of the variability in rainfall. The distribution of group sizes for 
these spatio-temporal groups, defined by the number of gauge-day records with non-missing rain, 
is shown in Figure 29. The mean group size is 13.2, with a median of 10. Note however, that the 
average group size drops to 4.8 and the median group size drops to 1 if group size is defined in 
terms of records with positive rainfall. 

The large number of spatio-temporal groups and the way in which they were constructed again 
leads to the possibility that the random effects will attenuate part of the Atlant signal. The radial 
angle and distance to the mid-point of each cluster may be a proxy for exposure to the Atlant ion 
plume on a given day. This would lead to an under-attribution if there is a positive Atlant 
contribution to rainfall. 

Figure 29 The size (number of gauge-days with non-missing rain) distribution of the 
664 groups used to define the spatio-temporal random effects. 
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8.3 The Log Rainfall models 

Two gauge-level models for Log Rainfall are presented. These differ in terms of the random 
effects they include: 

• Random gauge effects; and 

• Random spatio-temporal effects. 

Both models were fitted using restricted maximum likelihood. The reported interaction terms are 
formed as the products of mean-level adjusted covariates and so their coefficients relate to 
deviations from these means. The percentage column in the variance components of the random 
effects shows the proportion of the unexplained variation in Log Rainfall that is associated with 
each random effect in the model. The method for calculating the Atlant attribution is the same as 
that described already for the day-level analysis. It has been documented in the analysis of 
previous trials and is presented in Appendix B. 

With random effects models, the issue arises of what to do with the predicted random effects (the 
group or level two residuals). Three simple alternatives include: 

• Apportion these residuals to natural rainfall; 

• Apportion these residuals to augmented rainfall; 

• Apportion these residuals in proportion to the ratio of natural to augmented rainfall. 

There is no correct choice. Given these predictions sum to zero there is no inherent overall bias 
although there may be regional bias if the level two residuals are spatially correlated as the 
estimates are done at the gauge level. The first alternative above is the most conservative 
approach, and so was adopted. 

Lastly, as the estimates are based on non-zero gauge observations there is a potential bias in 
estimated attribution. This bias will be positive if Atlant is associated with a reduction in the 
probability of observing positive rainfall at a gauge on a day and negative if Atlant is associated 
with a reduction in this probability. This issue is addressed in the logistic model analysis presented 
in the next section. 

The model parameter estimates are set out in Table 17 and Table 18. The overall fit of the random 
gauge-effects model is reasonable with 63 per cent of the variation in gauge-level rainfall 
accounted for by the fixed model and random gauge effects. This is somewhat less than what was 
obtained in the day-level model, which is not surprising given that the ratio of number of model 
parameters to sample size is much higher under gauge-level modeling. The random gauge effects 
account for around 11 per cent of the observed variation in gauge-level rainfall. An obvious 
difference between the day-level model and random gauge-effects model is the extremely high 
significance of many of the model covariates, including the Atlant covariates. This suggests that 
the precision of the model fit may be substantially overstated in Table 17 due to the presence of 
unexplained spatio-temporal correlation in the data. 

The mean-level effects at both C2 and C3 are positive. The effects of distance are opposite to each 
other with rainfall falling as distance increases at C2 and increasing with distance at C3. The 
estimated Atlant attribution corresponds to a 9.6 per cent increase in gauge-level rainfall 
compared with what would have occurred naturally. 
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Table 17 Log Rainfall regression results with random gauge effects: coefficient 
estimates, random-effects components and estimated Atlant attribution. 

Summary:  RSQ = 0.63 
  OBS = 3117 
Parameter Estimate Standard Error P-Value 
Intercept 29.501 5.288 0.000 
August/September -0.248 0.054 0.000 
WRE 0.994 0.080 0.000 
Upwind Rainfall 2.567 0.108 0.000 
Wind Speed 700 -0.003 0.002 0.117 
Wind Speed 700 – L1 0.008 0.002 0.000 
Wind Speed 850 0.002 0.004 0.621 
Wind Speed 850 – L1 -0.004 0.003 0.184 
Wind Speed 925 0.004 0.004 0.287 
Wind Speed 925 – L1 -0.001 0.003 0.686 
Wind Direction 700 -1.064 0.270 0.000 
Wind Direction 700 – L1 -1.038 0.225 0.000 
Wind Direction 850 0.119 0.460 0.796 
Wind Direction 850 – L1 0.869 0.347 0.012 
Wind Direction 925 0.874 0.279 0.002 
Wind Direction 925 – L1 -1.092 0.197 0.000 
Air Temperature -0.035 0.012 0.005 
Dew Point Depression 0.003 0.011 0.825 
Sea-level Pressure -0.030 0.005 0.000 
Elevation 0.169 0.019 0.000 
Distance C2 -1.028 0.264 0.000 
C2θ 0.005 0.001 0.000 
C2θ – L1 -0.003 0.001 0.000 
Distance C2 * C2θ 0.004 0.002 0.024 
Distance C2 * C2θ – L1 -0.001 0.002 0.651 
Distance C3 1.159 0.249 0.000 
C3θ -0.002 0.001 0.039 
C3θ – L1 0.003 0.001 0.000 
Distance C3 * C3θ 0.001 0.002 0.564 
Distance C3 * C3θ – L1 0.008 0.002 0.000 
C2 On  0.245 0.052 0.000 
C2 On – L1 -0.219 0.047 0.000 
Distance C2 * C2 On -0.760 0.146 0.000 
Distance C2 * C2 On – L1 -0.358 0.140 0.011 
C3 On  0.152 0.066 0.021 
C3 On – L1 0.214 0.045 0.000 
Distance C3 * C3 On 0.700 0.217 0.001 
Distance C3 * C3 On – L1 0.079 0.142 0.578 
Summary:  RSQ = 0.63 OBS = 3117 
Variance Component Estimates 
Random Effect Component Standard Error Percentage 
Gauge 0.097549 0.020359 10.826 
Residual 0.803525 0.021390 89.174 
Total 0.901074  100.000 

Atlant Attribution 
Estimated Natural (mm) 12450 
Atlant Attribution (mm) 1190 
Atlant Attribution (%) 9.6 
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Table 18 Log Rainfall regression results with random spatio-temporal effects: 
coefficient estimates, random-effects components and estimated Atlant attribution. 

