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1 Executive Summary 

Australian Rain Technologies (ART) completed its third trial of the Atlant rainfall 
enhancement system in November 2008. The Atlant system is a ground-based ion 
generator which relies on wind uplift and turbulence to introduce charged aerosols 
and other particles into the cloud layer to increase the collision and coalescence of 
cloud droplets and promote the initial formulation of raindrops. 

The Atlant site was situated in the southeast Mount Lofty Ranges, along the first 
significant ridgeline closest to the coast located 44km south-southwest of the 
Adelaide CBD and approximately seven km from the coast on the Gulf of St Vincent. 
The ranges are orientated northeast to southwest, and expose the Atlant to the 
prevailing weather, typically from the west. The trial area encompassed Adelaide to 
the north and lower lakes of the Murray River to the southeast.  

The trial ran for four months starting on 1 August 2008. South Australia has a 
Mediterranean climate that is influenced by offshore trade winds in the summer and 
onshore westerlies in the winter. As a consequence, a moderately wet and colder 
period extends from May to October with prevailing wind from the northwest to 
southwest. November is typically warmer with winds usually from the east. Rainfall 
in August was above average, and September through October of 2008 were well 
below average historical levels. 

Weather modification – that is, persistent or recurring changes in local or regional 
weather patterns due to human intervention – is very difficult to detect due to the lack 
of stationary meteorological conditions over space and time. Non-stationary spatial 
variation makes it difficult to establish real-time areas of control and effect. Non-
stationary temporal variation makes the comparison of long-term averages from 
limited climatic records open to question. The methodology used to analyse the 
Mount Loft Ranges trial data addresses both of these problems explicitly. 

In the context of rainfall enhancement, non-stationary temporal variation in rainfall 
data over time has been quite evident in cloud seeding trials as well as the initial trials 
of the Atlant system. Enhancement effects of the order of 10 to 20 per cent would be 
very difficult to confirm on the basis of historical climate data. Even with trials 
covering several years it would generally be possible to find a historical analogue 
over which rainfall levels were even higher. 

The approach adopted in the analysis of the data from the 2008 Mount Loft Ranges 
trial was to use a spatially explicit statistical model to try to achieve a reasonably high 
level of real-time control. By a spatially explicit model it is meant that the geographic 
location of individual rainfall gauges is taken into account. This includes absolute 
measures of latitude, longitude and elevation as well relative measures such as the 
distance from the Atlant site. Real-time control uses meteorological and geographic 
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information to control for daily variation in gauge level rainfall in order to 
extract an Atlant signal, if one exists, directly from the trial data. 

The lack of a well-defined geographical control area is also a common problem in the 
analysis of rainfall enhancement trials. The analysis presented here makes use of 
dynamically defined control and effect areas to model rainfall in the trial area. The 
dynamic specification (by wind direction) of downwind effects areas allows nearby 
gauges to serve as a source of control and effects measurements at different times 
during the trial. 

Categorising gauges as being downwind or not is a direct reflection of the dispersion 
of the hypothesised ion plume. However, the downwind effects area is also 
influenced in large part by the 24-hour frequency of rainfall measurements and the 
variation in wind direction throughout the day. A historical analysis of six-hourly 
wind direction measurements from August through November indicated that a 120° 
arc, centred about the average wind direction for the day captured roughly 90 per cent 
of the daily variation in wind direction.  

The overall enhancement impact within the trial area was estimated to be 10.3 per 
cent. More importantly, this is nearly all attributable to the effect downwind of the 
Atlant site, which is consistent with the hypothesised wind driven model of how the 
Atlant system operates. The estimated downwind enhancement effect, over a 120° 
downwind arc, is 15.8 per cent, while the approximate 90 per cent confidence bounds 
range from a low of 13.2 per cent to a high of 18.4 per cent.  

The estimated 15.8 per cent downwind enhancement effect translates into 2,021mm 
or 0.45mm per downwind gauge day. The downwind area, on any given day, was 
10,000km2. Given there were 65 days during the trial period when more than 1mm 
fell in the trial area, this gives an approximate yield in the downwind area of 298GL 
for the trial. 

Determining what proportion of that rainfall was effective – that is, generated a 
commercial or environmental value – is difficult, but it is assumed that five per cent 
of the additional rainfall was effective. Temporary market prices for bull water along 
the Murray River in South Australia have recently ranged between $150-200. Taking 
the lower value gives a rough estimate of the value of the additional rainfall of 
$2,235,000. Given that the downwind area included a large part of the Adelaide Hills 
catchment area that supplies the city of Adelaide, the value could be orders of 
magnitude higher. 

The operation of the Atlant technology was controlled by a team of meteorologists 
following a pre-described set of guidelines. The main determining factor for 
operation was the forecast or observed presence of significant cloud cover within the 
trial area. The guidelines were purposely wide-ranging so that Atlant was operated 
whenever there was a possibility of rain formation. However, the fact that the 
operating guidelines were related to meteorological conditions still generated a sub-
optimal experimental design. This was a consequence of the trial having an 
underlying objective of increasing rainfall during a period when there was a critical 
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shortage in the local availability of water resources. Nevertheless, it reduced the 
extent to which an Atlant signal could be accurately indentified. 

This trial design issue was addressed in the second South Australian trial, which ran 
August to early December 2009. The experimental design of the second trial included 
two Atlant sites with a randomized operating schedule. The randomized design 
should improve the overall efficiency of trial and ensure that there is no experimental 
design bias. 
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2 Introduction 

Australian Rain Technologies (ART) has completed four rainfall enhancement trials 
within Australia, using a ground-based, ion-emitting technology known as Atlant. 
The first two trials were located in Queensland, Australia. The third trial, which is the 
subject of this report, was conducted in South Australia in the Mt. Lofty Ranges, 
which are located south east of the Adelaide metropolitan area. The trial was operated 
from August to November 2008 inclusive. A fourth trial with Atlant devices in the 
southeastern and northeastern Mt Lofty Ranges ran from August to early December 
2009. 

The first Atlant trial was conducted near the Wivenhoe Dam, which is the main 
catchment area that supplies the city of Brisbane. This Wivenhoe Trial took place in 
the months of May and June 2007. The second trial was located at Paradise Dam, 
which is 80km southwest of Bundaberg in the Wide Bay and Burnett River 
catchment. The duration of this trial was from January to May 2008. Both trials were 
conducted with the aim of measuring and comparing rainfall in a target area under the 
influence of Atlant with rainfall in geographically distinct control areas, and both 
trials were supervised by the University of Queensland. Average monthly rainfall was 
substantially higher in the target areas in both trials. However, the historical 
variability in rainfall between target and control areas made it difficult to reach a 
conclusion regarding the statistical significance of the results.  

In the Paradise Dam trial the rate of formation of ions and their dispersion from the 
Atlant device was also measured to try to establish a physical link between ion 
generation and precipitation. The observations allowed the calculation of ion 
densities in the immediate vicinity of the generator. However, the process of ion 
formation, recombination, attachment to aerosols and subsequent dispersion was 
acknowledged to be complex and difficult to measure. Demonstrating a causal 
physical link between the operation of the Atlant system and increased rainfall would 
require a major research effort. Demonstrating a statistically significant relationship 
between Atlant operation and rainfall was seen as a prerequisite to such an 
undertaking. 

ART is committed to developing experimental designs and statistical methods for 
measuring the effects of ion generation and other enhancement technologies, more 
generally, on rainfall. This effort has focused on the use of spatial statistics to exploit 
correlations in observed rainfall between individual gauges on a daily or even higher 
frequency basis and the application of dynamic control areas defined on the basis of 
prevailing meteorological conditions. 

These spatial statistical techniques were applied retrospectively to the Bundaberg trial 
data. It was found that there was a statistically significant elevation in rainfall 
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downwind of the Atlant site. This is consistent with the hypothesis that ions 
generated by the Atlant system were carried to the cloud layer through wind and 
turbulence.  

The experimental design of the trials and statistical methodology has been the subject 
of ongoing exploration and refinement. The decision to conduct the third trial in the 
Mount Lofty ranges was a reflection of two factors, First, the trials had been 
conducted in Queensland under subtropical and tropical climates, and the Mount 
Lofty range trial area allowed the technology to be evaluated under mid-latitude 
weather systems, including regular frontal activity. Second, the results from the 
Bundaberg trial indicated that a successful trial could potentially generate a 
substantial volume of rainfall. The South Australian trial region had experienced an 
extended period of well below average rainfall, creating water shortages for 
commercial and urban users as well as the environment. A successful trial had the 
potential to significantly augment supplies in the region. 

The results from the first South Australian trial are detailed in the balance of this 
report. 
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3 Background 

A brief description of the Atlant system is provided in this section of the report. The 
motivation is to set out the model of how the system is postulated to operate, which in 
turn forms a large part of the basis for the design of the statistical analysis. The 
results from the previous two Atlant trials are also summarised. 

3.1 Atlant 

Each Atlant ion-emitting device consists of a high-voltage generator connected to a 
large network of thin wires of a special metal composition supported on a framework 
with a series of pyramids on top. The device’s approximate dimensions are 12m x 4m 
x 5m and it weighs approximately 500 kg (Figure 1). It consumes about 500W of 
power and generates voltages of 70 kV. 

Figure 1 The Atlant at C2 Site (Willunga, SA). 

 
 

Lord Rayleigh (1879) was the first to suggest that electrical effects in the atmosphere 
and rainfall are related. The presence of electric forces might enhance coalescence 
and formation of larger rain drops. This aspect of rain formation has been intensely 
investigated, both 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 or with modelling studies (Sartor, 1960; Lindblad and Semonin, 
1963; Plumlee and Semonin, 1965; Paluch, 1970; Schlamp et al., 1976).  

Matt Handbury� 9/12/2009 9:58 AM
Comment [1]: How does 80-85kV relate to the 
69.9 figure which showed up on the remote-
monitoring screen? 
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The current literature in the fields 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 the collision efficiency for charged cloud droplets being enhanced 
compared to the neutral case.  

Though electrical effects on cloud microphysics are not fully understood (see Ch. 10 
of McGorman and Rust (1998) and Ch. 18 of Pruppacher and Klett (1997) for an 
overview), the enhancement of the coalescence-collision process may play an 
important role in explaining any effect on rain formation/enhancement attributable to 
the Atlant technology.  

However, 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 Vonnegut1 speculated that electrical charges in clouds could 
also 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). 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 which causes corona discharges into the air from an extensive array of 
small diameter wires, elevated above the ground and exposed to the 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 space charge released from an electrified fine wire 
produces large perturbations in the fair-weather potential gradient for distances of 
10km or more downwind.  

These investigations were not conclusive and Vonnegut went on to examine the use 
of chemical cloud seeding to augment rainfall. However they do provide the basis for 
setting out the hypothesis regarding how the Atlant system functions to enhance 
rainfall. This model has been used to design key elements of the statistical analysis 
and is outlined in four stages below and is shown in Figure 2. 

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

2. These ions become attached to particles in the atmosphere (especially soluble 
particles), which may later act as condensation nuclei. 

                                                
1 Bernard Vonnegut, Distinguished Professor of Atmospheric Science, State University of New York, is best known for his 

discovery on November 14, 1946 at the General Electric Research Laboratory of the effectiveness of silver iodide as ice-
forming nuclei that has been widely used to seed clouds in efforts to augment rainfall (Vonnegut 1947).  



 
   

 

 8 

 
Unknown
Field Code Changed

Unknown
Field Code Changed
Unknown
Field Code Changed

3. The electric charges on these particles, know as the ion plume, are 
conveyed to the higher atmosphere by wind, convection and turbulence. 

