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Wagerup Winter 2006 Intensive Air Quality 
Investigations: Preliminary LIDAR Report

Background

The Department of Environment and Conservation (DEC) has been working with the communities of 
Wagerup, Hamel, Yarloop, Waroona and Cookernup to address air quality concerns. DEC�s Air Quality 
Management Branch has undertaken air quality investigations in the vicinity of the Alcoa Wagerup 
alumina re�nery over the past �ve years.

In its assessment of Alcoa�s proposed expansion of the Wagerup re�nery, the Environmental Protection 
Authority (EPA) highlighted that previous investigations have indicated that short-term elevated 
ground level concentrations may occur in the area under certain meteorological conditions. This 
appears to be the case during winter months to the south and south-west of the re�nery. Whilst not 
considered to present a health risk to the general community, based on medical advice provided to it, 
the EPA concluded that such periodic short-term ground level concentration may contribute to health 
symptoms in individuals with sensitivities to chemicals.  

The Minister for Environment approved the Alcoa Wagerup expansion proposal in September 2006 
subject to strict environmental conditions. These conditions require Alcoa to undertake further studies 
of the local meteorology and to verify that the computer modelling used in Alcoa�s Environmental 
Review and Management Program (ERMP) submission for the proposal can accurately predict ground 
level concentrations of re�nery air emissions. To gain approval, Alcoa will need to demonstrate to the 
satisfaction of DEC that the expanded re�nery will not increase environmental impacts in the region. 
The expansion project cannot proceed until DEC has issued a Works Approval.

In addition to the conditions on Alcoa, the government committed $1.2 million for DEC to undertake 
further air quality studies in the Wagerup area. This DEC work includes:
 

� getting detailed information on the local meteorology, including the complex wind patterns 
over the Wagerup region;

� building a detailed knowledge of the movement and dispersion of re�nery plumes under 
various meteorological conditions;

� assessing a CSIRO computer-based air dispersion model used by Alcoa in their Wagerup III 
ERMP predictions. This review is being undertaken with assistance from CSIRO specialists; and

� determining the chemical composition of re�nery emissions.

DEC is working independently of Alcoa, and is assessing Alcoa�s information to determine the validity 
of the data and any conclusions Alcoa present in their Works Approval application.

DEC and Alcoa share data to assist each organisation in developing its understanding of Wagerup 
events.

DEC is committed to a transparent and open environmental management process. There is regular 
communication with the local community through the Wagerup Tripartite Group and direct 
communication with stakeholders and residents on the progress of the Winter 2006 program data 
analysis.
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The Winter 2006 Intensive Field Study

Last winter, DEC used specialist instruments and systematic �eld observations between August 
and December. These �eld experiments included the following equipment:

1. A Doppler Lidar system (laser radar) to monitor the three-dimensional wind �elds and to 
observe the movement and dispersion of re�nery plumes over the region. Lidar stands for 
�Light Detection and Ranging�.

    

Reýnery

Residue
drying area

Darling
Scarp

Yarloop

LIDAR

The Arizona State University 
Doppler Lidar installation was 
positioned approximately 1.5 km 
west of Alcoa�s 100 metre stack.

A Plan Position Indicator  (map 
mode) scan taken at 2.5 degrees 
at 05:53 am on 24 August 2006.
Note the turquoise plumes 
coming from the re�nery and 
drifting south-west towards the 
Lidar. 
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2. A Proton Transfer Reaction Mass Spectrometer (PTRMS) was installed in Yarloop to monitor 
volatile organic compounds in the ambient air. 

3. A Flux tower was installed, approximately 1km south of Alcoa�s 100 metre stack at the Boundary 
Road site to monitor atmospheric stability. 

A DEC of�cer checks the data being collected 
by the PTRMS in its monitoring hut in 
Yarloop.

The CSIRO Flux Tower at the Boundary 
Road site.  
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An acoustic sounder (SODAR � or Sonic Radar) was installed at the Boundary Road site 
to measure the vertical wind structure over the site. 