Summary:  RSQ = 0.71 
  OBS = 3117 

Parameter Estimate Standard Error P-Value 
Intercept 29.523 9.924 0.003 
August/September -0.512 0.119 0.000 
WRE 1.076 0.155 0.000 
Upwind Rainfall 2.343 0.184 0.000 
Wind Speed 700 -0.005 0.004 0.174 
Wind Speed 700 – L1 0.009 0.003 0.007 
Wind Speed 850 0.003 0.007 0.640 
Wind Speed 850 – L1 -0.002 0.006 0.758 
Wind Speed 925 0.007 0.006 0.277 
Wind Speed 925 – L1 -0.006 0.005 0.265 
Wind Direction 700 -0.683 0.469 0.146 
Wind Direction 700 – L1 0.045 0.430 0.917 
Wind Direction 850 -0.495 0.735 0.501 
Wind Direction 850 – L1 0.280 0.618 0.651 
Wind Direction 925 0.422 0.429 0.325 
Wind Direction 925 – L1 -1.217 0.355 0.001 
Air Temperature -0.024 0.024 0.317 
Dew Point Depression -0.013 0.021 0.545 
Sea-level Pressure -0.030 0.010 0.003 
Elevation 0.141 0.012 0.000 
Distance C2 -0.424 0.282 0.134 
C2θ 0.003 0.001 0.021 
C2θ – L1 -0.004 0.001 0.001 
Distance C2 * C2θ -0.000 0.002 0.855 
Distance C2 * C2θ – L1 -0.003 0.002 0.189 
Distance C3 0.679 0.239 0.005 
C3θ 0.000 0.001 0.659 
C3θ – L1 0.003 0.001 0.001 
Distance C3 * C3θ 0.004 0.002 0.044 
Distance C3 * C3θ – L1 0.009 0.002 0.000 
C2 On  0.101 0.103 0.332 
C2 On – L1 -0.192 0.094 0.042 
Distance C2 * C2 On -0.565 0.161 0.000 
Distance C2 * C2 On – L1 -0.498 0.157 0.002 
C3 On  0.150 0.125 0.229 
C3 On – L1 0.226 0.090 0.012 
Distance C3 * C3 On 0.515 0.231 0.026 
Distance C3 * C3 On – L1 -0.146 0.151 0.331 
Summary:  RSQ = 0.71 OBS = 3117 
Variance Component Estimates 
Random Effect Component Standard Error Percentage 
Spatio-temporal 0.305862 0.036030 31.870 
Residual 0.653856 0.017603 68.130 
Total 0.959718  100.000 
Atlant Attribution 
Estimated Natural (mm) 12693 
Atlant Attribution (mm) 947 
Atlant Attribution (%) 7.5 
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Turning now to Table 18, we see that the overall fit of the spatio-temporal random-effects model 
is somewhat higher than that of the random gauge-effects model, with 71 per cent of the variation 
in gauge-level rainfall now accounted for by the fixed model effects and the random spatio-
temporal effects. The spatio-temporal effects account for almost 32 per cent of the observed 
variation in gauge-level rainfall. This more closely approximates the fit that was obtained in the 
day-level model. The significance levels for most of the estimated coefficients are generally lower 
than for the random gauge-effect model. However, the majority of the Atlant covariates are still 
significant and the standard errors appear realistic. 

The effects due to operation of C2 and C3 on the day are still both positive but are now not 
significant. In contrast, the effects associated with lagged operation of C2 and C3 remain 
significant and of opposite sign. The significant effects due to the interaction of distance with 
Atlant operational status also remain opposite to each other with rainfall falling as distance 
increases at C2 and increasing with distance at C3. The estimated Atlant attribution now 
corresponds to a 7.5 per cent increase relative to natural gauge-level rainfall. It appears that some 
of the Atlant attribution estimated under the model with gauge-level random effects has been 
washed out by use of the spatio-temporal random effects. 

Given the difficulty in interpreting the Atlant coefficient estimates directly, a contour plot of the 
gauge averages of the estimated Atlant attribution for the spatio-temporal random-effects model is 
shown in Figure 30. Note that these average attributions only relate to days when a gauge was 
downwind of at least one of the devices and rainfall was recorded. 

Table 19 Estimated Atlant attributions by steering wind sector under model with 
random spatio-temporal effects. 

Steering wind 
sector 

Number of gauge-days 
with rain 

 Total estimated Atlant 
attribution (mm) 

NNE 2 -0 
ENE 26 -3 
ESE 0 0 
SSE 0 0 
SSW 1054 340 
WSW 863 -55 
WNW 748 511 
NNW 484 153 

Table 19 helps in the interpretation of Figure 30. This shows the total estimated Atlant attribution 
under the model of Table 18 (i.e. the one with spatio-temporal random effects) separately for days 
with steering wind directions grouped into eight sectors. The positive Atlant attributions are all 
estimated to have occurred when the steering winds were from just three sectors (SSW, WNW and 
NNW). A noticeable anomaly is the negative attribution when the steering winds were from the 
WSW sector. 

The majority of the precipitation that fell over the trial came from the west and northwest. This 
corresponds to where the greatest and most geographically consistent enhancement effects were 
estimated. There was very limited rainfall when winds originated from the northeast to the 
southeast and the number of downwind gauges was limited given the proximity of the sites to the 
coast. The positive Atlant attribution values to the north reflect the fact that this area was exposed 
to simultaneous operation of both Atlant systems for a significant length of time. However, the 
large estimated Atlant attribution in the centre of this area should be discounted, as it is largely 
driven by a single gauge with just two non-missing positive rainfall readings during the time that 
it was downwind. 
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Similarly, the area of negative influence to the northeast of C3 should be discounted since it is the 
result of gauges in this area recording substantially more rainfall compared with gauges elsewhere 
in the trial area when the steering winds were from WSW. This resulted in large positive 
differences between observed rain and modelled rain for these gauges. The estimation method 
used imputed all of these differences to natural rainfall, leading to negative values of estimated 
Atlant attribution for these gauges. This is the main driver for the negative Atlant attribution for 
the WSW sector that is evident in Table 19. 

Figure 30 Contour plot of the gauge averages of estimated Atlant attribution to 
natural rainfall in mm under the spatio-temporal random-effects model. Individual 
gauge locations are shown and the two Atlant site locations are highlighted. Note 
that the contours do not cover all gauges used in the trial since some gauges were 
never downwind, or had no rainfall on days when they were downwind. 

 

8.4 Probability of a rainfall event 

The probability of a rainfall event at a given gauge location on a particular day was modelled 
using a logistic specification. Note that the logistic model is fitted under the assumption that rain 
events are independently distributed. At this stage of the analysis it was not possible to adequately 
model rain events using a logistic model with spatio-temporal random effects. A Penalized Quasi-
Likelihood (PQL) logistic fit of this model indicated that the variance of the spatio-temporal 
random effects was larger than the binomial variance of individual gauge-day values of rain 
events. This is precisely when parameter estimates obtained via PQL can be seriously biased, and 
so it was decided to proceed with a standard logistic model fit based on an independence 
assumption. Alternative, more robust, logistic fits that allow for high variance spatio-temporal 
random effects will be explored in subsequent analysis. As a consequence, the discussion below 
restricts attention to covariates that are highly significant. 