4. These electric charges influence the coalescence and collision of the cloud 
droplets, resulting in enhanced rainfall downwind from the Atlant. 

Two key points are that, under this model of the Atlant system, the area of influence 
is: 

• unique to orographic conditions at the site; and  

• dynamically defined, depending primarily on wind speed and direction. 

3.2 A Summary of Previous Trials 

3.2.1 Wivenhoe Dam 

In May-June 2007, ART funded a pilot study trial of the technology. The trial was 
carried out in southeast Queensland, in the catchment areas for the Wivenhoe, 
Somerset and North Pine dams, which provide the main water supply for Brisbane. 
The catchment area had been experiencing extreme drought conditions for over six 
years, with the rainfall deficit the worst on record. The trial was closely monitored 
and evaluated by a team from the University of Queensland (UQ), lead by Professor 
Jurg Keller, Head of the university’s Advanced Water Management Centre.  
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Figure 2 Rainfall enhancement with Atlant. 

 
 

 

The area of influence was defined as the combined catchment area of the three dams. 
The Control area was defined as that part of the wider study area outside the area of 
influence. The study used direct measurements of rainfall through official Bureau of 
Meteorology (BOM) stations and an additional 50 University of Queensland 
measurement stations installed in the area of hypothesised influence.  

Comparison of monthly rainfall amounts over the trial period inside and outside the 
area of influence were made and compared to historic values for the same month over 
the past 50 years. The results were positive and indicated that rainfall was increased 
inside the catchment: 

 “There was unseasonably heavy and widespread rainfall in Queensland 
during June, restricting the ability to evaluate the direct impact of the Atlant 
system. However, direct rainfall measurements over the whole test period 
showed that the average rainfall in the catchment area was 28 per cent 
(31mm) higher than in the wider Southeast Queensland area outside the 
catchment. This is the highest positive difference observed over the same 
seasonal period in the last 50 years and contrasts with the long-term 
average, which shows that the catchment area has typically around 12 per 
cent less rainfall than the stations outside the catchment. Over the last 10 
years (1997-2006) this difference was even more pronounced (-25 per cent 
or -20mm).” 
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Also noted in this study was unusual intensification of radar returns downwind 
of Atlant that appeared to be correlated with increases in rainfall.  

3.2.2 Paradise Dam 

From January 2008 until May 2008, the technology was trialled over the Wide Bay 
and Burnett district in Queensland, operating from Paradise Dam, southwest of 
Bundaberg. The trial was monitored by an evaluation team from the University of 
Queensland (UQ).  

The target area was pre-defined as a 70km circle centred on the Atlant site at Paradise 
dam. Two external control areas were defined, one to the north near Gladstone and 
the other to the south near Gympie. The control areas were selected on the basis that 
they were well outside any potential influence of the Atlant system but had similar 
historical rainfall patterns. Rainfall gauges were located uniformly in the target and 
control areas. 

The UQ team found further indications of a positive influence on rainfall:  

“The rainfall difference between the control and target area (averages of 
all available stations in both areas for Jan-May period) in 2008 was 
+112mm (Target - Control areas) compared to the long-term average 
difference of +15mm for the previous 100 years (see attached graph). This 
means that in the target area there was 26 per cent more rainfall recorded 
than in the control areas in 2008, whereas the long-term average rainfall 
difference only represents three per cent of the value recorded in the control 
areas. The last times when such similar positive differences were recorded 
were in 1992 and 1981/82.” 

3.2.3 Initial Spatial Analysis 

Data from the Paradise Dam trial was used to conduct an exploratory spatial analysis. 
Dr Stephen Beare and Professor Ray Chambers (2009) conducted the analysis using 
daily rainfall data from individual rain gauges within the control and target areas. 
Random effects models were fitted to daily gauge data. Separate control and effects 
models were estimated to indentify a potential effect of the Atlant. From here on, any 
potential effect of the Atlant will be referred to as the Atlant effect. 

The analysis also made use of dynamically specified partitions within the target area. 
The partitions were determined by gauge location in relation to distance from the 
Atlant site and relative to wind direction determined from daily vertical wind profiles. 
For example, a gauge might be 20km from the Atlant site but directly downwind one 
day and at a crosswind angle the next. The directional analysis reflects the postulated 
downwind effect of the ion plume generated by the Atlant system. 

Categorising gauges as being downwind or not is partly a reflection of the dispersion 
of the hypothesised ion plume. However, it is also influenced in large part by the 24-



 
   

 

 11 

 
Unknown
Field Code Changed

Unknown
Field Code Changed
Unknown
Field Code Changed

hour frequency of rainfall measurements and the variation in wind direction 
throughout the day.  

The key findings from spatial analysis of the Paradise Dam trial data were that: 

• The operation of Atlant was not associated with a significant increase or 
decrease in the probability of observing a rainfall event in the target area;  

• Given there was a rainfall event in the area of influence the operation of the 
Atlant system was associated with a significant and directional impact on 
rainfall. Within a 30° arc extending 70km downwind of the Atlant site, 
rainfall was estimated to be 17.6 per cent higher. The effect was significant 
at the 99 per cent confidence level. The effect was calculated as the 
predicted difference in rainfall between the control and effects model within 
and outside the downwind arc. 

• The estimated Atlant effects in the areas upwind and crosswind of the site 
were not significant at the 90 per cent-confidence level. 

The general inference was that the operation of the Atlant system increased the 
expected amount of rainfall given that meteorological conditions were conducive for 
rainfall to occur. Further, the directional effects were consistent with the postulated 
Atlant model of rainfall enhancement. 

There were a number of issues raised with regard to the exploratory analysis. They 
included: 

• The need to include an expanded set of meteorological and geographic 
covariates into the model, such as temperature, humidity and gauge 
elevation; 

• Eliminating the use of subjective criteria for determining when and for how 
long the system was operated; and 

• Explicitly accounting for spatial correlation between rain gauges when 
calculating standard errors of the estimated rainfall attributed to the Atlant 
system. 

These issues were addressed in the 2008 Mount Lofty ranges trial. 
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4 Design of the 2008 Mount Lofty Ranges Trial 

The trial area encompassed Adelaide, South Australia, focusing on the southeastern 
Mt. Lofty Ranges, which are located southeast of the Adelaide metropolitan area 
(Figure 3). South Australia is classified as having a Mediterranean climate, is 
influenced by offshore trade winds in the summer and onshore westerlies in the 
winter. As a consequence, the trial location experiences a dry and warmer period 
(from November to April) with prevailing wind from the southeast to east and a 
moderately wet and colder period (from May to October) with prevailing wind from 
the northwest to southwest (BOM, 2008). The climate of the Mt. Lofty Ranges is 
greatly affected by an elevation ranging from 350m to 700m and winds sweeping 
across St Vincent’s Gulf. 

4.1 SIte Location and Trial Area 

The C2 Atlant site was located 44km south-southwest of the Adelaide CBD and 
approximately seven kilometres from the coast on the Gulf of St Vincent (see 
Figure 3). The technology was situated on the Southeast Mount Lofty Ranges, along 
the first significant ridgeline in from the coast. The ranges are orientated northeast to 
southwest, and expose the Atlant to the prevailing weather, typically from the west.  

The C2 site is located at an elevation of 348m above sea level and has significant 
upslope valleys located to the west and northwest (see Figure 4). The landform 
elevation rises from the coast travelling from west to east at a 1.1 per cent rise while 
the final 4300 metres distance travelling east is a steeper 12.3 per cent rise for 2.1km 
and the last 200m a very steep 21.7 per cent, as depicted in Figure 5 and 6. 
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Figure 3  The location of the Atlant site. 

 

 

Figure 4  Elevation of the Atlant site C2. with topographic lines indicated in metres. 
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Figure 5  Southern Adelaide Hills area elevation rise from west to east. 

 
  

Figure 6 Uplift at the C2 Atlant site. 
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The approximate elevation change from the coast to the Atlant C2 is also shown 
in Figure 6. Typically, a moist marine onshore airflow from the west rises as it 
approaches the Atlant C2 due to orographic lifting. The resultant turbulence and 
vertical movement of air disperses the ions generated by Atlant upwards.  

4.1.1 Trial Area 

The University of Queensland estimated the probable area of influence of a single 
Atlant emitter to be within a range of 50-100km from the Atlant, depending on the 
meteorological situation (Keller et. al 2007). This was used as a guide for the 
distribution of rainfall gauges in the two previous Atlant trials. Prior to the Mount 
Lofty trial the potential downwind extent of the Atlant footprint had not be 
statistically evaluated.  

The land area, contained in a 200km x 200km box, based on a circle centred on 
Atlant site (35°18’ 41.34”S, 138° 31’ 22.02”E), with a radius of 100km was 
designated to be the trial area (see Figure 7). Kangaroo Island and the Yorke 
Peninsula were excluded. The ART rainfall gauges were distributed within this area 
to generate, in combination with BOM gauges, relatively uniform coverage. Data was 
also obtained for BOM gauges that were outside the designated trial area for 
supplementary analysis. 

Given the topography of the region indentifying an external control area would be 
difficult because the meteorological and topographic characteristics of neighbouring 
areas are quite different from the trial area. When compared with the trial area, the 
land area to the north and east is relatively flat and dry, and the influence of offshore 
fronts on precipitation is not nearly as strong. 
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Figure 7 Land and water mass within a 100km radius about the trial site. 

 
 

4.2 Operating Schedule 

The trial ran for four months subject to the Atlant operating protocol which is 
detailed below. The trial:  

•  commenced at 9 am 1 August 2008; and  

•  finished at 9 am 1 December 2008. 

4.2.1 Atlant Operating Protocol 

The operation of the Atlant technology through the winter and spring of 2008 was 
controlled by a team of meteorologists following a pre-described set of guidelines. 
These guidelines specified a set of meteorological parameters that was assessed prior 
to switching on the Atlant System. The main determining factor for operation was the 
forecast or observed presence of significant cloud cover within the trial area (see 
Figure 7). Significant cloud cover was defined as a cloud depth of greater than 1km at 
any level in the atmosphere. This precluded any analysis of whether Atlant could 
produce conditions conducive to rainfall. 

Operation of the Atlant occurred three hours prior to the development or arrival of 
significant cloud cover within the trial area. This lead time was necessary to ensure 
that an inert tracer released from the Atlant site would have ample time to be carried 
to the cloud base and disperse throughout the trial area through natural processes 
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(such as wind, turbulence and convection). In some circumstances this lead time 
may be shorter due to more rapid cloud development than anticipated (in the order of 
30 minutes). 

Significant cloud cover was typically inferred from model forecasts of wind, stability 
and moisture profiles as well as weather observations. Actual vertical profiles of the 
atmosphere taken at Adelaide Airport provided by the Bureau of Meteorology were 
used as a verification tool, as well as remotely sensed data from satellites. Operation 
of Atlant continued for a period of two hours after cloud had dissipated from the trial 
area.  

In addition to the significant cloud specification, a number of forecast indices were 
used in assessing suitable conditions for Atlant operation. Some of these indices are 
listed below, along with the general minimum values required for operation to be 
considered. 

• Total Totals Index of >35 

• Lifted Index values of <5 

• Precipitable water values of >8mm 

The above conditions are purposely wide-ranging so that Atlant was operated 
whenever there was a possibility of having an effect on rain formation processes. In 
the non-operating times, ART conducted necessary system maintenance.  

Under some circumstances operation was not possible due to weather conditions 
exceeding critical values as defined in ART’s Risk Management Plan. Examples 
include dangerous operating weather such as visible lightning from the site, wind 
gusts in excess of 90km/h (as measured by the onsite Davis weather station) and 
BOM severe weather warnings, such as hail. Downtimes due to risk protocols were 
recorded in the operating log. 