4. An Air Quality Monitoring Station in Yarloop monitored meteorological data, trace gases and 
�ne particles.

The SODAR installation at the 
Boundary Road site.

The Air Quality Monitoring Station 
(AQMS) in its caravan next to the 
PTRMS shed in Yarloop.
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5. DEC staff were deployed in the �eld for Intensive Observation Periods (IOPs) to assess odours 
from the re�nery and take canister samples. Canister samples were often taken simultaneously 
in pairs both upwind and downwind of the re�nery.

6. A community canister sampling program was also undertaken and included logbooks to record 
observations on perceived air quality events. The results were released in November 2006.

A SilcoCan canister and logbook were used 
by interested community members. 
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Processing and interpretation of collected data

The large volume of information collected during last winter is still being  analysed by specialists from 
DEC, CSIRO, Arizona State University, the Chemistry Centre of Western Australia and the University 
of Western Australia. The overall investigation and follow-up studies are expected to take up to three 
years and the ongoing investigation should be considered as work in progress. Signi�cant results will 
be communicated to stakeholders including community at the earliest possible opportunity. 

Key �ndings of the Arizona State University Interim Report

An interim report on the Lidar study has been submitted to DEC by Arizona State University (ASU) 
researchers. The report was then peer reviewed and validated by the US National Oceanic and 
Atmospheric Administration (NOAA). The key �ndings and preliminary conclusions of the ASU Interim 
Report are presented below. The complete analysis of all the 2006 Lidar data by ASU staff is expected 
by September 2007. 

1. The Lidar detected the presence of persistent, low-level (i.e. low height) re�nery plumes occurring 
under stable atmospheric conditions, mainly occurring at night time or early morning, especially 
during winter.  These plumes have been observed by the Lidar to extend over distances of 3 to 
5 km from the re�nery and to remain for up to 18 hours. Due to physical obstructions (such as 
trees), the Lidar was unable to scan down to ground level and could not determine whether these 
plumes were descending to the ground. This issue will be further examined this winter. Although 
the downward movement of elevated plumes to the ground is generally limited under stable 
atmospheric conditions, both the ASU and NOAA highlighted the possibility that meteorological 
conditions in the Wagerup region could bring plumes down to the ground level.

The signi�cance and implications of these observations are currently being assessed. Data from 
monitoring stations and community samples are being cross-checked with Lidar data to assess 
what plume concentrations were likely to be present at ground level at the corresponding times.  
Additionally, the CSIRO computer model is being tested with new meteorological data gathered 
during the 2006 study and against ground level concentrations determined by sampling, to 
see whether it accurately predicts ground level concentrations of re�nery emissions under the 
identi�ed conditions.

2. The Lidar also detected numerous dust emissions from the Residue Drying Areas (RDAs). Although 
these emissions were mainly short-lived puffs, several plumes up to two kilometres long and 
persisting for up to half an hour were observed. Prevailing winds during these events were 
northerly and varied from two to six metres per second.

3. The appearance of plume propagation events at a low height appears to correlate with the 
prevailing wind direction, particularly north-north-easterlies and south-south-easterlies.

4. A ground level temperature inversion is apparent in all cases of low level plume propagation. An 
inversion occurs when a band of cold air combines with natural barriers such as the ocean and 
escarpment to prevent the normal movement of air upwards. This effectively traps and circulates 
air that would otherwise have dispersed. 

5. Wind speed does not appear to affect whether plumes stay on the lower levels.

6. Low level events are primarily nocturnal and can occur any time from the early evening to the late 
morning.  The conclusion is that the stability of the atmosphere plays a critical role in conditions 
leading to downwind exposures.
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7. Low level (height) events detected by the lowest usable Lidar scanning plane, can occur for 
extended periods and do not necessarily appear to be highly transient.

Lidar observations are valuable because they allow for the differentiation of various emission sources 
from within the re�nery and the tracking of those plumes. Furthermore, the three-dimensional mapping 
of winds and plumes by the Lidar are proving valuable in understanding of the complex wind patterns 
caused by the escarpment.   It is apparent that wind rotors form near the escarpment due to local 
conditions and they have the potential to bring plumes to ground level. Computer modelling may not 
have previously captured this effect and will be the subject of further investigations.