A logistic model for a rainfall event defined in terms of a threshold of 0.1 mm rainfall in a gauge 
is presented in Table 19. The goodness of fit measure RSQ (U) is calculated as one minus the ratio 
of the logarithm of the likelihood for the full model to the corresponding value for a model with 
just an intercept term. This measure is zero if the covariates contain no significant information 
about the probability of a rain event occurring. On the other hand, as the information from the 
covariates becomes more significant in explaining this probability, then this measure approaches 
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one. Note that a positive sign for a model coefficient indicates that an increase in the value of the 
corresponding covariate increases the probability of a rain event. The highly significant variables 
include the majority of current and lagged metrological variables as well as the seasonal and WRE 
dummy variables. Gauge elevation is highly significant. For the most part, the gauge distance 
variables are not significant. 

There is a relatively large negative effect associated with a distance effect at C3 but it is not 
significant. As far as impact of Atlant operation on probability is concerned, there are significant 
and substantial negative impacts associated with the lagged operating effects at C2 and C3. There 
is also a marginally significant positive interaction between distance from C2 and the operating 
state of C2. All of these results indicate that operation of Atlant appears to have an effect on 
whether a rain event occurs or not. 

The actual magnitude of the Atlant effect is not apparent from the coefficient estimates shown in 
Table 20, as they depend on the values taken by the other covariates. Figure 31 shows the 
contours of the average gauge-level difference between the fitted logistic model for the probability 
of a rain event and the same fitted probability excluding the impact of the model covariates 
associated with operation of Atlant (i.e. the last eight covariates in the model). 

It is clear that addition of the Atlant covariates in the model leads to a general reduction in the 
probability of observing a rain event. In fact, for downwind gauge-days there is an average 
reduction of 2.4 per cent in the probability of observing a rainfall event due to operation of Atlant. 
This needs to be taken into account when estimating an Atlant attribution that is independent of 
whether a rainfall event has in fact occurred. 

It can be argued that defining a rainfall event as one where recorded rainfall consists of 0.1mm or 
in a gauge leads to the inclusion of rainfall events that actually contribute very little to total 
rainfall. It is therefore worth investigating whether the negative Atlant effect on the probability of 
observing a rainfall event tended to be confined to days when precipitation was light to very light. 
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Table 20 Logistic regression fit for the probability of downwind gauges recording a 
rainfall event of 0.1mm or more. 

Summary:  
  RSQ (U) = 0.51 
  OBS = 8661 
 
Parameter Estimate Standard Error P-Value 
Intercept -0.192 9.920 0.985 
August/September -0.170 0.121 0.159 
WRE 0.468 0.329 0.154 
Upwind Rainfall 5.720 0.197 0.000 
Wind Speed 700 -0.015 0.004 0.000 
Wind Speed 700 – L1 0.018 0.003 0.000 
Wind Speed 850 0.036 0.007 0.000 
Wind Speed 850 – L1 -0.011 0.006 0.066 
Wind Speed 925 -0.009 0.007 0.193 
Wind Speed 925 – L1 0.000 0.005 0.951 
Wind Direction 700 -0.712 0.454 0.117 
Wind Direction 700 – L1 -0.438 0.387 0.257 
Wind Direction 850 1.221 0.697 0.080 
Wind Direction 850 – L1 -0.230 0.610 0.706 
Wind Direction 925 -0.362 0.426 0.396 
Wind Direction 925 – L1 -1.256 0.370 0.001 
Air Temperature -0.093 0.022 0.000 
Dew Point Depression -0.018 0.019 0.356 
Sea-level Pressure -0.001 0.010 0.943 
Elevation 0.253 0.025 0.000 
Distance C2 -0.985 0.428 0.021 
C2θ 0.005 0.002 0.003 
C2θ – L1 -0.004 0.002 0.022 
Distance C2 * C2θ 0.007 0.003 0.058 
Distance C2 * C2θ – L1 -0.001 0.003 0.858 
Distance C3 -0.005 0.369 0.990 
C3θ -0.001 0.001 0.276 
C3θ – L1 0.004 0.001 0.005 
Distance C3 * C3θ -0.002 0.003 0.518 
Distance C3 * C3θ – L1 0.012 0.003 0.000 
C2 On  0.011 0.103 0.919 
C2 On – L1 -0.453 0.098 0.000 
Distance C2 * C2 On 0.655 0.284 0.021 
Distance C2 * C2 On – L1 -0.048 0.273 0.861 
C3 On  0.021 0.116 0.854 
C3 On – L1 -0.402 0.095 0.000 
Distance C3 * C3 On 0.091 0.391 0.817 
Distance C3 * C3 On – L1 -0.429 0.301 0.155 
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Figure 31 Contour plot of the estimated Atlant effect on the probability of observing a 
rainfall event with a threshold of 0.1mm. 

 

A logistic model fit for the probability of a rainfall event with a threshold of 1.0mm is shown in 
Table 21. The Atlant coefficients in this model are more supportive of a positive Atlant-related 
effect on this probability. This can be seen in the contour plot of the Atlant impact on this 
estimated probability as displayed in Figure 32. As with Figure 31, this impact is defined as the 
average gauge-level difference between the fitted logistic model for the probability of a rain event 
(of 1.0mm or more in this case) and the same fitted probability excluding the Atlant covariates. 
When we compare Figures 3 and 4 we can see that most of the negative impact of Atlant on the 
probability of observing a gauge-level rainfall event is associated with light precipitation. 
Furthermore, the average reduction in the probability of observing a downwind rainfall event of 
1.0mm or more as a consequence of operation of Atlant is now 0.1 per cent . This is much smaller 
than the corresponding average reduction of 2.4 per cent noted earlier for the probability of rain 
events that included trace to light rainfall. We therefore do not expect any reduction in the 
probability of observing a rain event due to Atlant operation to have a substantive impact on the 
estimated attribution derived from the Log Rainfall models considered earlier. 
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Table 21 Logistic regression results for the probability of downwind gauges that 
recorded a rainfall event greater than 1.0mm. 