In some instances Atlant was scheduled to operate under the current climatic 
conditions but the system was down due to technical faults and damage. Examples 
included wind damage and the failure of the insulators during a period of very heavy 
rainfall. Unscheduled downtimes were recorded in the operating log. 

4.3 Rainfall Data 

Variations in rainfall were assessed through a spatial analysis of rainfall data in the 
trial area. The Bureau of Meteorology’s extensive rain gauge and weather station 
network numbers approximately 302 within the trial area. Of these stations, 159 were 
operable and were reporting data during the trial period. The remainder are 
decommissioned stations. The majority of the active stations are manually operated 
reporting daily observations at 9am, but some more frequently. 
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In addition, daily rainfall data was available for the ten years 1999-2008 for 79 
of the BOM gauges. These gauges are referred to as historical BOM gauges. 

The BOM gauge data was supplement by 62 ART weather stations that were 
programmed to record precipitation at 12-hour intervals at 0900 EST and 2100 EST 
daily. The location of all ART’s and all past and present Bureau of Meteorology 
weather stations and rain gauges in the trial area is shown in Figure 8.  
 

Figure 8  Distribution of measurement stations through southern South 
Australia. 

 
 

4.3.1 ART Instruments 

Data was sourced from a network of 62 La Crosse WS2301 professional remote 
weather stations (outdoor temperature range: -33.9°C to + 69.8°C and relative 
humidity range: 20% to 95%) supplied by University of Queensland (UQ) and 
installed by ART within the trial area. Quality control of data was performed by UQ 
by comparing rainfall data from the ARC-installed network with nearby BOM 
stations which were themselves subject to regular quality checks. 

The ART weather stations were mounted on a pole driven into the soil at the 
respective positions. The base station and thermo-hygro sensor were protected from 
rain under a cover with ventilation slits. 
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The memory of the base station allowed storage of 175 consecutive records. 
Data was recorded in 12-hourly intervals during the period of the experiment. 
Consequently, data was collected from the base stations in four week intervals by 
ART personnel and transferred to UQ for quality control and collation. 

4.4 Secondary Data 

Secondary data was obtained from the Bureau of Meteorology (B0M). The data sets 
included daily meteorological observations from Adelaide airport and the location 
and elevation of BOM rainfall gauges. (The location and elevation of ART rain 
gauges were obtained using a hand held GPS receiver.) Observations from Adelaide 
airport were available from 1999 through 2008. The observations were calculated as 
daily averages and included: 

• Wind speed (km/h); 

• Wind direction (degrees from due North, clockwise) with separate readings 
at 500hPa, 700hPa and 850hPa; 

• Air temperature; 

• Dew point temperature; 

• Mean sea level pressure.  

Steering winds are associated with the general direction and speed in which clouds 
are moving and will vary with the height of the cloud layer(s). Steering wind 
direction and speed were approximated by an average of the 500hPa, 700hPa and 
850hPa readings. A detailed discussion of the calculations is provided in 
Appendix A. 
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5 Preliminary Statistical Analysis  

Prior to specifying a statistical model to determine whether the operation of the 
Atlant system was associated with a significant increase in rainfall during the trial a 
descriptive analysis of the data was conducted. This was followed by a historical 
analysis of orographic effects within the trial area. 

Daily rainfall measurements for the four-month trial period of August - November 
2008 were available from a total of 213 gauges distributed over the trial area. There 
were a substantial number of missing records as some gauges failed intermittently. 
The ART gauges were not in place until September 2008 and some were lost through 
the balance of the trial. On the basis of the records that were available, there were 
7,915 ‘rain events’ (gauge-days with rain) and 12,006 gauge-days with no rain 
recorded over the trial period. One of these, an isolated reading of 131.8mm on 
August 13 for the Inglewood Alert gauge, was excluded from the subsequent 
analyses. The meteorological observations from Adelaide airport were complete. 

5.1 Descriptive Analysis of the Trial Data 

This analysis consists of a graphical presentation of the meteorological and gauge 
location data, followed by a comparison of the rainfall data from the historical BOM 
gauges and from the remainder of the trial gauges. 

5.1.1 Meteorological data  

The distributions of daily steering wind direction and speed for August – November 
2008 on rain days, i.e. days when rain was recorded for at least one of the gauges in 
the trial area, are shown in Figure 9 and Figure 10. Note the small variation in the 
steering wind direction distribution, with virtually all the readings concentrated in the 
SW quadrant (180° – 270°).  

Figure 9 Gauge values of daily steering wind speed on rain days. 
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Figure 10 Gauge values of daily steering wind direction on rain days. 

 
 

The corresponding distributions of daily average air temperature, dew point 
temperatures and average sea level pressures for rain days are shown in Figure 11 
through Figure 13. 

Figure 11 Gauge values of daily average air temperatures on rain days. 

 

Figure 12 Gauge values of daily average dew point temperature on rain days. 

 



 
   

 

 22 

 
Unknown
Field Code Changed

Unknown
Field Code Changed
Unknown
Field Code Changed

Figure 13 Gauge values of daily average sea level pressure on rain days. 

 

5.1.2 Gauge locations and elevations 

Figure 14 is a contour plot of gauge elevation for all 213 gauges, with the gauge 
locations superimposed. The locations of the 79 ‘historical’ gauges are identified in 
blue and the Atlant site location is also shown as the intersection of the lines running 
north-south and east-west. 

Figure 14 Contour plot of gauge elevation, showing spatial distribution of gauges 
across the trial area. Locations of ‘historical’ gauges are shown in blue. 
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Figure 15 Distribution of gauge-day values of LogRain for the historical and 
remaining trial rain gauges, August–November 2008. 

Historical Gauges 

 
Remaining Gauges 

    
 

5.1.3 Comparison of historical BOM gauges with remaining trial gauges 

The distribution of daily rainfall observations in the trial area was strongly right 
skewed. Raw observations were therefore transformed using the natural logarithm. 
Since the logarithm of zero is not defined, this automatically resulted in the analysis 
being confined, for each gauge, to days when rainfall was recorded. In what follows, 
this transformed value is referred to as LogRain. 

The distributions of LogRain from August though November 2008 is shown for the 
historical BOM and remaining trial gauges in Figure 15. The percentiles of these 
distributions are set out in Table 1. 
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Table 1 Percentiles of distributions of LogRain for the historical and the 
remaining trial rain gauges, August–November 2008. 

 
Percentile Historical gauges Remaining gauges 

100.0% 3.311 4.881 
97.5% 2.653 2.625 
90.0% 2.104 2.054 
75.0% 1.569 1.435 
50.0% 0.742 0.588 
25.0% -0.223 -0.511 
10.0% -0.916 -1.609 
2.5% -1.609 -1.609 
0.0% -2.708 -2.303 
Mean 0.6470 0.4597 
Std Dev 1.1696 1.2511 
No. of Records 3399 4516 

 

It is reasonably clear that distributions of rainfall over the trial period for the 
historical and remaining gauges are not similar. The mean and the median of the 
historical gauges are considerably higher than the corresponding mean and median of 
the remaining gauges and the inter-quartile range (25 per cent to 75 per cent) of the 
LogRain distribution for the historical gauges is wider than the corresponding range 
of the LogRain distribution for the remaining gauges. Consequently, we cannot use 
1999 - 2007 rainfall for the historical gauges as a temporal control for the 2008 
rainfall observed in the trial. 

One reason for the differences observed between the historical and remaining trial 
gauges is the differing topography, and hence orographic effects, at individual gauge 
locations. The influence of orographic effects on rainfall across the trial area 
therefore needs to be carefully considered, and the historical gauge data may usefully 
inform the approach that should be taken. 

5.2 Historical Orographic Analysis 

A historical orographic analysis was conducted by fitting a random intercepts linear 
model to LogRain values from August–November 1999-2008 for the historical 
gauges. This is a model of the form: 
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where i denotes gauges and t denotes the day within a year. α and β are 
coefficient vectors, x is a vector of orographic covariates that are specific to gauge 
locations, y is vector of meteorological covariates that vary over time, γ is a vector of 
gauge specific random effects and ε is a random error that varies between gauges and 
over days. 

The choice of a random intercepts model allows for an unobserved or unmeasured 
independent orographic effect at each gauge site that is constant over time. The 
overall orographic effect in the model is therefore a linear combination of what can 
be explained by the orographic covariates and a gauge specific random effect: 

 
  

The orographic covariates used in the analysis were gauge elevation and gauge 
location. A distributional summary for the meteorological variables in the model is 
set out in Table 2. 

5.2.1 Controlling for orographic effects 

Two issues arose when attempting to control for the influence of orographic effects 
on rainfall. These were: 

• the position of the Atlant site in relation to the natural rainfall gradient in the 
trial area; and 

• the potential interaction between meteorological conditions, particularly wind 
speed and direction, topography and rainfall. That is, the distribution of gauge 
specific random effects in the model may not be constant from day to day. 

On days when rainfall was recorded in the trial area between August and November, 
daily steering wind directions were predominantly from the southwest. This, in 
conjunction with the topography of the Mount Lofty ranges, gives rise to a strong 
declining rainfall gradient extending from west to east across the trial area.  



 
   

 

 26 

 
Unknown
Field Code Changed

Unknown
Field Code Changed
Unknown
Field Code Changed

Table 2 Distributions of daily values of meteorological variables for rain 
days, August–November, 1999-2008. 

 
PCT 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 

 Steering Wind Speed (km/h) 

10% 17.17 22.66 24.87 21.31 26.63 23.82 24.86 23.24 20.91 24.86 

25% 25.29 32.67 34.54 31.50 37.99 33.69 39.51 30.28 35.33 35.25 

50% 40.72 48.13 51.33 50.69 51.09 48.38 53.95 43.83 52.14 50.91 

75% 54.97 65.38 66.93 72.66 69.59 64.32 70.53 61.47 73.35 67.70 

90% 76.96 78.23 79.64 86.99 81.91 81.67 86.56 75.92 89.42 85.71 

 Steering Wind Direction (0° is due north) 

10% 133.50 163.33 190.67 175.08 177.71 204.17 185.90 184.00 177.58 188.25 

25% 192.50 215.83 219.58 226.67 214.83 230.00 237.50 207.29 225.42 222.92 

50% 245.42 258.75 256.25 256.67 256.67 252.92 266.25 252.78 257.08 258.33 

75% 279.58 275.83 281.25 284.58 277.50 277.08 286.00 275.00 278.33 283.33 

90% 302.50 293.44 310.00 306.44 294.03 293.33 308.17 288.75 301.58 298.17 

 Average Air Temperature (°C) 

10% 10.84 11.00 11.48 9.74 10.05 10.56 10.33 10.88 10.84 9.87 

25% 12.16 12.29 12.04 12.06 11.17 11.31 12.00 12.05 12.58 11.46 

50% 14.23 13.72 13.43 13.43 12.48 13.42 14.21 13.46 14.39 13.91 

75% 16.56 16.54 15.25 15.46 14.51 15.49 16.55 15.79 16.11 17.30 

90% 18.09 19.37 17.27 18.22 18.77 17.80 18.26 18.38 20.38 19.65 

 Average Dew Point Temperature (°C) 