Where to from here?

DEC will continue to build on knowledge gained to date with more �eld studies and sampling over the 
next few years. The direction and nature of these studies will be guided by the insights gained from 
the winter 2006 study.

DEC is currently investigating the acquisition of advanced instrumentation for the vertical pro�ling 
of atmospheric temperature and winds. The aim is to test this instrumentation in �eld trials in late 
2007, possibly coinciding with another Lidar study, and have it fully operational for another intensive 
monitoring campaign planned for the 2008 winter. Negotiations are progressing to have at least 
one Doppler Lidar system available for further study of the plumes and wind �elds, probably starting 
in August 2007. The possibility of simultaneously having a second Lidar available is also being 
examined.

Dust samples are currently being collected in the �eld by a high volume air sampler for:
� determination of average dust concentrations over the sampling period;
� analysis of dust chemistry, i.e. to �nd out what is actually in the dust; and
� in-vitro cell culture tests to examine the effect of such dust on the exposed surfaces of the 

human respiratory system � nose, throat, lungs, etc.

Additional sites are being identi�ed for dust collection and examination as well as real time dust 
level monitoring by a separate instrument known as a TEOM (or Tapered Element Oscillating 
Microbalance).

The Proton Transfer Reaction Mass Spectrometer (PTRMS) is an extremely sensitive and advanced 
instrument for monitoring volatile organic compounds in ambient air. It is currently undergoing 
extensive bench tests at the Chemistry Centre of Western Australia in preparation for its return to 
Yarloop. It is planned to keep the PRTMS in Yarloop for 18 months to cover two winter periods and 
will be operated by DEC and Chemistry Centre staff as well as a postgraduate student from the 
University of Western Australia. An air quality monitoring station will also be co-located with the 
PTRMS at Yarloop to measure meteorological conditions and the trace gases: NOx (nitrogen oxides); 
CO (carbon monoxide); and CO2 (carbon dioxide). The monitoring of trace gases assists in identifying 
potential sources of air contaminants seen by the PTRMS. An additional air quality monitoring station 
is planned for Cookernup.

DEC will continue to work with both national and international researchers including CSIRO, ASU and 
the US National Atmospheric and Oceanic Administration.
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Meteorological Mechanisms and Pathways of Pollution Exposure:
Coherent Doppler Lidar Deployment in Wagerup

Progress Report
  March 2007

Background:

During the course of the 2006 Wagerup Alcoa alumina re�nery observational project, the dispersion 
behavior of re�nery emissions was monitored.   The ASU lidar was capable of tracking emissions 
from a variety of sources including tall stacks, near-ground releases, and RDA emissions.  The results 
presented below utilize a combination of measurements taken with remote and in-situ instruments.  
The purpose of this document is to summarize the current state of data analysis for the Wagerup �eld 
experiment with a focus on results provided by the ASU lidar, and to assess previous and developing 
scienti�c hypotheses for the mechanisms and pathways for downwind pollution exposures.  
 
Findings:  

1)  Low-level, long distance, downwind re�nery emission transport occurred during the measurement 
campaign.  Some of these events were of suf�cient distance to impact small townships to the south 
and north, given the caveats listed in �Recommended Actions� below.  Generally, we de�ne low-
level, long distance transport by the presence of a distinct aerosol plume originating at the re�nery 
and moving a horizontal distance of more than 2 km when viewed by the ASU coherent Doppler lidar 
scanning at the lowest elevation angles possible given ground clutter (1.5o or 2.5o, typically).  At an 
elevation angle of 1.5o and 2.5o, the vertical height corresponding to a horizontal distance of 1km 
from the lidar are 26 and 44 m, respectively.  