Summary:  
  RSQ (U) = 0.57 
  OBS = 8661 
 
Parameter Estimate Standard Error P-Value 
Intercept 21.765 13.192 0.099 
August/September -0.456 0.144 0.002 
WRE 1.100 0.344 0.001 
Upwind Rainfall 7.299 0.290 0.000 
Wind Speed 700 -0.011 0.005 0.050 
Wind Speed 700 – L1 0.022 0.005 0.000 
Wind Speed 850 0.021 0.010 0.041 
Wind Speed 850 – L1 -0.020 0.008 0.007 
Wind Speed 925 0.007 0.009 0.419 
Wind Speed 925 – L1 -0.005 0.006 0.468 
Wind Direction 700 -1.514 0.635 0.017 
Wind Direction 700 – L1 -0.945 0.539 0.080 
Wind Direction 850 -0.436 1.061 0.681 
Wind Direction 850 – L1 0.575 0.856 0.502 
Wind Direction 925 1.812 0.691 0.009 
Wind Direction 925 – L1 -2.398 0.541 0.000 
Air Temperature -0.139 0.030 0.000 
Dew Point Depression 0.044 0.025 0.073 
Sea-level Pressure -0.025 0.013 0.058 
Elevation 0.352 0.031 0.000 
Distance C2 -1.557 0.551 0.005 
C2θ 0.009 0.002 0.000 
C2θ – L1 -0.007 0.002 0.002 
Distance C2 * C2θ 0.004 0.004 0.387 
Distance C2 * C2θ – L1 0.003 0.004 0.430 
Distance C3 1.611 0.469 0.001 
C3θ 0.000 0.002 0.971 
C3θ – L1 0.005 0.002 0.001 
Distance C3 * C3θ 0.004 0.004 0.315 
Distance C3 * C3θ – L1 0.014 0.004 0.000 
C2 On  0.623 0.138 0.000 
C2 On – L1 -0.746 0.125 0.000 
Distance C2 * C2 On 0.015 0.332 0.964 
Distance C2 * C2 On – L1 -0.354 0.325 0.275 
C3 On  0.398 0.163 0.014 
C3 On – L1 0.008 0.114 0.947 
Distance C3 * C3 On 1.851 0.519 0.000 
Distance C3 * C3 On – L1 0.477 0.361 0.186 
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Figure 32 Contour plot of the estimated Atlant effect on the probability of observing a 
rainfall event with a threshold of 1.0mm. 

 

8.5 A parametric bootstrap analysis of Atlant attribution 

Standard normal theory methods for constructing confidence intervals for complex statistics, like 
those used to derive the Atlant attribution estimates displayed in Table 17 and Table 18, are 
usually not optimal. This is especially the case when the underlying models include random 
effects, as do the models for Log Rainfall presented in these tables. Ideally, one would like to 
simulate or 'bootstrap' the distribution of the attribution estimates in a non-parametric way in order 
to get around this problem. However, non-parametric bootstrap methods for data containing 
spatio-temporal random effects are not well developed, and parametric bootstrap methods are 
employed instead. This approach has already been used in the day-level analyses presented earlier, 
and is based on using the fitted parametric model to generate alternative bootstrap values for the 
observed data. The bootstrap data set is then modelled in the same way as the original data set, 
and an alternative set of values for the complex statistics of interest is produced. This process is 
repeated a large number of times to build up plausible estimates of the actual distributions of 
values for these statistics. Summary statistics relating to these distributions are then 'read off' their 
corresponding bootstrap distributions. 

In order to construct the bootstrap distributions generated by the gauge-level models, the logistic 
model set out in Table 20 is first used to simulate rain events for all gauge-days contributing to the 
estimates in this table. Working only with gauge-days that are designated as being a rain event 
following this process, computer generated values for gauge random effects (Table 17) and spatio-
temporal random effects (Table 18) are added to computer generated individual gauge-day effects 
using the estimated variances of these random effects as set out in these Tables. These errors are 
then added to the gauge-day fitted values defined by the estimates of the fixed effects in these 
Tables to produce simulated values of Log Rainfall for these rain event gauge-days. Finally, these 
log scale values are exponentiated to give corresponding simulated levels of rainfall for the rain 
event gauge-days which are combined with the observed model covariates defined in Table 17 and 
Table 18 (which were kept fixed and not simulated) to define a bootstrap data set. This data set is 
then modelled in exactly the same way as the original data. Repeating this process eventually 
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leads to a distribution of bootstrap values for the estimated Atlant attributions. For the results 
quoted below we used 1000 bootstrap repetitions. 

Figure 33 and Figure 34 show the bootstrap distributions of the estimated total Atlant contribution 
to rainfall over the trial period under the models underpinning Table 17 (random gauge effects) 
and Table 18 (random spatio-temporal effects). Figure 35 and Figure 36 show the corresponding 
bootstrap distributions of this attribution expressed as a percentage of estimated natural rainfall. 
The increased variability in these statistics under the model with spatio-temporal random effects 
(our preferred gauge-level model) is clear. 

In Table 22 we show the parametric bootstrap estimates of the lower bounds of these one-sided 
confidence intervals under the model with random gauge effects (Table 17) and the model with 
random spatio-temporal effects (Table 18). 

Table 22 Lower bounds for parametric bootstrap estimates of one-sided confidence 
intervals. 

Confidence level 99% 95% 90% 80% 70% 60% 50% 
 Model with random gauge effects 
Atlant attribution (mm) 571 830 943 1084 1197 1297 1380 
Atlant attribution (%) 4.2 6.3 7.3 8.5 9.4 10.2 11.0 
  

 Model with spatio-temporal random effects 
Atlant attribution (mm) -333 -68 227 526 690 893 1066 
Atlant attribution (%) -2.4 -0.5 1.7 3.7 5.2 6.8 8.3 

The bootstrap distributions generated by the model with random gauge effects seem overly 
optimistic about a positive Atlant attribution, especially when compared with the results obtained 
in the analysis of the day-level data. In contrast, the bootstrap distributions generated by the model 
with spatio-temporal random effects are more conservative. These seem more realistic, indicating 
that we can be reasonably confident (at a level greater than 90 per cent) that there was a net 
positive Atlant contribution to rainfall during the 2009 Atlant trial. 
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Figure 33 Bootstrap distribution of Atlant attribution (mm) under model with random 
gauge effects. Blue curve shows a smooth non-parametric density fitted to the 
bootstrap values of this statistic, while red dashed line shows estimate obtained 
using actual Log Rainfall data. 

 

Figure 34 Bootstrap distribution of Atlant attribution (mm) under model with random 
spatio-temporal effects. Blue curve shows a smooth non-parametric density fitted to 
the bootstrap values of this statistic, while red dashed line shows estimate obtained 
using actual Log Rainfall data. 
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Figure 35 Bootstrap distribution of Atlant attribution (%) under model with random 
gauge effects. Blue curve shows a smooth non-parametric density fitted to the 
bootstrap values of this statistic, while red dashed line shows estimate obtained 
using actual Log Rainfall data. 