10% 3.59 4.80 4.73 2.22 2.97 3.95 4.76 2.09 2.58 3.13 

25% 5.05 6.77 5.92 4.65 5.47 5.96 5.84 3.86 4.81 5.00 

50% 7.40 8.44 7.69 6.86 7.30 7.74 8.08 6.15 6.60 6.63 

75% 9.41 9.70 9.51 8.46 8.92 8.95 9.90 7.96 9.20 8.73 

90% 11.86 12.75 10.88 9.96 10.15 10.42 11.91 10.15 10.82 10.31 

 Average Sea Level Pressure (hPa) 

10% 1008.39 1006.17 1007.27 1009.85 1005.30 1006.57 1006.49 1011.74 1010.09 1007.06 

25% 1014.41 1010.82 1013.06 1013.90 1011.25 1012.70 1012.11 1017.58 1012.65 1010.54 

50% 1020.04 1016.13 1017.28 1017.95 1016.93 1018.05 1016.15 1021.51 1016.77 1019.37 

75% 1025.16 1020.19 1020.08 1023.46 1022.42 1022.67 1020.53 1026.26 1022.28 1024.64 

90% 1027.95 1023.39 1023.51 1027.62 1026.16 1026.44 1024.56 1030.62 1026.85 1029.08 

The Atlant site was located on a crest in the Mount Lofty ranges. It is on the western 
edge or peak of the rainfall gradient. At the same time, the majority of the rainfall 
gauges are located to the northwest of the Atlant site. The implication being that 
distance from the Atlant site will be correlated with the natural rainfall gradient that 
exists in the area. Accounting or controlling for orographic effects underpinning this 
gradient is a key aspect of modelling or predicting gauge level rainfall in relation to 
the Atlant site.  
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While elevation is an obvious orographic covariate, the elevation of a gauge may 
not provide much information about the neighbouring topography. Geographic 
location may serve as proxy for orographic influences in the vicinity of a gauge. This 
can be controlled for by the inclusion of a factor in the rainfall model that allows a 
different average rainfall to be observed in different parts of the trial area, though it 
leaves open questions concerning the shape and size of these sub-areas. 

In the results shown below we divided the trial area into nine sub-areas based on the 
locations of the gauges. Figure 16 is a contour plot of gauge elevation for the 79 
historical gauges, showing nine sub-areas (dotted lines) as well as the location of the 
Atlant site (solid line). The estimated orographic effect for a particular gauge is then a 
function of its elevation and the sub-area in which it is located. 

Operationally, the nine sub-areas shown in Figure 16 are defined in terms of the 
cross-classification of three latitude and three longitude zones: 

• Southern Latitude Zone (SLaZ): Latitude < -35.3° 

• Middle Latitude Zone (MLaZ): -35.3° ≤ Latitude < -35.0° 

• Northern Latitude Zone (NLaZ): Latitude ≥ -35.0° 

• Western Longitude Zone (WLoZ): Longitude < 138.6° 

• Middle Longitude Zone (MLoZ): 138.6° ≤ Longitude < 139.0° 

• Eastern Longitude Zone (ELoZ): Longitude ≥ 139.0°. 
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Figure 16 Contour plot of gauge elevation showing locations of 79 historical 
gauges within the nine sub-areas, as well as relation to the Atlant site. 
 

 

 

The model was fitted for each year from 1999 though 2008, using rainfall and 
meteorological data for the months of August through November. The model fitting 
method was REML and the resulting fits are summarised in Table 3. Estimates that 
are significant at the 5% level are bolded in red. 

Seasonal effects are represented by an indicator variable that takes on the value of 
one in a given month and zero otherwise, are significant in each year. The effects of 
elevation are also significant in each year. The majority of the metrological covariates 
are significant, including meteorological conditions on the previous day. The lagged 
meteorological covariates were included as a proxy for persistent conditions that were 
not measured directly. 

The sub-area effects are generally not significant at the 95 per cent confidence level, 
indicating that at this level of spatial aggregation of gauge locations, elevation 
accounts for most of the variation in rainfall explained by the fixed orographic effects 
within the model. 
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Table 3 Parameter estimates for year-specific models for LogRain with 
random gauge effects (red indicates significant at 5% level, L1 denotes 
a one day lag). 

 
Term 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 

Intercept 56.08 25.81 65.98 68.95 59.64 32.49 79.96 21.76 38.57 32.52 

August -0.498 0.230 -0.314 -0.137 -0.019 -0.329 -0.062 -0.262 -0.725 0.429 

September -0.173 -0.514 0.121 0.018 -0.273 -0.285 -0.332 0.261 -0.040 -0.034 

October 0.126 0.283 -0.070 -0.349 0.060 0.135 0.067 -0.114 0.004 -0.457 

Elevation (100m) 0.095 0.102 0.112 0.119 0.118 0.093 0.131 0.094 0.084 0.084 

SLaZ 0.000 0.075 0.033 0.164 0.069 0.080 0.033 0.006 0.237 0.141 

MLaZ -0.022 -0.015 -0.004 0.076 0.020 0.026 0.047 0.067 -0.081 0.014 

WLoZ 0.061 0.100 0.119 0.118 0.026 0.047 0.161 0.063 0.057 0.005 

MLoZ 0.011 -0.007 0.074 0.132 0.030 0.068 0.075 0.117 0.118 0.068 

SLaZ & WLoZ -0.027 0.005 0.008 -0.051 -0.040 -0.126 -0.004 0.060 -0.046 -0.014 

SLaZ & MLoZ 0.026 -0.152 -0.108 -0.128 -0.012 -0.099 -0.042 0.016 -0.133 0.007 

MLaZ & WLoZ 0.061 0.137 0.093 0.013 0.148 0.081 0.033 0.014 0.105 0.059 

MLaZ & MLoZ -0.081 0.035 0.002 -0.020 -0.043 -0.052 -0.007 -0.034 0.027 -0.051 

Wind Speed 500 0.011 -0.012 0.002 -0.002 0.004 0.009 -0.010 0.006 -0.010 -0.002 

Wind Speed 500 L1 0.001 -0.005 -0.008 0.001 0.000 0.012 0.009 0.007 0.018 0.004 

Wind Direction 500 -0.007 0.003 -0.006 -0.002 0.006 0.006 -0.002 -0.007 0.029 -0.006 

Wind Direction 500 L1 0.003 0.003 0.004 0.011 0.007 -0.001 0.001 -0.005 -0.005 0.007 

Wind Speed 700 -0.030 0.034 0.005 -0.022 -0.009 -0.017 0.010 -0.019 0.002 0.002 

Wind Speed 700 L1 -0.023 -0.013 -0.015 0.003 -0.005 -0.034 -0.014 -0.008 -0.039 -0.016 

Wind Direction 700 -0.004 0.000 -0.002 -0.001 -0.010 -0.010 -0.007 0.004 -0.031 0.001 

Wind Direction 700 L1 0.001 -0.006 0.005 -0.002 -0.004 0.011 0.009 0.010 0.013 0.004 

Wind Speed 850 0.037 0.008 -0.004 0.037 0.011 0.021 0.003 0.032 0.028 -0.001 

Wind Speed 850 L1 0.048 0.042 0.053 0.013 0.019 0.041 0.030 0.016 0.023 0.024 

Wind Direction 850 -0.002 -0.011 -0.002 -0.007 -0.002 0.001 0.000 -0.001 0.000 0.001 

Wind Direction 850 L1 0.001 0.007 -0.001 0.003 0.000 -0.004 -0.009 -0.001 0.001 -0.002 

Air Temperature -0.207 -0.093 -0.200 -0.175 -0.189 -0.250 -0.237 -0.144 -0.306 -0.145 

Dew Point 0.132 0.082 0.072 0.084 0.126 0.071 0.181 0.092 0.085 0.017 

Sea Level Pressure -0.052 -0.026 -0.063 -0.067 -0.057 -0.031 -0.075 -0.021 -0.037 -0.032 

 
Summary Statistics 

R-Squared 49.4% 48.2% 44.4% 44.8% 33.1% 50.0% 46.5% 39.0% 47.4% 33.9% 

Random Effects 3.1% 2.9% 2.9% 4.9% 3.4% 1.8% 2.1% 3.7% 1.5% 2.3% 

Residual Effects 96.9% 97.1% 97.1% 95.1% 96.4% 98.2% 97.9% 96.3% 98.5% 97.7% 

The summary statistics include the percentage of variation in rainfall accounted for 
by all the covariates in the model (R-Squared). The unexplained variation is 
decomposed into the percentage attributed to random gauge effects and a residual 
balance. On average the model explains over 43.7 per cent of the gauge level 
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variation in LogRain. The random gauge effects (estimated via REML) account 
for approximately three per cent of the unexplained variation in gauge level rainfall, 
on average. This indicates that any fixed independent orographic effects that are not 
captured by the orographic covariates included in the model are relatively small. It 
also suggests that elevation captures the majority of the fixed orographic effects and 
that a finer regional resolution would not greatly improve the model specification. 

Non-fixed orographic effects 

By fitting the model each year we can see how stable the estimated orographic effects 
are. This is important because the distribution of wind speed, wind direction and 
other meteorological variable varies between years. A lack of stability would suggest 
that orographic effects are dependent on prevailing metrological conditions. 

The order of magnitude of the estimated elevation coefficient in the model is stable 
over time but the estimates do range from a low of 0.084 to a high of 0.131 with an 
average over the 10 years of 0.103. The individual coefficient estimates for the 
regional covariate vary significantly between years. This was confirmed by fitting a 
model in which the estimates of the orographic effects were constrained to be the 
same in each year. This model was clearly rejected in favour a model that allowed the 
effects to vary between years. 

As the estimated orographic effects, which are assumed to be fixed within a year, 
vary over time the random effects model does not fully control for potential 
orographic influences. This does have the implication that a significant increase in 
rainfall could be observed relative to an arbitrary location due to unaccounted-for 
orographic effects. That is, the choice of the Atlant site could matter. 

A key question therefore is how important might these confounding effects be? 
Looking at the variation in the random effects can provide some insights into the 
question. By construction the random effects have a mean of zero in any given year. 
The variance of the random effects is not constant and while the variance of the 
random effects is a small proportion of the total variance in LogRain it is still related 
to the mean as well as the variance in rainfall, as measured in level terms. In standard 
mean and variance notation: 

  (3) 

The mean level effect on rainfall of the variance of the random effects for LogRain, 
expressed in percentage terms, is simply: 

 . (4) 

Over the 10-year period the mean effect on observed rain ranged from 0.7 per cent to 
2.2 per cent. Again the range of these effects is small.  
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6 Analysis of the Atlant Trial 

The analysis of the trial data was carried out in three stages. In the first, a descriptive 
analysis was used to investigate marginal relationships between observed rainfall and 
wind direction, elevation, location and distance from the Atlant site. The purpose of 
this analysis was to examine evidence for an apparent Atlant effect in the raw data. In 
the second stage, a statistical model for LogRain that simultaneously controlled for 
gauge-to-gauge and day-to-day variation in meteorological and orographic covariates 
was fitted to gauge-day data in order to estimate the influence of the Atlant system on 
rainfall after accounting for these factors. In the final stage, the level of Atlant-
induced rainfall enhancement achieved during the trial was estimated. 

6.1 Descriptive Analysis 

The Atlant system generates a passive plume of ions that relies on the uplift at the site 
and low-level atmospheric turbulence to carry charged particles or aerosols to the 
cloud layer. The conveyance model is analogous to a cold plume emitted from a point 
source. This leads to the following hypotheses regarding the enhancement effect: 

• the primary effect will be downwind of the Atlant site;  

• the effect will dissipate laterally and in the downwind direction as the 
concentration of the particles or aerosols within the plume declines; and 

• the rate of lateral versus downwind dissipation is likely to be influenced by 
wind speed. 