Notable low-level plume propagation events were documented as follows.   A sample of �gures 
providing evidence for the observations below is provided in the �nal section of the document.

a.   July 13th and July 14th, 2006 � The duration was approximately 15 hours with a maximum 
aerosol plume propagation distance of 4 km to the south of the re�nery occurring in the 3:00 
a.m. hour the morning of the 14th. During this period, winds ranged from 4 m/s to 6 m/s and 
were predominantly from the north by northeast at lower elevations (< 200 m).  Morning 
soundings show a ground level inversion layer in the area.

b.  July 17th and 18th , 2006 � The duration of this event was under 3 hours and had a maximum 
plume propagation distance of 3 km to the south by southwest at 9:00 am on the 18th. 
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The wind speed was 6 m/s and the wind was from the north by northwest. A ground level 
temperature inversion existed to approximately 289 m above ground level according to the 
7:00 radiosonde data (see Figure 1).

c.   The morning of July 20th, 2006 � From 7:30 to near 12:00 noon, a plume was detected on 
low-level PPI�s advecting to the south, and the maximum plume propagation distance, as 
measured by the lidar, was 4 km. The wind was from the north at 8 m/s on the 2.5 degree 
level.  A ground level inversion existed to 186 m above ground level (see Figure 1).

d.  July 21st, 2006 � A short-lived low-level propagation event occurred just after midnight local 
time, with only an hour of total duration. In this case, the plume propagation distance was 3 
km to the north. Winds were from the south by southeast at 4 m/s.  A ground level inversion 
existed to 147 m above ground level.

e.  July 30th and 31st, 2006 � The duration of this event was 18 hours, demonstrating that the 
re�nery plumes can remain detectable downwind at relatively low elevations for long periods.  
The maximum plume propagation distance was 4 km to the southwest occurring at 6:00 am 
on the 31st. The wind was from the northeast at 8 m/s. A surface level temperature inversion 
exists to 340 m above ground level (see Figure 1).

f.    August 5, 2006 � The duration of this event was 6 hours with a maximum plume propagation 
distance of over 5 km to the south by southwest.  Beginning at approximately 17:50 local 
time, the plume elongates toward the southwest to a length of 3 km. The plume lengthens at 
approximately 19:35 to 5 km with a consistent width of about 500 m.  At 19:55 the plume 
swept to the south and passed directly over the PTRMS with a length of 5.5 km. The 
plume remained over the location of the PTRMS in Yarloop until 21:30.  By 22:00 the 
plume shortened to 3.5 km still moving in the same direction.  At 22:35, the plume 
elongated to 4.5 km and swept to a path directly south toward Yarloop.  See Figures 
2 & 3.  The plume began to shorten progressively between 23:00 and 24:00 until it was no 
longer visible in the lidar backscatter data.  No sounding data exists for this case.  Note that in 
the left of Figure 2, the radial velocity plot shows momentum wakes associated with buildings 
and obstructions from the main re�nery area near the multi-�ue.    

	
g.  August 14th, 2006 � During 07:00-09:00, a plume originating near the multi�ue stack extends 

southerly at the 2.5 degree elevation for 3.5 - 5 km downstream.  A peak length of 4 km 
existed brie�y at 08:16.  Most of the plume was visible at the 2.5 degree elevation with 
signi�cant aerosol at 4.5 degrees.  The plume dissipated slowly by 10:30.  Associated winds 
were steady at 10 m/s and westerly at upper heights and northerly at lower elevations.  A 
shear layer persists during the morning at 300 m.  The morning radiosonde shows a small 
inversion from 13.45C to 14.25C (0.8 degrees) at 121 m.  See Figures 4-6.  

h.   September 14th, 2006 � In the early evening (18:30-20:40), industrial plumes advected at 
low elevations toward the north, over the town of Hamel.  Low-level winds just west of the 
escarpment line were from the south, while upper level winds were easterly.  A region of 
directional shear connecting these two wind directions was strongest at approximately 140 m.  
The plume was present on 1.5 and at 2.5 degrees of elevation, but little aerosol backscatter 
was measured at 4.5 degrees.   This event is signi�cant because it demonstrates that the 
majority of the plume appears to be trapped on the lowest levels measurable by the lidar.  
The plume reached a maximum length of 4.5-5 km at 19:30, and began moving northwest 
by 20:50.  After 20:50, the upper and lower level winds appear less decoupled, and a small 
westerly recirculation developed near the re�nery due to the interaction of the escarpment 
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and the easterly winds on top of the escarpment.  Consequently, the pollution dispersion 
pattern shifts to an east-west pattern, and emissions spread up to 2 km to the east and west. 
Presumably, the variety of heights of the releases, and the fact that the top of the tallest stacks 
were located near the W/E shear layer are signi�cant factors.  See Figures 7-12.  