 

Figure 36 Bootstrap distribution of Atlant attribution (%) under model with random 
spatio-temporal effects. Blue curve shows a smooth non-parametric density fitted to 
the bootstrap values of this statistic, while red dashed line shows estimate obtained 
using actual Log Rainfall data. 
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8.6 Summary of the gauge-level analysis 

The use of gauge-level data provided an opportunity to exploit the information about operation of 
Atlant contained in the spatial and spatio-temporal variation of rainfall over the trial area during 
the trial. For the most part this variation is due to the interaction between prevailing 
meteorological conditions and local topography. However, part of this variation may be due to 
exposure to the Atlant ion plume, which depends on a gauge's location and these conditions. 

The exploratory analysis of the day-level rainfall data provided a good indication of the complex 
nature of the relationships that were likely to be found in the gauge-level data. Over the trial, 
rainfall patterns were strongly associated with wind direction and speed as well as with the 
location of gauges downwind of the Atlant sites. The gauge-level analysis revealed that the 
orographic effects included combinations of fixed effects such as elevation and relative effects 
that were dependent on gauge orientation relative to downwind direction at the Atlant sites. 

The gauge-level model set out in Table 17 attempts to capture the spatial and temporal patterns in 
daily rainfall using; 

• Orographic covariates; 
• Random gauge-level effects; and 
• Lagged meteorological conditions 

Out of the eight parameters in the model associated with operation of Atlant, seven are significant 
to highly significant. Because of the presence of interactions between a gauge's distance from an 
Atlant, and that Atlant's operational status on the day as well as on the previous day, it is 
impossible to ascribe a simple positive or negative effect to operation of either C2 or C3 under 
this model. Overall, this model identifies an Atlant contribution to rainfall of approximately 9.6 
per cent over the combined C2 and C3 downwind area during the trial period. However, the 
accuracy of the standard errors of the estimated coefficients generated under this model is 
questionable given the possibility of correlation in the model residuals for the same day. Although 
an exploratory analysis of the pure spatial correlation between these residuals indicated that this 
correlation was not a major source of bias in the model standard errors, this did not rule out the 
presence of a spatio-temporal correlation structure. Unfortunately, identifying such a structure 
from the available data appears intractable. 

A reasonable hypothesis for this correlation is that it is dependent on wind direction. That is, the 
spatial correlation varies from day to day, and on any particular day would tend to be greatest for 
gauges that are downwind of one another and exposed 'similarly' to Atlant. This hypothesis was 
the basis for constructing a set of downwind clusters or spatio-temporal groups to which random 
effects were ascribed. There are approximately 650 such clusters, which is large relative to the 
gauge-level sample size. This therefore poses the risk of washing out a substantially higher 
proportion of the Atlant signal than the assumption of gauge-level random effects. 

The overall fit of the spatio-temporal random-effects model is set out in Table 18, and is 
comparable with the fit achieved using the day-level model. Generally, the standard errors of 
coefficients increased substantially relative to their values under the random gauge-effects model, 
although most of the Atlant-related coefficients in the model remained significant. The Atlant 
attribution fell to 7.5 per cent. However, it should be remembered this was over the combined C2 
and C3 downwind area, and for approximately half of the trial period only one of these sites was 
operational. Finally, a parametric bootstrap approach based on the model with spatio-temporal 
random effects was used to generate one-sided confidence intervals for the Atlant contribution to 
natural rainfall over the trial (Table 22). This showed that under the spatio-temporal random-
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effects model we can be at least 90 per cent confident that operation of Atlant over the trial 
generated a positive rain enhancement. 
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9 Conclusions from the trial analysis 
This is the fourth statistical analysis carried out using data collected in a major trial of the Atlant 
system, and the third based on a modeling approach. The results from the statistical modeling of 
the rainfall data obtained in the Atlant trial at Paradise Dam in Queensland in the first half of 2008 
indicated a positive downwind enhancement effect. That analysis was exploratory in nature and 
limited by the availability of local meteorological information. Similar modeling of the rainfall 
observed during the third Atlant trial in the Mount Lofty ranges of South Australia in the second 
half of 2008 also indicated a positive downwind enhancement effect. The analysis of that trial 
used current and historical records from a large number of rainfall gauges in the trial area, 
meteorological readings from Adelaide airport and extensive topographic information. This 
analysis was independently reviewed, and two key concerns were raised: 

• Operating the Atlant system only when weather conditions are suitable for rain 
enhancement could lead to an experimental bias; and 

• The use of statistical models for the gauge-level data that assume these values are 
uncorrelated may overstate the precision of the estimated enhancement effects if there 
is significant correlation between gauge readings. 

It was generally agreed that further and more rigorous trials should be run, and the randomised 
crossover design used in the 2009 Mount Lofty ranges trial was intended to address the first of the 
concerns above. The emphasis of this trial was assessment of the efficacy of the Atlant system 
rather than maximisation of attribution during the trial. Furthermore, concerns about spatio-
temporal correlation in gauge-level rainfall, as well as the impact of the different operating 
regimes of the C2 and C3 Atlants used in the trial, meant that the statistical models used in the 
analysis did not allow straightforward isolation of an overall Atlant effect per se. 

The results from the statistical analysis of the 2009 trial again demonstrated significant Atlant 
effects in the rainfall models used as well as a positive downwind enhancement effect. This 
analysis was carried out in two parts. In the first, daily averages of rainfall data from gauges 
downwind of the two Atlant sites were analysed to determine whether the operational status of 
either C2 or C3 on a day was significantly associated with an increase in these averages. This 
yielded a significant positive effect at around the 90 per cent confidence level downwind of C3 
but no significant effect downwind of C2. Overall, the estimated downwind enhancement was 6.4 
per cent, with 80 per cent confidence that the true enhancement was positive. The mixed result for 
the two sites was not surprising given: 

• The use of daily averages for gauges downwind of C2 and for gauges downwind of C3 as 
the unit of analysis meant that most of the variability in the data was ignored. In 
particular, it implicitly assumed that all gauges downwind of C2 or C3 were equally 
exposed to the influence of Atlant on the day. This ignored day to day changes in 
gauge-level orographics as well as relative changes in the orientation of different 
downwind gauges to C2 and C3. Effectively, it assumed that an Atlant effect, if it 
exists, is uniformly spread across the entire downwind area on a day. This is equivalent 
to all gauge-level information downwind of a site on a day being perfectly correlated; 
and 

• The fact that the two Atlant sites were not orographically equivalent, and had quite 
different spatial distributions of gauges in their respective downwind sectors. In 
particular, the number of gauges that recorded significant rainfall downwind of C2 was 
very limited regardless of the operating status of C2, while gauges that were downwind 
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of C3 tended to be located in a much less directionally variable area compared with 
gauges downwind of C2. 