Over the 24-hour period in which rainfall was measured, wind direction and speed 
will vary. Consequently, the boundaries of any downwind effect will be fuzzy, and 
depend on the variation in wind direction over the day. However, steering wind 
directions on rain days in the trial period did fall within a limited range (see Figure 
11) and variation in wind direction and speed would be expected to be less within a 
24-hour period. As a consequence, the number of rainfall gauges which are 
downwind of the Atlant site for at least part of a day is likely to fall within an even 
more limited range. 

Observations on wind direction at Adelaide airport are available on a six-hourly 
basis. The adjusted daily ranges in wind direction (i.e. the range in the absolute 
values of wind direction minus 180°) were therefore calculated on a 9am to 9am 
basis at 850hPa, 700hPa and 500hPa over the trial period. The distributions of these 
adjusted daily ranges over the trial period are shown in Figure 17. 
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Figure 17 Distributions of the adjusted daily range in wind directions over the 
trial period. 

 500hPa                                                    700hPa 

 
 850hPa                                                  Combined 

 

The adjusted daily range in wind direction tends to be 120° or less, particularly in the 
higher elevation winds. We therefore took a 120° arc centred about the average daily 
steering wind direction and extending downwind from the Atlant site as defining the 
extent of the downwind area of Atlant effect within the trial area. 

This immediately leads one to ask a relatively simple question: Was the operation of 
Atlant associated with any observable increase in rainfall within this 120° arc? In 
order to provide an answer to this question, we defined for any day that rain was 
recorded at any gauge: 

• Downwind Rain = recorded daily rain for gauge when it is within this 120o 
arc on the day, otherwise missing; 

• Cross/Upwind Rain = recorded daily rain for gauge when it is not within 
this 120o arc on the day, otherwise missing. 

Averages and medians of non-missing gauge-day values of Downwind Rain and 
Cross/Upwind Rain over both a 24-hour and a 48-hour period were then calculated 
for four different levels of intensity of Atlant operation over the preceding 48 hours, 
defined by allocating each rain day of the trial to one of the following groups: 

• Atlant operational between 0 and 12 hours in the preceding 48 hours; 

• Atlant operational between 12 and 24 hours in the preceding 48 hours; 

• Atlant operational between 24 and 36 hours in the preceding 48 hours; 
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• Atlant operational between 36 and 48 hours in the preceding 48 hours. 

Values of these averages and medians are shown in Table 4. In general, increased 
hours of Atlant operation are associated with an increase in Downwind Rain relative 
to Cross/Upwind Rain. The pattern is reasonably consistent for rainfall values 
measured over both 24-hour and 48-hour periods. The median level differences in 
Downwind Rain versus Cross/Upwind Rain are larger, in percentage terms, than the 
mean level differences. This suggests that the observed differences are not simply 
due to a few large outlying observations. 

Table 4 Average and median values of 24-hour and 48-hour Downwind Rain 
and Cross/Upwind Rain classified by hours of Atlant system operation 
in the preceding 48 hours. 

Operating 

Hours 
 

Obs 

Average Rainfall (mm) Median Rainfall (mm) 

Downwind 
Cross/ 

Upwind  
Δ% Downwind 

Cross/ 
Upwind  

Δ% 

Over Preceding 24 hours  (9am – 9am) 

 0 – 12 732 2.85 3.17 -10.1 2.2 2.6 -15.4 

12 – 24 1917 3.04 2.13 42.7 2.0 1.0 100.0 

24 – 36 3637 3.64 2.90 25.5 2.2 1.6 37.5 

36 – 48 1219 3.75 2.76 35.9 2.2 1.0 120.0 

Over Preceding 48 hours  (9am – 9am) 

 0 – 12 732 4.43 3.96 11.9 2.8 3.4 -17.6 

12 – 24 1917 3.92 3.06 28.1 2.2 1.6 37.5 

24 – 36 3637 5.57 3.79 47.0 4.0 2.0 100.0 

36 – 48 1219 7.78 5.26 47.9 6.2 2.8 121.4 
 

In the previous table, the set of downwind gauges (i.e. those inside the 120° arc 
centred about the average daily steering wind direction and extending downwind 
from the Atlant site) changes from day to day; a downwind gauge one day can be a 
cross/upwind gauge on another day. In what follows we therefore compare a fixed set 
of gauges based on the percentage of rain days that they are downwind gauges. A 
contour plot showing the spatial distribution of these downwind percentages for all 
213 of the gauges involved in the trial is shown in Figure 18. This is consistent with 
the location of Atlant and the general SW to NE wind directions observed over the 
trial period. 
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Figure 18 The distribution of gauge locations showing the proportion of rain 
days that a location was downwind of the Atlant site (identified by 
intersection of solid lines). 

 
 

Each gauge in the trial area was classified into one of three groups based on the 
frequency with which it was downwind of the Atlant site on rain days: 

• Less than 30 per cent; 

• Greater than or equal to 30 but less than or equal to 70 per cent; and 

• Greater than 70 per cent. 

Average and median levels of Downwind Rain and Cross/Upwind Rain over the 
preceding 24 hours and 48 hours were calculated for gauges in each group. These 
results are summarised in Table 5. Higher rainfall levels are associated with a greater 
frequency of days that a gauge is located downwind of the Atlant site. 
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Table 5 Average and median Downwind Rain versus Cross/Upwind Rain 
for gauges classified by the frequency of rain days that they are 
downwind of the Atlant site. 

Downwind 

Frequency 

 

Obs 

Average Rainfall (mm) Median Rainfall (mm) 

Downwind 
Cross/ 

Upwind 
Δ% Downwind 

Cross/ 

Upwind 
Δ% 

24 hours  (9am – 9am) 
<30% 20 3.12 3.64 -14.3 2.2 2.07 6.3 

30% - 70% 91 3.42 2.44 40.2 2.2 1.35 63.0 
>70% 102 3.33 2.28 46.1 2.05 1.55 32.3 

48 hours  (9am – 9am) 
<30% 20 3.27 6.48 -49.5 2.4 4.68 -48.7 

30% - 70% 91 5.06 3.07 64.8 3.38 1.6 111.3 
>70% 102 5.28 2.68 97.0 3.4 1.8 88.9 

 

The results displayed in Table 4 and Table 5 can be extended to show how average 
values of Downwind Rain and Cross/Upwind Rain vary as a continuously distributed 
variable. Similarly, the distance of the gauge from the Atlant site also varies. In this 
case we used spline scatterplot smoothers to show how the average values of 
Downwind Rain and Cross/Upwind Rain vary with this distance. Spline smooths 
based on the data from all 213 gauges for average 24-hour and 48-hour rainfall are 
shown in Figure 19 and in Figure 20, respectively. Note that in both plots the left axis 
is rainfall in mm and the bottom axis is distance from the Atlant site in degrees (1° = 
113km). 

Figure 19 Spline smooths of average 24-hour Downwind Rain and Cross/Upwind 
Rain as functions of distance from the Atlant site, all gauges: 
Downwind (Cross/Upwind) Rain smooth is in red (blue). 
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Figure 20 Spline smooths of average 48-hour Downwind Rain and 
Cross/Upwind Rain as functions of distance from the Atlant site, all 
gauges: Downwind (Cross/Upwind) Rain smooth is in red (blue). 

 

Rainfall levels are substantially higher downwind of the site but only over a limited 
range. The downwind and cross/upwind curves begin to diverge at distances of 
around 15 kilometres downwind. The curves reconverge at about 100 kilometres 
downwind. The effect is more pronounced with 48-hour rainfall compared with 24-
hour rainfall. The picture is clearer when we restrict the analysis to gauges that were 
downwind of the Atlant site between 30 per cent and 70 per cent of the time, as 
shown in Figure 21 and Figure 22. The main difference from the all gauges smooths 
shown in Figure 19 and Figure 20 is that now the smooths for Downwind Rain and 
Cross/Upwind Rain diverge in the immediate vicinity of the Atlant site. 

On the basis of the preceding analysis, there appears to be evidence for an association 
between operation of the Atlant site and elevated levels of rainfall. Further, the 
potential range of the Atlant effect appears to end at around 0.9° or just over 100km. 

However, we cannot ascribe the differences between Downwind Rain and 
Cross/Upwind Rain that are evident in our results so far purely to the operation of 
Atlant. This is because most gauges are downwind of Atlant more than 50 per cent of 
the time and the orographic effects due to the changing topography of the trial area 
are from west to east, which was also the most prevalent wind direction. 
Consequently, before ascribing any differences in rainfall to the operation of Atlant, 
we must first control for meteorological and orographic effects (particularly gauge 
elevation, wind direction and wind speed) that also influence the spatial distribution 
of rainfall. A model for LogRain that includes these controls is the focus of the 
analysis described in the following sub-section. 
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Figure 21 Spline smooths of average 24-hour Downwind Rain and 
Cross/Upwind Rain as functions of distance from the Atlant site, 
restricted to gauges that are downwind between 30% and 70% of the 
time on rain days: Downwind (Cross/Upwind) Rain smooth is in red 
(blue). 

 

Figure 22 Spline smooths of average 48-hour Downwind Rain and Cross/Upwind 
Rain as functions of distance from the Atlant site, restricted to gauges 
that are downwind between 30% and 70% of the time on rain days: 
Downwind (Cross/Upwind) Rain smooth is in red (blue). 
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6.2 Model-based Evaluation 

The model (1) for LogRain only needs to be modified slightly for the purpose of 
evaluating the trial data. In particular, we model these data using a random intercepts 
specification of the form:  
  

where λ and λ are vectors of coefficients, z is a vector of Atlant covariates and s is 
vector of dynamically specified gauge locations. 

The Atlant covariates included: 

• The duration, in hours, that the system was operational in a 24-hour period, 
starting at 9:00 AM. This corresponds with the daily rainfall measurement 
period used by the BOM. This covariate was used in lagged form in the 
model, with values ranging from L0 (operating hours in the 24-hour period 
up to 9:00 AM on the day) to L6 (operating hours in the 24-hour period up 
to 9:00 AM six days previously); 

• The distance in degrees from a rainfall gauge to the Atlant site. 

The dynamic specification of gauge locations was done on the basis of the average 
daily steering wind direction, and corresponded to a categorical variable that 
identified the dynamic orientation of each gauge relative to the direction of steering 
wind flow on the day: 

• Wind Flow Sector 1 – downwind – the gauge is 30° or less away from the 
steering wind direction;  

• Wind Flow Sector 2 – downwind – the gauge is between 30° and 60° away 
from the steering wind direction; 

• Wind Flow Sector 3 – crosswind – the gauge is between 60° to 90° away 
from the steering wind direction; 

• Wind Flow Sector 4 – crosswind – the gauge is between 90° and 135° away 
from the steering wind direction; and 

• Wind Flow Sector 5 – upwind – the gauge is more than 135° away from the 
steering wind direction. 

Note that a gauge is classified as being downwind on a particular day if it is classified 
as being either in Wind Flow Sector 1 or Wind Flow Sector 2 on the day. The 
random effects model (1) was then fitted via REML, with results summarised in 
Table 6.  
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Table 6 Estimated coefficients defining fit of model (5) to the 2008 trial 
data. 