i.     July 29th, 2006 � In addition to plumes mainly detectable on the lowest elevation levels, 
on this day, plumes were detectable primarily at the 4.5 and 6.5 degree elevations.  Lower 
winds were northerly and light at 1 - 3 m/s, while upper winds were from the northwest at

 10 m/s.  Plumes were detectable between approximately 8:00 and 10:30 a.m.  During this 
period on this day, the dew point and temperature were very close, as measured in nearby 
Harvey.  Some precipitation occurred at times during the day at Harvey.  The 4 km plume 
advected to the southwest, and appeared to merge nearly with the lower cloud levels.  The 
proximity and apparent enhancement of the plume at this height is consistent with the 
possibility of condensation on the plume particulates, suggesting cloud seeding, and rain-out 
as a potential pollution pathway.  See Figures 13A & B.

2) The lidar detected numerous aerosol emissions from the RDA �elds.   For examples, see 
Figures 14-17.  In general, mainly small short-lived puffs of aerosols were determined to be emitted 
from the RDA �elds. Though a particular series of larger and longer lived aerosol plumes were found 
to be coming from the RDA �elds on the evening of August 5, 2006. The series consisted of 4 distinct 
plumes with point sources emanating from separate locations on the south eastern side 
region of the RDA �elds. The longest of the plumes had a length of about 2 km. The longest in 
duration was just over half of an hour. The emissions all took place between 16:00 and 22:30.

A list of other RDA releases (primarily intermittent puffs) is provided below.

a. 7/29 at 08:13
i. North winds, light 2-4 m/s

b. 7/30 at 13:10
i. Consistent trailing emission but brief (<20 min)
ii. Winds light ~5 m/s from the north

c. 8/13 at 08:00-08:48
i. Winds light northerlies < 3 m/s

d. 8/28 at 10:47
i. Brief emission
ii. Northwesterly winds 6 m/s

e. 8/29 at 10;20-10:30
i. Brief emission
ii. North northeasterly winds, light 2-4 m/s

Preliminary conclusions

1)  Low-level plume propagation events appear to be correlated with the wind direction.  In particular, 
winds from either the North/Northeast or the South/Southeast seem to be associated with low level 
propagation events.  When winds shifted more directly from the east or west, re�nery plumes were 
not visible as far downstream, if at all.  Because of the correlation with wind direction, it appears likely 
that the escarpment plays a role in creating conditions appropriate for low-level plume propagation.  
Conversely, however, the escarpment may also help destroy conditions appropriate for low-level 
plume propagation, if the winds blow more directly either from the west to east or the reverse.  For 
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example, in event 1.h. above, longer range low-level propagation of the plume was suppressed when 
an escarpment-induced �ow reversal appeared.

2)  The existence of a ground level temperature inversion is apparent in all cases of the low level plume 
propagation. This inversion creates a stable condition that inhibits the vertical motion of the aerosol 
plume. The morning breakup of this inversion layer can also explain why the low level plumes no longer 
appear in lidar data in late morning even though prevailing wind conditions have not changed.

3) Wind speed does not appear to affect whether plumes stay on the lower levels.  However, it may 
affect length if other factors allow low level propagation to occur. 

4)  Low level events are primarily nocturnal, i.e., they can occur any time from the early evening to 
the late morning.  Therefore, we conclude that the stability pro�le of the atmosphere plays a critical 
role in the conditions leading to downwind exposures.  Isolated, low-level events, as de�ned by what 
was detectable with the ASU lidar, occurred both in the early evening and in the middle of the night, 
without any connection to the breakup of the nocturnal boundary layer in the morning.  