These caveats aside, however, the day-level analysis also clearly established a lower bound on the 
significance of the Atlant effects that was substantially smaller than that obtained from previous 
gauge-level studies. This indicated that previous gauge-level models that were based on an 
assumption of gauge-to-gauge and day-to-day independence were likely to have severely 
underestimated the variability of the model coefficients, and consequently overestimated the 
accuracy with which the strength of the Atlant enhancement effect could be estimated. 

To try to resolve these issues the gauge-level analysis of the 2009 trial data focused on the models 
that allowed for spatio-temporal effects in the rainfall data. A particular type of spatio-temporal 
correlation structure was assumed that appears consistent with how steering winds are thought to 
affect the spatial distribution of rainfall. This led to a model for gauge-level rainfall that contained 
significant Atlant effects and displayed characteristics consistent with those observed for the day-
level model, with similar explanatory power. It also indicated an estimated overall enhancement 
effect of 7.5 per cent over the course of the trial. This is relative to the 'natural' rain that would 
otherwise have been observed. The analysis also indicated that there was evidence that operation 
of Atlant led to a small reduction in the probability of rainfall being observed at a gauge. 
However, this reduction seemed to be almost entirely due to a reduction in very light to light rain 
events (0.1mm to 1mm). 

Finally, the issue of a proper assessment of the variability of the estimated Atlant enhancement 
was dealt with via a parametric bootstrap simulation exercise. This was based on the gauge-level 
model with spatio-temporal random effects, and showed that one could be at least 90 per cent 
confident that operation of Atlant during the 2009 trial led to positive rainfall enhancement 
downwind of C2 and C3. 
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 Appendix A Operating sequence 

Table A.1 Operating sequence for the trial period, showing both the scheduled 
sequence and actual sequence for each site. Where the two differ is indicated in red. 
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1-Aug -09 1 1  0 0  

2-Aug-09 1 0 x 0 0  

3-Aug-09 0 0  1 1  

4-Aug-09 1 1  1 1  

5-Aug-09 1 1  1 1  

6-Aug-09 1 1  1 1  

7-Aug-09 1 1  0 0  

8-Aug-09 1 1  0 0  

9-Aug-09 0 0  1 1  

10-Aug-09 0 0  1 1  

11-Aug-09 1 1  1 1  

12-Aug-09 0 0  1 1  

13-Aug-09 0 0  0 0  

14-Aug-09 1 1  0 0  

15-Aug-09 1 1  0 0  

16-Aug-09 0 0  0 0  

17-Aug-09 0 0  1 1  

18-Aug-09 0 0  1 1  

19-Aug-09 0 0  0 0  

20-Aug-09 1 1  0 0  

21-Aug-09 1 1  0 0  

22-Aug-09 1 1  0 0  

23-Aug-09 0 0  0 0  

24-Aug-09 0 0  0 0  

25-Aug-09 0 0  1 0 X 

26-Aug-09 1 1  1 1  

27-Aug-09 0 0  1 1  

28-Aug-09 1 1  1 1  

29-Aug-09 1 1  1 1  

30-Aug-09 1 1  1 1  

31-Aug-09 0 0  0 0  

1-Sep-09 1 1  0 0  

2-Sep-09 1 1  1 1  

3-Sep-09 1 1  1 1  

4-Sep-09 0 0  0 0  
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5-Sep-09 0 0  0 0  

6-Sep-09 0 0  0 0  

7-Sep-09 1 1  0 0  

8-Sep-09 0 0  0 0  

9-Sep-09 0 0  0 0  

10-Sep-09 0 0  0 0  

11-Sep-09 0 0  0 0  

12-Sep-09 1 1  0 0  

13-Sep-09 0 0  0 0  

14-Sep-09 1 1  0 0  

15-Sep-09 1 1  0 0  

16-Sep-09 1 1  0 0  

17-Sep-09 0 0  0 0  

18-Sep-09 0 0  0 0  

19-Sep-09 1 1  0 0  

20-Sep-09 0 0  1 1  

21-Sep-09 0 0  1 1  

22-Sep-09 1 1  1 1  

23-Sep-09 1 1  1 1  

24-Sep-09 1 1  1 1  

25-Sep-09 0 0  1 1  

26-Sep-09 0 0  1 1  

27-Sep-09 1 0 X 1 1  

28-Sep-09 0 0  1 1  

29-Sep-09 0 0  1 1  

30-Sep-09 1 1  0 0  

1-Oct-09 0 0  0 0  

2-Oct-09 0 0  0 0  

3-Oct-09 0 1 X 0 1 X 

4-Oct-09 0 1 X 0 1 X 

5-Oct-09 0 0  0 0  

6-Oct-09 0 0  1 1  

7-Oct-09 1 1  1 1  

8-Oct-09 1 1  1 1  

9-Oct-09 1 1  1 1  
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10-Oct-09 0 0  0 0  

11-Oct-09 0 0  0 0  

12-Oct-09 1 1  0 0  

13-Oct-09 1 1  0 0  

14-Oct-09 1 1  1 1  

15-Oct-09 1 1  1 1  

16-Oct-09 0 0  1 1  

17-Oct-09 0 0  1 1  

18-Oct-09 1 1  1 1  

19-Oct-09 0 0  1 1  

20-Oct-09 1 1  1 1  

21-Oct-09 0 0  1 1  

22-Oct-09 0 0  1 1  

23-Oct-09 0 0  1 1  

24-Oct-09 0 0  1 1  

25-Oct-09 1 1  1 1  

26-Oct-09 1 1  0 0  

27-Oct-09 0 0  0 0  

28-Oct-09 0 0  1 1  

29-Oct-09 1 1  1 1  

30-Oct-09 0 0  1 1  

31-Oct-09 0 0  1 1  

1-Nov-09 0 0  0 0  

2-Nov-09 1 1  0 0  

3-Nov-09 1 1  1 1  

4-Nov-09 0 0  1 1  

5-Nov-09 1 1  0 0  

6-Nov-09 1 1  0 0  

7-Nov-09 1 1  0 0  

8-Nov-09 0 0  0 0  
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9-Nov-09 1 1  1 1  

10-Nov-09 0 0  1 1  

11-Nov-09 1 1  0 0  

12-Nov-09 1 1  0 0  

13-Nov-09 1 1  1 1  

14-Nov-09 1 1  1 1  

15-Nov-09 0 0  0 0  

16-Nov-09 0 0  0 0  

17-Nov-09 1 1  1 1  

18-Nov-09 1 0 X 1 0 X 

19-Nov-09 1 0 X 1 0 X 

20-Nov-09 0 0  1 1  

21-Nov-09 1 1  0 0  

22-Nov-09 0 0  0 0  

23-Nov-09 0 0  1 1  

24-Nov-09 1 1  1 1  

25-Nov-09 0 0  0 0  

26-Nov-09 1 1  0 0  

27-Nov-09 1 1  1 1  

28-Nov-09 0 0  1 1  

29-Nov-09 1 1  0 0  

30-Nov-09 1 1  0 0  

1-Dec-09 1 1  0 0  

2-Dec-09 0 0  0 0  

3-Dec-09 0 0  0 0  

4-Dec-09 1 1  0 0  

5-Dec-09 0 0  1 1  

6-Dec-09 0 0  1 1  
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 Appendix B Estimation of rainfall enhancement 

All models for positive rainfall used in this report are linear in the log scale. In what follows, we 
describe the method for estimating the rainfall enhancement component of these positive rainfall 
values using the gauge-level model with spatio-temporal random effects. It is straightforward to 
extend this description to the two other models that are considered in this report, the gauge-level 
model with random gauge effects and the day-level model. 