Term Estimate t Ratio Prob>|t| F Ratio Prob > F 
Intercept 16.982 4.71 <.0001   
Month[8] 0.947 24.20 <.0001 

234.07 <.0001 Month[9] -0.076 -3.23 0.0012 

Month[10] -0.549 -18.42 <.0001 

SLaZ 0.254 7.85 <.0001 
32.96 <.0001 

MLaZ -0.050 -1.57 0.1171 

WLoZ -0.032 -0.67 0.5011 
0.25 0.7810 

MLoZ 0.006 0.20 0.8434 

SLaZ & WLoZ 0.034 0.67 0.5041 

0.24 0.9202 
SLaZ & MLoZ -0.009 -0.20 0.8419 

MLaZ & WLoZ -0.004 -0.08 0.9394 

MLaZ & MLoZ -0.013 -0.34 0.7378 

Elevation (100m) 0.082 5.85 <.0001 

 

Wind Speed 500 0.000 0.20 0.8388 

Wind Speed 750 -0.001 -0.60 0.5459 

Wind Speed 850 -0.008 -4.37 <.0001 

Wind Speed 500 L1 0.011 11.94 <.0001 

Wind Speed 750 L1 -0.018 -10.26 <.0001 

Wind Speed 850 L1 0.022 14.44 <.0001 

Wind Direction 500 -0.008 -17.50 <.0001 

Wind Direction 750 0.002 4.37 <.0001 

Wind Direction 850 0.002 4.58 <.0001 

Wind Direction 500 L1 0.006 9.96 <.0001 

Wind Direction 750 L1 0.006 9.28 <.0001 

Wind Direction 850 L1 -0.005 -14.59 <.0001 

Air Temperature -0.098 -10.86 <.0001 

Dew Point Temperature 0.051 6.73 <.0001 

Sea Level Pressure -0.017 -4.84 <.0001 

Atlant Distance -0.426 -2.27 0.0239 

Wind Flow Sector 1 0.137 4.63 <.0001 

11.17 <.0001 
Wind Flow Sector 2 0.174 6.07 <.0001 

Wind Flow Sector 3 0.030 0.99 0.323 

Wind Flow Sector 4 -0.040 -1.15 0.2499 

Atlant Distance * Wind Flow Sector 1 0.016 0.12 0.9052 

5.31 0.003 
Atlant Distance * Wind Flow Sector 2 0.390 2.92 0.0035 

Atlant Distance * Wind Flow Sector 3 0.493 3.58 0.0003 

Atlant Distance * Wind Flow Sector 4 0.089 0.53 0.5966 
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Table 6 cont… 

Term Estimate t Ratio Prob>|t| F Ratio Prob > F 
Atlant Hours L0 0.030 19.05 <.0001 

 

Atlant Hours L1 -0.033 -18.57 <.0001 

Atlant Hours L2 -0.016 -10.35 <.0001 

Atlant Hours L3 0.030 19.33 <.0001 

Atlant Hours L4 -0.010 -6.51 <.0001 

Atlant Hours L5 -0.015 -11.27 <.0001 

Atlant Hours L6 -0.008 -4.73 <.0001 

Atlant Hours L0  * Atlant Distance 0.024 3.36 0.0008 

Atlant Hours L1 * Atlant Distance -0.029 -4.61 <.0001 

Atlant Hours L2 * Atlant Distance -0.005 -0.75 0.454 

Atlant Hours L3 * Atlant Distance -0.026 -3.94 <.0001 

Atlant Hours L4 * Atlant Distance 0.010 1.54 0.1243 

Atlant Hours L5 * Atlant Distance 0.019 3.04 0.0023 

Atlant Hours L6 * Atlant Distance 0.007 1.07 0.2825 

 
 
 

Random Effect Variance Component Per Cent of Total 
Gauge Location 0.038 4.76 
Residual 0.772 95.23 

 
Summary Statistic Value 

R-Squared 0.4952 
Adjusted R-Squared 0.4916 
Root Mean Square Error 0.8785 
Observations  7138 

Overall, the model accounts for nearly 50 per cent of the daily gauge variation in 
LogRain. Consistent with the historical orographic analysis the random effects are 
small, accounting for only around four per cent of the residual variation in LogRain. 

The monthly or seasonal effects are highly significant. As with the historical 
orographic analysis, gauge elevation is highly significant but the fixed  sub-area 
effects are mainly not significant, and are all small compared to the overall average. 
In general the meteorological covariates are highly significant. The exceptions are the 
higher-level wind speeds at 500hPa and 700hPa. 

The Atlant covariates are generally significant. The effect due to distance from Atlant 
is negative and significant at the 95 per cent confidence level. The main effects for 
the first two dynamically defined Wind Flow Sectors, i.e. for the downwind gauge-
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days, are positive and significant at the 99 per cent level. The main effects for the 
two sectors corresponding to crosswind gauge-days (Wind Flow Sectors 3 and 4) are 
not significant. Note that Wind Flow Sector 5 (upwind gauge-days) is the reference 
group for these estimates, so the coefficient for its main effect (-0.301) is obtained as 
the negative of the sum of the estimated coefficients of the main effects for the other 
sectors. Note also that a number of the interactions of distance from the Atlant site 
(Atlant Distance, measured in degrees) with Wind Flow Sector are significant. These 
interactions are based on mean corrected Atlant Distance, so the positive signs for 
their coefficients indicate enhanced rainfall further away from the Atlant site. 

The main effects for the Atlant hours of operation (Atlant Hours) are highly 
significant and exhibit a very pronounced lag structure. This phenomenon was also 
observed in the second Atlant trial at Paradise Dam. A number of the interactions of 
Atlant Hours with Atlant Distance are also significant. Since both variables are mean 
corrected in these interactions, we can see that gauges closer to Atlant benefit more 
from extended hours of operation of Atlant in the last few days. These lagged effects 
may be due to the operating rules used to switch the system on and off. These rules 
were based on forecast and observed cloud cover. To the extent that cloud cover and 
the conditions on which forecasts are based are linked to cyclical conditions affecting 
rainfall, a lag effect could be generated. Such effects might also be captured by 
lagged rainfall. However, the inclusion of lagged rainfall in the model did not 
substantially improve the model fit or change the Atlant operating hours lag structure.  

Lagged operating hours as well as the distance from the Atlant site could serve as a 
proxy variable for relevant but excluded factors influencing rainfall. The coefficient 
estimates for the lag and distance covariates may therefore in part capture these proxy 
effects. The extent of this excluded variable bias is unknown and may be positive or 
negative. As a check, an alternative model for LogRain was fitted which did not 
include lagged operating hours or distance effects. While this alternative model 
accounts for less variation in LogRain, inferences about the extent of Atlant rain 
enhancement based on it are not substantially different from corresponding inferences 
based on the model specified in Table 6. The results for this alternative model are 
discussed in Appendix C. 

As gauge-level rainfall is spatially correlated it is reasonable to expect that that the 
residual variation in LogRain will also be spatially correlated. As a consequence the 
‘t’ ratios reported in Table 6 may be overstated. This issue is discussed in more detail 
below, where we discuss how the model fit specified in Table 6 can be used to 
estimate the level of Atlant-induced rain enhancement. 

6.2.1 Measuring rainfall enhancement 

Our aim is to decompose the observed rainfall for a gauge i on day t when rainfall is 
observed at the gauge as: 

  (6) 
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Here  is the natural rainfall that would have been observed at 
gauge i if Atlant had not been operating when rain fell at the gauge on day t. Since we 
cannot observe latent rainfall while the Atlant system is operating, we derive 
estimates of the log scale values of the components of the decomposition (6) using 
the model (5). In order to do so we note that (6) implies an additive relationship on 
the log scale: 

 . (7) 

Here  is the logarithm of  and  is 
the logarithm of . Given that (1) is an appropriate model for 
log scale latent rainfall,  is then obtained by eliminating (1) from (5). 
Equivalently 

 . (8) 

We can estimate  by substituting the coefficient values displayed in 
Table 6 into (8). Since the expected values of  and 

 are not separately identifiable under (7), we force the average 
value of the estimated log scale Atlant effects defined by (8) to be zero by mean 
correcting them. This has the effect of moving the expected value of the log scale 
Atlant effects into the corresponding expected value of the log scale latent rainfall, 
which is a conservative approach to dealing with this issue. Estimated values of 

 are then obtained by exponentiation. That is, our estimate 
of the Atlant enhancement for a particular gauge on a day when rainfall is observed 
is: 

 . (9) 

The corresponding estimate of  is obtained from (6) as 

 . (10) 

Finally, the estimated increase (or decrease) in rainfall attributed to Atlant at a gauge 
on a day when rainfall is observed is 

 . (11) 

The constant  in (9) above 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. While it is straightforward to calculate an overall bias correction for 
exponentiated LogRain, it is more difficult to apportion this bias correction between 
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the exponentiated Atlant and latent rainfall components of (7). The methodology 
used to calculate this bias adjustment is described in Appendix D. 

The last methodological issue is determining the precision of the total estimated 
Atlant attribution (11) for domains defined by specified gauge-days. To estimate 
proper confidence intervals we need to take into account the gauge level correlation 
in latent rainfall, which includes the variation in rainfall that is not explained by the 
model. A numerical sampling or ‘bootstrap’ procedure is being developed to account 
for this spatial correlation. The current procedure used to calculate standard errors is 
based on an assumption of spatial independence, however. In an attempt to define 
conservative estimates of the true standard errors, these naïve standard errors were 
therefore inflated by 100 per cent. Confidence intervals were then calculated on the 
basis that errors associated with the estimated Atlant attribution are normally 
distributed. 

6.2.2 The estimated enhancement effect 

The estimated enhancement effects described in the previous section were calculated 
on a gauge by day basis. Table 7 summarises the corresponding estimates of latent 
rainfall (10) as well as rainfall attributable to operation of the Atlant system (11) for 
all gauge-days for which model (6) can be fitted as well as for those gauge-days 
corresponding to the downwind and cross/upwind parts of these data. The overall 
estimated Atlant attribution within the trial area over the trial period is 10.3 per cent. 
More importantly, nearly all of this is due to enhanced rainfall for gauge-days that are 
downwind of the Atlant site, which is consistent with the hypothesised wind driven 
model for how the Atlant system operates. It is also consistent with results of the 
descriptive analysis presented earlier in this chapter. The estimated overall downwind 
attribution (i.e. for a downwind arc of 120°) is 15.8 per cent, with approximate 
confidence intervals as shown in Figure 23. The 80 per cent confidence bounds range 
from a low of 13.2 per cent to a high of 18.4 per cent. 

Table 7 The estimated contribution of the Atlant system to rainfall in the trial 
area. 

Scope 
(No. of Gauge-Days 

with Rainfall) 

Total 
Observed 
Rainfall 

(mm) 

Total 
Latent 

Rainfall 
(mm) 

Total Atlant 
Attribution 

(mm) 
Attribution % 

Standard Error 
on Attribution 

% 

All 
(7138) 22008 19951 2058 10.3 1.6 

60° Downwind Arc 
(2472) 8003 6997 1006 14.4 2.6 

120° Downwind Arc 
(4458) 14792 12771 2021 15.8 2.0 

Upwind/Crosswind 
(2680) 7216	 7179 37 0.5 2.4 
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Figure 23 Approximate confidence levels for the 120° downwind rainfall 
enhancement estimate.  

 

A contour plot showing the geographic distribution of the enhancement effect is 
shown in Figure 24. Comparing this with Figure 18, we see that the enhancement 
effects are reasonably well correlated with the predominant wind direction over the 
entire trial. 

Figure 24 Contour plot of the estimated Atlant enhancement effect. 
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7 Concluding Comments 

The comments presented here cover three points: 

• The volumetric implications of the estimated level of rainfall enhancement; 

• Limits on the statistical methodology; and 

• Improvements in the experimental design. 

7.1 Rainfall Volumes 

Rainfall over the trial period was significantly higher downwind of the Atlant site 
over periods when the site was in operation. The estimated 15.8 per cent downwind 
enhancement effect translates into 2,021mm (see Table 7). This is the equivalent of 
an average of 0.4533mm per downwind gauge day. 