5)  Low level events, at least as we de�ne them using the lowest uncluttered lidar plane, can occur for 
extended periods and do not appear to be necessarily highly transient. The longer events indicated 
plumes stayed on low levels for up to 15 hours, at distances of 3 � 5.5 kilometers downstream.  It is 
not the case that aerosols exist downstream on the 2.5 or 1.5 degree planes only during the morning 
mixing.  

6)  While the plumes detected by the lidar were relatively stable, they did undulate slowly horizontally 
in time.  In event 1.f. above, an approximately 500 m wide plume of aerosols passed back and forth 
over Yarloop on the 2.5 degree lidar scans. 
 
7)  Atmospheric pressure appears to not be signi�cantly correlated with low level events.  However, 
the correlation with dew point is inconclusive at this time.   

8)  Periods in which no signi�cant low-level plume propagation occurred were characterized by either 
by an unfavorable wind direction or by instability near the ground (based on temperature pro�les).  
In the presence of an unstable convective boundary layer, the emission plumes would be expected to 
propagate vertically and thus not be seen by low level measurements.  Unfavorable wind conditions, 
such as winds from the east or west, may be associated with an unusually mixed lower 300 meters in 
the vicinity of the escarpment, potentially destroying the low level stability required to cap the plume 
and to restrain it to lower levels.

Continuing analysis

1)  Conclusions above will be more thoroughly tested as more data from Wagerup 2006 is studied.

2)  Flux tower data must be analyzed to obtain Richardson numbers and other ways to evaluate the 
relative level of mixing in the lower layers of the boundary layer.  

3)  Each of the candidate mechanisms in the proposal �Meteorological Mechanisms and Pathways 
of Pollution Exposure:  Coherent Doppler Lidar in Wagerup� will be evaluated against the data.  At 
this point, it is clear that several previously suspected mechanisms such as recirculation from the 
escarpment, or the morning mixing of the nocturnal boundary layer are not well corroborated 
with the data, providing that one accepts the premise that low-level events sensed by the lidar are 
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well correlated with ground levels.   Checking this premise may require additional �eld work, see 
�Recommended Actions� below.

4)  The PTRMS data will be used to check for the presence of the plume on the ground and to check 
for correlation with the low-level plumes overhead that are measured with the lidar.  It has not always 
been clear how to distinguish whether the backscatter created on a given lidar scan (say, a 2.5 degree 
PPI) was created by elevated or ground level releases from similar horizontal GPS locations.  That is, 
near the multi-�ue, there are also many ground-level releases.  The PTRMS data may allow one to 
differentiate between the two types of sources through their different constituents, which is not 
possible to do with the coherent Doppler lidar. 

Recommended actions

1)  The link between lidar-sensed, low-level plume events and plume strikes on the ground needs to be 
more exhaustively explored.   The expectation that the two are well correlated may not be universally 
true.  For example, in highly stably strati�ed scenarios, decoupled layers of air may �ow in different 
directions even relatively close to the ground.   However, a set of conditions which may be of particular 
relevance for surrounding townships would be a colder but somewhat mixed layer of air near the 
ground with a thickness of 100-150 meters, capped by a layer of warmer air above.   A source of 
mixing in the lower cold layer, for example, a directional shear induced by winds interacting with 
the escarpment, may allow emissions released in the lowest 150 m to disperse downwards.  In this 
case, the lidar-sensed plume would most likely be a useful indicator of possible downstrikes.  Several 
strategies for investigating the link would be a second �eld study with lidar deployments, �ux tower, 
and:

a.  in situ particulate pro�les made with a tethersonde and an aerosol sensor (note,   
 however, that tethersondes only operate well in low wind conditions, and can   
 therefore only be relevant for a subset of the cases of interest),

b.  a spatially denser network of in situ measurements both of particulates and chemical  
 constituents,

c.  investigation of the plume by UAV mounted sensors if technology is available.
 