Under the gauge-level model with spatio-temporal random effects, LogRain can be written in the 
form 

  LogRainitkj =α
T xitkj + β

T zitkj + γ itk + ε itkj . (B1) 

Here the indices i, t, k, and j correspond to gauge, day, spatio-temporal group and individual 
gauge-day observation respectively; xitkj  denotes the vector of fixed effects in the model that are 

not Atlant effects (i.e. the rows corresponding to the first 30 parameters in Table 18); zitkj  denotes 

the vector of fixed effects in the model that are Atlant effects (the rows corresponding to the last 
eight parameters in Table 18); γ itk  is a random spatio-temporal effect and ε itkj  is the model error. 

The aim is to decompose the observed rainfall for observation itkj as: 

 
  
Observed Rainfallitkj = Natural Rainfallitkj 1+ Enhancement Effectitkj( )  (B2) 

where 
 Natural Rainfallitkj  is the natural rainfall that would have been observed if Atlant had not 

been operating. Since we cannot observe natural rainfall while the Atlant system is operating, we 
derive estimates of the log scale values of the components of the decomposition (B2) using the 
assumed linear model (B1) for LogRain . In order to do so we note that (B2) implies an additive 
relationship on the log scale: 

 
 LogRainitkj = NaturalLogRainitkj + LogAtlantEffectitkj . (B3) 

Here 
 NaturalLogRainitkj  is the logarithm of 

 Natural Rainfallitkj  and 
 LogAtlantEffectitkj  is the 

logarithm of 
  1+ Enhancement Effectitkj . Comparing (B1) and (B3), we define 

 
 LogAtlantEffectitkj = β

T zitkj . (B4) 

We can estimate 
 LogAtlantEffectitkj  by substituting the coefficient values displayed in Table 18 

into (B4). Estimated values of 
  1+ Enhancement Effectitkj  are then obtained by exponentiation. 

That is, our estimate of the Atlant enhancement for a particular gauge-day observation is: 

 
  
Enhancement Effectitkj = K exp LogAtlantEffectitkj( )−1 . (B5) 

The corresponding estimate of Natural Rainfall is obtained from (B2) as: 

 
  
Natural Rainfallitkj = K −1 exp −LogAtlantEffectitkj( )×Observed Rainfallitkj  
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Finally, the estimated contribution from Atlant (which can be positive or negative) for a gauge-
day observation of rain is: 

 
 Atlant Attributionitkj = Observed Rainfallitkj − Latent Rainfallitkj . 

The constant K in (B5) above is typically greater than one and corrects for the bias that is inherent 
in using exponentiation to move from log scale rainfall to raw scale rainfall. This bias arises 
because an effect that changes the mean on the log scale has an asymmetric effect on the variance 
at the raw scale, understating positive residuals and overstating negative residuals. 

In order to motivate how K is calculated, we merge the indices itjk into a single index i that 
identifies individual day-gauge observations. We then note that (B1) implies 

 Ri = AEi ×OEi ×δ i = exp(ALEi +OLEi )δ i  

where Ri  denote the observed rainfall at a gauge on a given day, AEi  and OEi  are positive-
valued random variables that represent the contributions from Atlant and non-Atlant sources 
respectively to observed rainfall, with ALEi = β

T zi  and OLEi =α
T xi + γ i  denoting the 

corresponding log scale contributions, and δ i  is a positive-valued random variable with 
expectation equal to one whose values are mutually uncorrelated with one another. 

Let 
 
ALEi
  and 

 
OLEi
  denote the predicted values for ALEi  and OLEi  defined by the fit described 

in Table 18. Since E log(δ i )( ) ≠ 0 , the naive predictor of raw scale rainfall obtained by 'back-
transformation' of the log scale predictor (B1) is 

 
 
R̂i
naive = exp(ALEi

 +OLEi
) = AEi


naive

×OEi


naive
. 

This predictor is biased low. Its bias can be corrected using a smearing adjustment (Duan, 1983), 

 R̂i
adj = λR̂i

naive  

where 

 λ = n−1 Ri / R̂i
naive( )∑ . 

This adjusted estimated value of Ri  can then be decomposed into corresponding adjusted Atlant 
and non-Atlant contributions by writing 

 
 
R̂i
adj = λR̂i

naive = λAE AEi


naive
× λOEOEi


naive

= AEi


adj
×OEi


adj
 

where λAE >1 , λOE >1  and λAEλOE = λ  . Since there is no obvious way of defining these 
component adjustments, we adopt a pragmatic approach, setting λAE = 1+ a , λOE = 1+ ma , where 
m  is a suitably chosen positive constant. Noting that λ = 1+ r , where r > 0  is known, it follows 
that we must have a + ma + ma2 = r , and solving for a  we then obtain 

 a =
(1+ m)2 + 4rm − (1+ m)

2m
 

or equivalently 
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 kAE = 1+
(1+ m)2 + 4rm − (1+ m)

2m
. 

How to choose m ? One choice is m = 1 , in which case 

 λAE = 1+ r = λ . 

Other choices are m = 0 , in which case λAE = λ , and m = ∞ , in which case λAE = 1 . Given that 
the relative sizes of λAE  and λOE  should reflect the relative difference in the variances of ALEi  
and OLEi , we use 

 
 

m =
Var(OLEi
)

Var(ALEi
)

. 

With this definition, we see that if 
 
Var(OLEi
) >>Var(ALEi

)  then λAE ≈1 , i.e. there is virtually no 
transformation bias adjustment for the estimated Atlant contributions, while if the reverse holds 
then virtually all the transformation bias adjustment λ  for fitted values of Observed Rainfall is 
concentrated in the estimated Atlant attributions. Finally, we set K = λAE . 
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Appendix C Model fitting diagnostics and treatment 
of WRE days 
The modeling results presented in Chapters 7 and 8 are based on the removal of mean level effects 
for WRE days by including a fixed indicator variable for these days. Further, in the analysis 
described in Chapter 9, an influential observation and two outlying observations were identified 
and removed from the data prior to fitting the final version of the model for Log Rainfall. 
Diagnostics justifying these modeling decisions are provided in this appendix. 