The 120° downwind area, on any given day, was 10,000km2 or 1,000,000ha. One 
hundred mm of rainfall falling on one hectare equates to a volume of one megalitre. 
Given the average of 0.4533mm per downwind gauge day, this equates to 4,588ML 
per rainfall day. There were 65 days during the trial period where greater that 1mm 
fell in the trial area. This gives an approximate yield in the downwind area of 298GL 
for the trial. The corresponding estimate for a 60° downwind arc is a total of 132GL 
for the trial. This is slightly less that half of the 120° effect as estimated Atlant 
contribution for this area is slightly lower. However, the difference is not statistically 
significant (as can be seen in Table 7). 

Determining what proportion of that rainfall was effective – that is, generated a 
commercial or environmental value – is difficult, but let us assume that five per cent 
of the additional rainfall was effective. Temporary market prices for bull water along 
the Murray River in South Australia have recently ranged between $150-200 dollars. 
Taking the lower value this gives a rough estimate of the value of the additional 
rainfall of $2,235,000 for a 120° downwind arc ($990,000 for the 60° arc). Given that 
the downwind area included a large part of the Adelaide Hills catchment area that 
supplies the city of Adelaide, the value could be orders of magnitude higher. 

7.2 Statistical and Trial Design 

The statistical approach taken reflects two underlying objectives. The first was to 
establish whether the trial data supported the conclusion that the operation of the 
Atlant system was associated with a significant increase in rainfall in the trial area. 
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The second was to measure the rainfall that could be attributed to the operation 
of the Atlant system. The latter objective imposed an important restriction on the 
analysis as this required interactive effects between the Atlant and meteorological 
covariates to be excluded. By definition, interactive effects generate joint attribution. 

It would be reasonable to expect such interactions to exist since the same number of 
Atlant operating hours should have a different rainfall impact depending on the 
weather conditions, but this impact should vary depending on the actual number of 
Atlant operating hours. The inclusion of interactive effects may not only improve the 
fit of the model but would help to better understand the conditions under which the 
system operates most effectively. This is an area for further exploration. 

Lastly, while operating the Atlant system and determining when it would be 
operational at any given time were decided from a set of prescribed guidelines, the 
fact that they were related to meteorological conditions still generated a sub-optimal 
experimental design.  This may have been justified given the trial had an underlying 
objective of generating rainfall during a period when there was a critical shortage in 
the local availability of water resources. Nevertheless, it reduced the extent to which 
an Atlant signal could be accurately indentified. 

This trial design issue was addressed in the second South Australian trial. In the 
second trial a randomized operating schedule with two Atlant sites was specified in 
combination with the risk protocols the cover period when the operation of the 
system may present an electrical or other hazard. This trial will be completed in 
December 2009. 
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Appendix A Calculation of Steering Wind 
Direction 

The determination of daily average steering wind flow was conducted using 
radiosonde data (vertical wind profiles) produced by the Bureau of Meteorology from 
the Adelaide International Airport. 

The steering wind flow on a day is defined by the average wind speed and direction 
for that day. These averages are calculated from the BOM radiosonde data on wind 
direction and speed at three standard levels:  

• 850hPa (approximately 1460m); 

• 700hPa  (approximately 3048m); and 

• 500hPa  (approximately 5486m). 

Wind direction at a particular pressure level is calculated in terms of a zonal 
component (U) and a meridional component (V). The meridional component of the 
wind, V, is considered positive when the wind is blowing from south to north. A 
south wind has a positive meridional component while a north wind has a negative 
meridional component. The zonal component of the wind, U, is considered positive 
when the wind is blowing from west to east. Thus, a west wind has a positive zonal 
component and an east wind a negative zonal component. See Figure A1.  

For example, a wind that is blowing from the northeast would have a negative 
meridional component, V, and a negative zonal component, U. Such a wind would 
have a direction of 45 degrees.  If the speed of the wind is (ff) and the direction in 
degrees is (dd), then the formulas for obtaining the meridional component, V, and the 
zonal component, U, are: 

 

          (A1)
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Figure A1 Component of the steering wind direction. 

 

 

 

Given the U and V components of the 850hPa and 700hPa, the steering wind speed 
and direction can be calculated. The following equation is used to calculate the 
direction of the steering wind (s_dd): 

          (A2) 

where: 

• θ=180° if V>=0;  

• θ=0°  if U<0 and V<0; and 

• θ=360° if U>=0 and V<0 

 

The steering wind speed (s_ff) can be calculated using the formula shown below: 

 

          (A3) 

An average steering wind will be calculated for each six-hourly radiosonde and then 
an average of those four daily sondes are calculated to obtain a daily average steering 
wind, used to define the downwind/upwind sectors of the trial area. 
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Appendix B Determining Downwind Sector 

Each Wind Flow Sector is defined in terms of two distinct arcs of a circle centred at 
the Atlant site and including all gauges in the trial area. The two arcs that correspond 
to a particular Wind Flow Sector are of the same length and are symmetrically placed 
on opposite sides of the radial vector defined by the downwind direction of the daily 
steering wind flow at the Atlant site (see Appendix A). Thus, the arcs defining Wind 
Flow Sector 1 lie on either side of this vector, those that define Wind Flow Sector 2 
lie further along the circle on either side and so on. By combining these arcs 
sequentially on either side of the radial vector we define a set of increasing segments 
(wedges), each uniquely defined by an angle  (measured in radians) relative to the 
steering wind flow or wind direction, which is itself defined by an angle  (also 
measured in radians) relative to due north. A rainfall gauge at a location (lat, long) is 
then at an angle  relative to the direction of wind flow on the day if  is the angle 
defining the smallest such wedge that includes the location of the gauge. That is,  is 
the smallest value between 0 and  such that both the following conditions hold: 

   

or equivalently 

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

 

where latA  and longA  denote the latitude and longitude respectively of the Atlant 
site. Note that θ  can take any value between 0 and π , so a gauge does not need to be 
downwind of the Atlant site in a literal sense. For values of θ  greater than 135° the 
gauge is in fact upwind of the Atlant site, while for values of θ  between 60° and 
135° it can be considered to be located crosswind relative to the Atlant site. 

Wind Flow Sectors 1 - 5 are then defined sequentially as follows: 

• Wind Flow Sector 1: 0° ≤ θ  < 30° (Downwind); 

• Wind Flow Sector 2: 30° ≤ θ  < 60° (Downwind); 

• Wind Flow Sector 3: 60° ≤ θ  < 90° (Crosswind); 

• Wind Flow Sector 4: 90° ≤ θ  < 135° (Crosswind); and 

• Wind Flow Sector 5: 135° ≤ θ  < 180° (Upwind). 
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A gauge is said to be in the Downwind Sector relative to the Atlant site on a day 
if it is in either Wind Flow Sector 1 or Wind Flow Sector 2. 

The following plots show the locations and Wind Flow Sector values of gauges that 
recorded rain on four separate days of the trial. Note that Wind Flow Sector 1 gauges 
are blue, Wind Flow Sector 2 gauges are green, Wind Flow Sector 3 gauges are 
orange, Wind Flow Sector 4 gauges are pink and Wind Flow Sector 5 gauges are red. 
 

Figure B1 Locations and Wind Flow Sector values of gauges that recorded rain 
on four separate days of the trial. Top row left is August 5: Steering 
wind direction = 194° and 144 gauges recorded rain; top row right is 
September 8: Steering wind direction = 147° and 124 gauges recorded 
rain; bottom row left is October 28: Steering wind direction = 277° and 
41 gauges recorded rain; and bottom row right is November 8: Steering 
wind direction = 230° and 130 gauges recorded rain. 
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Appendix C An Alternative Model Specification 

In this Appendix we report results from the fit of an alternative model to rainfall data 
over the trial period. This model excluded two of the Atlant covariates included in the 
model described in Chapter 6:  

• the distance between rainfall gauges and the Atlant site; and 

• lagged hours of Atlant operation. 

The reason for excluding these variables is that they could be correlated with other, 
non-Atlant related factors that have not been considered for inclusion in (5). By 
eliminating these variables from (5) we are therefore assuming that the only reason 
they are correlated with observed rainfall is because they are correlated with 
meteorological and orographic factors that have already been taken into account in 
this model. 

The specification of this alternative model and results obtained when it is fitted to the 
rainfall that was observed over the trial period are detailed in the rest of this 
appendix. These results show that exclusion of distance from Atlant and lagged 
Atlant operating hours does not substantively alter the conclusions reached in 
Chapter 6. In particular, the estimated Atlant enhancement effect is actually slightly 
higher under this alternative model. 

C.1 Results for the Alternative Model 

Two different approaches to modelling the impact of Atlant on 2008 August – 
November rainfall in the trial area are investigated in this report. The first is 
described in Section 6, and includes distance from the Atlant site and lagged hours of 
Atlant operation as measures of exposure to the Atlant process. However, there is a 
possibility that distance from the Atlant site could in fact be a substitute for natural 
rainfall variation associated with the west to east rainfall gradient across the trial area. 
Furthermore, there is also a possibility that lagged hours of Atlant operation, for lags 
greater than one may, in fact, reflect periodic weather fronts moving through the trial 
area rather than any response to the Atlant system.  

Consequently an alternative model specification that does not include information on 
duration of operation of Atlant for lags greater than one day and ignores distance 
from the Atlant site is now investigated. This specification is motivated by the 
assumption that Atlant effects can only interact with meteorological conditions which 
actually influence rainfall on the day – i.e. those that apply to that day or the 
immediately preceding day – and that any impact on rainfall downwind from the 
Atlant site must be limited to a distance of 0.8° or less from it. Note that this figure of 
0.8° is consistent with the distance at which average Downwind Rain and average 
Cross/Upwind Rain become indistinguishable (see Figure 19 to Figure 22). 
 

Matt Handbury� 9/12/2009 9:58 AM
Comment [6]: Am I right here???? 
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The ‘non-Atlant’ variables included in this model are the same as those used in 
Table 6. However, only two categorical variables are now used to measure exposure 
to operation of the Atlant system: 

• A categorical variable corresponding to a truncated version of the Wind 
Flow Sector variable used in the model reported in Table 6. This variable is 
referred to as T/WindFlow Sector below, and is defined as follows. If the 
distance of a gauge from the Atlant site is greater than 0.8°, T/WindFlow 
Sector = 0, irrespective of wind direction. Otherwise, T/WindFlow Sector = 
Wind Flow Sector. That is, the zero category of T/Wind Flow Sector is non-
dynamic and just indicates that a gauge is more than 0.8° distant from the 
Atlant site. For closer gauges, T/Wind Flow Sector is the same as Wind 
Flow Sector and so depends on the orientation of the gauge relative to the 
direction of the steering wind at the Atlant site on any particular day. 

• A categorical variable that reflects the total amount of time that Atlant was 
operational that day (on a 9:00 AM to 9:00 AM basis) and the previous day. 
This was defined as the categorical variable OHGrp, with categories defined 
as follows: OHGrp = 0 if Atlant not operational on the day and the day 
before; OHGrp = 1 if Atlant operational up to 12 hours over this 48 hour 
period; OHGrp = 2 if Atlant operational for 12-24 hours; OHGrp = 3 if 
Atlant operational for 24-36 hours; OHGrp = 4 if Atlant operational up to 48 
hours; and OHGrp = 5 if Atlant continuously operated over the last 48 
hours. Note that this is essentially the same classification as that used in 
Table 4, with the exception that two extra categories have been added to 
identify rainfall data obtained when Atlant is not operational for at least the 
preceding 48 hours and when Atlant has operated continuously over the 
preceding 48 hours. We observe that most of the readings for the former 
case are from the two days August 14 and August 15, when Atlant had to be 
switched off due to mechanical failure caused by very heavy rain at the site. 