C.1 Diagnostics for a least squares fit to Log Rainfall 

In this section we discuss model fit diagnostics when the variable Log Rainfall is fitted via least 
squares. In Figure C.1 we use data from all 157 days that provided values of this variable and 
compare these diagnostics when the model specification (Table 9 in Section 7.2) does not include 
a WRE effect with when it does. Then in Figure C.2 we include a WRE effect in the model 
specification and show the effect of first removing the influential observation and then removing a 
further two outliers. 

Figure C.1 Diagnostic plots for fitted Log Rainfall based on all observations. Top row 
corresponds to no WRE effect in the model. Bottom row is for model with WRE effect. 
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The top row of Figure C.1 shows two standard diagnostics for the adequacy of the model fit, both 
obtained via the function plot.lm in R. The plot on the left shows residuals from this fit plotted 
against corresponding fitted values, while the plot on the right shows the relationship between 
standardised Pearson residuals generated by the fit and the values of the Cook leverage statistic 
corresponding to each residual (Cook and Weisberg, 1982). Contours where Cook's distance is 
equal to 0.5 and 1.0 are shown.  

Both plots include a nonparametric smooth of the data. Ideally this smooth should be a straight 
line, or a reasonable approximation. The clear curvature of the smooth in the left plot is due to the 
fitted model underestimating values of Log Rainfall on WRE days (positive residuals generated by 
large values of Log Rainfall on these days drags the smooth upwards on the right). The large 
positive residuals associated with the two outliers (observations 9 and 220) are also clear in this 
plot. Similarly, in the right plot we see the influential observation (201). 

The bottom row of Figure C.1 shows the same two plots, but this time when the model for Log 
Rainfall includes a WRE effect. The improvement in the smooth shown in the residual versus 
fitted value plot on the left is apparent. However, the outliers and the influential observation are 
still there, and clearly impact on the fit. 

Figure C.2 Diagnostic plots for fitted Log Rainfall including a WRE effect. Top row 
corresponds to deletion of the influential observation. Bottom row corresponds to 
further deletion of two outliers. 
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C.2 Alternative outlier robust fits to Log Rainfall 

Although the improvement in the model fit diagnostics for the least squares fit to Log Rainfall, 
following introduction of a WRE effect in the model and deletion of the influential observation, is 
clear and unambiguous, subsequent deletion of the two outliers is more subjective. 

In Table C.1 we therefore present results from three outlier-robust fits for Log Rainfall. All are 
based on the model for this variable that includes a WRE effect and exclude the influential 
observation. They are based on a Huber Proposal 2 bounded influence function and are guaranteed 
to correspond to the solutions to the robust estimating equations defined by this method. The three 
fits are distinguished by the choice of tuning coefficient, c, with smaller (larger) values of c 
corresponding to more (less) robust, but less (more) efficient, regression fits. Fitting was carried 
out using the rlm function in R, with potential outliers identified as being allocated a weight less 
than 0.75 in the rlm fit. 

Table C.1 Robust regression results for the daily values of Log Rainfall. 

Tuning coefficient c = 1.5 c = 2.0 c = 2.5 
No. of potential 
outliers 

10 
 

6 3 

Residual SE 
(dof = 138) 

0.5889 
 

0.5926 0.6173 

Parameter Estimate Std Err Estimate Std Err Estimate Std Err 
Intercept 20.3239 12.8692 21.6741 13.3595 23.4423 13.9313 
Wind Speed 0.0056 0.0043 0.0061 0.0045 0.0067 0.0047 
Wind Direction 2.9461 1.7690 3.6918 1.8364 3.8566 1.9150 
Air Temperature -0.0087 0.0300 -0.0051 0.0312 0.0012 0.0325 
Dew Point Depression -0.0254 0.0263 -0.0252 0.0273 -0.0272 0.0285 
Sea Level Pressure -0.0223 0.0122 -0.0238 0.0127 -0.0253 0.0132 
August/September -0.3732 0.1693 -0.3534 0.1757 -0.3412 0.1832 
Average Elevation 0.0157 0.1727 0.0146 0.1793 -0.0049 0.1870 
Distance C2 -3.2757 1.3865 -4.0429 1.4393 -4.3381 1.5009 
C2θ 0.0078 0.0072 0.0090 0.0075 0.0087 0.0078 
Distance C2 * C2θ -0.0028 0.0176 -0.0055 0.0183 -0.0068 0.0190 
Distance C3 2.9822 2.2856 3.3122 2.3727 3.1294 2.4742 
C3θ -0.0085 0.0046 -0.0105 0.0047 -0.0114 0.0049 
Distance C3 * C3θ -0.0272 0.0179 -0.0319 0.0186 -0.0337 0.0194 
WRE 1.2279 0.2226 1.2562 0.2311 1.2860 0.2410 
Upwind Gauge Propn 2.5222 0.2377 2.4305 0.2468 2.3144 0.2573 
C2 Target -0.0719 0.1503 -0.0666 0.1560 -0.0433 0.1627 
C3 Target 0.2293 0.1534 0.2660 0.1593 0.3248 0.1661 

Both outliers identified in the least squares fitting process were also identified by the robust 
regression fit. Although the robust fit at c = 2.5 indicates a potential third outlier with a large 
positive residual (downwind of C3 on September 29 when C3 was on) there is good agreement 
between this fit (see last two columns of Table C.1) and the least squares fit to Log Rainfall shown 
in Table 12 of Chapter 7. 

Corresponding diagnostic plots for the c = 2.5 fit were produced using the plot.lm function in R. 
These are shown in Figure C.3. They indicate a satisfactory fit. 
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Figure C.3 Diagnostic plots for fitted Log Rainfall based on a Huber-type robust 
regression fit with tuning constant c = 2.5. Note that the model specification includes 
a WRE effect, and the influential observation has been deleted. 
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Appendix D Members of Scientific Reference Panel 

 
Field of Expertise Member Name Affiliation 
Atmospheric physics Prof Iain Reid School of Chemistry and Physics, 

University of Adelaide 
Atmospheric science Dr Graeme Pearman Independent 

former head of Atmospheric Physics, 
CSIRO 

Cloud physics Prof Neville Fletcher Research School of Physical Sciences 
and Engineering, 
Australian National University 

Statstics Prof Ian Gordon Director, Statistical Consulting Centre, 
University of Melbourne 

Statistics Prof Alan Welsh Centre for Mathematics and its 
Applications, Mathematical Sciences 
Institute, 
Australian National University 

Natural resource 
management 

Prof Wayne Myer School of Earth and Environmental 
Sciences,  
University of Adelaide 
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