Table C1 shows the results when this alternative model is fitted to the rainfall over 
the trial period. The fit of this model is reasonable, but not as good as that shown in 
Table 6 (with just over 44 per cent of variation in LogRain explained compared with 
just under 50%). Since the estimated coefficients for different level of a categorical 
variable are normalised to sum to zero in these results, the estimated coefficient for 
OHGrp 5 is 0.249, while that for TWFS 5 is 0.055. The interaction between these two 
categorical variables is highly significant, so it is inadvisable to place too much of an 
interpretation on their main effects. However, once we discount the large positive 
coefficient for OHGrp 0 (due almost entirely to the heavy rain that fell on August 15 
and August 16 when Atlant was non-operational) we see that the model generally 
predicts increasing rainfall with increasing hours of Atlant operation. 
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Table C1 Alternative model estimates for the 2008 trial data. 

Term Estimate t Ratio Prob>|t| F Ratio Prob > F 
Intercept 49.1792 13.88 <.0001   
Month[8] 0.7225 20.27 <.0001 

168.9089 <.0001 Month[9] -0.0686 -3.13 0.0018 
Month[10] -0.3946 -14.09 <.0001 

SLaZ 0.2131 6.39 <.0001 
25.4719 <.0001 

MLaZ -0.0175 -0.58 0.5607 
WLoZ -0.0071 -0.20 0.8425 

1.1184 0.3287 
MLoZ 0.0439 1.46 0.1451 

SLaZ & WLoZ -0.0001 -0.00 0.9986 

0.1550 0.9606 
SLaZ & MLoZ 0.0173 0.40 0.6884 
MLaZ & WLoZ 0.0146 0.31 0.7558 
MLaZ & MLoZ -0.0271 -0.71 0.4770 

Elevation (100m) 0.0830 5.90 <.0001 

 

Wind Speed 500 -0.0057 -5.77 <.0001 
Wind Speed 750 0.0104 5.79 <.0001 
Wind Speed 850 -0.0058 -3.36 0.0008 

Wind Speed 500 L1 0.0044 4.84 <.0001 
Wind Speed 750 L1 -0.0092 -5.35 <.0001 
Wind Speed 850 L1 0.0180 12.14 <.0001 
Wind Direction 500 -0.0079 -17.07 <.0001 
Wind Direction 750 0.0011 2.17 0.0299 
Wind Direction 850 -0.0002 -0.56 0.5772 

Wind Direction 500 L1 0.0084 12.37 <.0001 
Wind Direction 750 L1 0.0036 5.20 <.0001 
Wind Direction 850 L1 -0.0029 -8.16 <.0001 

Air Temperature -0.1204 -13.23 <.0001 
Dew Point Temperature 0.0256 3.88 0.0001 

Sea Level Pressure -0.0477 -14.24 <.0001 
OHGrp 0  0.8557 9.62 <.0001 

79.1865 <.0001 
OHGrp 1 -0.5420 -11.94 <.0001 
OHGrp 2 -0.1377 -3.96 <.0001 
OHGrp 3 0.1071 3.56 0.0004 
OHGrp 4 -0.5316 -10.72 <.0001 

T/Wind Flow Sector 0 (TWFS 0) 0.0485 0.52 0.6029 

1.8604 0.0979 
T/Wind Flow Sector 1 (TWFS 1) 0.0509 1.39 0.1637 
T/Wind Flow Sector 2 (TWFS 2) 0.0015 0.04 0.9715 
T/Wind Flow Sector 3 (TWFS 3) -0.0239 -0.45 0.6498 
T/Wind Flow Sector 4 (TWFS 4) -0.1315 -2.49 0.0128 

OHGrp 0 * TWFS 0 -0.3587 -1.57 -0.3587 
  OHGrp 1 * TWFS 0 -0.0414 -0.37 -0.0414 

OHGrp 2 * TWFS 0 -0.1856 -1.24 -0.1856 
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Term Estimate t Ratio Prob>|t| F Ratio Prob > F 
OHGrp 3 * TWFS 0 0.3892 1.86 0.3892 
OHGrp 4 * TWFS 0 -0.4633 -2.59 -0.4633 

OHGrp 0   * TWFS 1 0.0395 0.35 0.0395 

3.2609 <.0001 

OHGrp 1 * TWFS 1 -0.0835 -1.31 -0.0835 
OHGrp 2 * TWFS 1 0.1143 1.64 0.1143 
OHGrp 3 * TWFS 1 -0.0006 -0.01 -0.0006 
OHGrp 4 * TWFS 1 0.1785 2.29 0.1785 
OHGrp 0 * TWFS 2 0.0142 0.16 0.0142 
OHGrp 1 * TWFS 2 0.1998 4.09 0.1998 
OHGrp 2 * TWFS 2 0.0740 1.41 0.0740 
OHGrp 3 * TWFS 2 -0.1820 -2.95 -0.1820 
OHGrp 4 * TWFS 2 -0.0660 -0.97 -0.0660 
OHGrp 0 * TWFS 3 -0.0232 -0.30 -0.0232 
OHGrp 1 * TWFS 3 -0.0808 -2.05 -0.0808 
OHGrp 2 * TWFS 3 0.0155 0.34 0.0155 
OHGrp 3 * TWFS 3 -0.0060 -0.10 -0.0060 
OHGrp 4 * TWFS 3 0.1864 3.02 0.1864 
OHGrp 0 * TWFS 4 0.2168 1.55 0.2168 
OHGrp 1 * TWFS 4 0.0239 0.35 0.0239 
OHGrp 2 * TWFS 4 0.0713 0.91 0.0713 
OHGrp 3 * TWFS 4 -0.0166 -0.17 -0.0166 
OHGrp 4 * TWFS 4 -0.0699 -0.70 -0.0699 

 

Random Effect Variance Component Per Cent of Total 
Gauge Location 0.039 4.42 
Residual 0.843 95.58 

 
Summary Statistic Value 

R-Squared 0.4414 
Adjusted R-Squared 0.4369 
Root Mean Square Error 0.9183 
Observations  7766 

 

Given this alternative model, the estimated rainfall enhancement due to operation of 
the Atlant system was then calculated using the same methodology as described in 
section 6.2.1. These estimates are set out in Table C2, and can be compared with 
those shown in Table 7. 



 
   

 

 57 

 
Unknown
Field Code Changed

Unknown
Field Code Changed
Unknown
Field Code Changed

Table C2 The estimated contribution of the Atlant system to rainfall in the 
trial area based on the alternative model. 

Scope 
(No. of Gauge-Days 

with Rainfall) 

Total 
Observed 
Rainfall 

(mm) 

Total 
Latent 

Rainfall 
(mm) 

Total Atlant 
Attribution 

(mm) 
Attribution % 

Standard Error 
on Attribution 

% 

All 
(7766) 24553 22530 2023 9.0 1.0 

60° Downwind Arc 
(2673) 9237 7803 1435 18.4 1.4 

120° Downwind Arc 
(4816) 16576 14253 2323 16.3 1.0 

Cross/Upwind 
(2950) 7976 8276 -300 -3.6 1.6 

 

Since the data requirements of the two models are different, the gauge-days 
contributing to Table C2 above are not the same as those contributing to Table 7. In 
Table C3 we therefore show the results for the alternative model on the basis of the 
same gauge-days used in Table 7. 

Table C3 The estimated contribution of the Atlant system to rainfall in the trial 
area based on the alternative model and using the same gauge-days 
as in Table 7. 

Scope 
(No. of Gauge-Days 

with Rainfall) 

Total 
Observed 
Rainfall 

(mm) 

Total 
Latent 

Rainfall 
(mm) 

Total Atlant 
Attribution 

(mm) 
Attribution % 

Standard Error 
on Attribution 

% 

All 
(7138) 22008 19996 2013 10.1 1.0 

60° Downwind Arc 
(2472) 8003 6743 1260 18.7 1.6 

120° Downwind Arc 
(4458) 14792 12601 2192 17.4 1.0 

Cross/Upwind 
(2680) 7216 7395 -179 -2.4 1.8 

 

Both Table C2 and Table C3 show small, and marginally insignificant, reductions in 
rainfall when gauges are crosswind or upwind of Atlant under this alternative model. 
In contrast, rainfall enhancement downwind of Atlant under this model is somewhat 
larger than that estimated under the model underpinning Table 7. The overall 
estimated enhancement of 10.1 per cent in Table C3 is almost the same as the overall 
enhancement of 10.3 per cent estimated in Table 7. That is, the conclusions that can 
be drawn about the impact of Atlant on rainfall over the trial period under both 
models are essentially the same, even though the alternative model can be considered 
to be based on a more conservative specification for the way Atlant contributes to 
enhanced rainfall. 

 



 
   

 

 58 

 
Unknown
Field Code Changed

Unknown
Field Code Changed
Unknown
Field Code Changed

Appendix D  Transformation Bias Correction 

Let  denote the observed rainfall at a gauge on a given day. We start with the 
multiplicative decomposition 

  (D1) 

where  and  are positive-valued random variables that represent the 
contributions from Atlant and non-Atlant sources respectively to observed rainfall, 
with  and  denoting the corresponding log scale contributions, and  is 
an independent positive-valued random variable with expectation equal to one. We 
can equivalently represent this model as linear on the log scale, i.e. 

  (D2) 

where . We then fit a linear model, e.g. (5), using a mix of Atlant and 

non-Atlant related covariates to log rainfall in order to obtain predicted values  

and  for  and  in (2) corresponding to the Atlant and non-Atlant 
components of this log scale fit. 

Note that there are two somewhat separate issues that need to be dealt with in this 
process. The first is that , which means that the naive   'back-

transformed' predictions  and  need to be 

corrected for bias. This issue is discussed below. The second is that  and 
 are not individually identifiable under an overall linear model fit to (D2). 

Consequently, we impose the restriction that , which can be 
accomplished by mean correcting the Atlant component of the linear fit. This 
restriction is not equivalent to setting . 

In order to deal with the back transformation bias issue, we note that the naive fitted 
value for log rainfall can be decomposed into corresponding naive predicted Atlant 
and non-Atlant contributions as follows: 

 . (D3) 

This naive estimated value of  is biased low, so we correct this bias using the 
smearing adjustment (Duan, 1983) 

  

where 

 . (D4) 
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This adjusted estimated value of  can then be decomposed into corresponding 
adjusted Atlant and non-Atlant contributions by writing 

   (D5) 

where ,  and . Since there is no obvious way of defining 
these component adjustments, we adopt a pragmatic approach, setting , 

, where  is a suitably chosen positive constant. Noting that , 
where  is known, it follows that we must have , and solving 
for  we then obtain 

  

or equivalently 

 kAE = 1+
(1+ m)2 + 4rm − (1+ m)

2m
. (D6) 

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

 kAE = 1+ r = k . (D7) 

Other choices are m = 0 , in which case kAE = k , and m = ∞ , in which case kAE = 1 . 
Given that the relative sizes of kAE  and kOE  should reflect the relative difference in 
the variances of ALEi  and OLEi , we suggest defining m as 

 
 
m =

Var(OLEi
!)

Var(ALEi
!)

. (D8) 

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

!)  then kAE ≈ 1 . That is, 
there is virtually no transformation bias adjustment for the estimated Atlant 
contributions, while if the reverse holds then virtually all the transformation bias 
adjustment k for fitted values of Rain is concentrated in the estimated Atlant 
contributions. 

 