2)  Evidence from Wagerup 2006 suggests that temperature pro�les are a controlling factor in plume 
dispersal near the re�nery and downwind to the townships.  This has been apparent because near 
ground stability is present in all the cases in which low-level plume propagation events took place.  
Radiosonde launches only in the morning completely missed appropriately capturing the associated 
stability pro�les for entire low-level plume events, some of which occurred in the early evening and 
disappeared before midnight.  The assumption that these events occur primarily in the morning is 
incorrect, if the link discussed in 1) above is valid.  Therefore, continuous temperature pro�ling is 
required.     An example of an appropriate instrument is sodar/RASS or a microwave temperature 
pro�ler.  

3)  Two months of data from Wagerup 2006 has begun to yield an initial hypothesis which could lead 
to guidelines for Alcoa for when conditions are likely to produce unsuitable downwind conditions.  
This hypothesis currently suggests that stability and wind direction are the key variables, and further, 
that wind direction should be roughly oriented along the north-south line at least in the lower section 
of the velocity pro�le, and that an inversion exists below 150 � 200 m.  With warmer air capping 
the lower cold layer, dispersion may become con�ned to the lower layer of air.  Therefore, one may 
imagine a heuristic based on input from a standard sodar/RASS:
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Low-level plume propagation events may occur if both of the following are satis�ed:
A)  a light to medium inversion exists in the lowest 150 -200 m of the atmosphere, and
B)  winds in the lower layer are not more than 30 degrees off of the north-south line.
It may be possible through a second �eld experiment to create stricter and more predictive 
additional criteria (*), for example:
*C)  the (bulk, local ?) Richardson number based on a ground tower should be in the range xx 
� xx, so that the mechanical mixing in the lower layer meets a minimal value with respect to the 
stabilizing buoyancy forces (i.e., specifying that the lower layer has not decoupled into a set of 
independent layers).  

4)   In order to corroborate and further explore aspects of the atmospheric dynamics that are not 
possible to measure, a detailed modeling study should be completed.  The model should have high 
spatial and temporal resolution to properly characterize both the topography and temporal variations 
of the plumes.  Numerical models capable of resolutions near the meter-scale have been developed 
and could be utilized for the suggested study.  Directional shears in the wind caused by the interaction 
of winds with the escarpment may require high vertical resolution to resolve, and the mixing in the 
lower layer caused by this shear is likely crucial for understanding dispersion in this layer.  The surface-
energy budget scheme in the numerical model will be important for capturing the development 
of expected inversions.   The model should be capable of capturing small katabatic �ows off the 
escarpment, as these may help create the cold layer near the re�nery.  

Secondly, four-dimensional variational data assimilation (4DVAR) ingesting lidar data could be utilized 
to study point releases at various heights, speci�cally, at the 100 m height and at ground level.  Real lidar 
data from Wagerup could be used with hypothetical release heights to test the Alcoa suggestion that 
elevating ground level releases while increasing elevated releases would result in reduced downwind 
ground levels.  This data-driven numerical test of their hypothesis could be applied also to Wagerup 
2006 data and would be one of the highest �delity methods known to the authors to test their 
hypothesis, short of building the facility.
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Figure 1.  Radiosonde virtual potential temperature pro�les for July 18th, 20th, and 31st for releases at
7:00 a.m. 

PTRMS
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Figure 2.  Wind radial velocity (left) and backscatter (right) for August 5, 2006 at approximately 20:00 
local time. Scale is 8 km x 8 km. Radial velocity has maximum velocity of 4 m/s in dark blue and dark 
red. In right plot, roads and PTRMS are shown in yellow.  Aerosol backscatter shows plant emissions 
moving directly over the Yarloop and PTRMS sensor. 
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Figure 3.  Aerosol backscatter at 21:00 local time on August 5, 2006 showing emissions from the 
southwest corner RDA �eld (circled in red) and from re�nery area.

 15



 Wagerup Winter 2006 Intensive Air Quality Investigations: Preliminary LIDAR Report

Figure 4.  Low-level plume event on August 14th, 2006 as shown on a PPI scan at 2.5°.

Figure 5.   PPI plot at 4.5° elevation showing aerosol emissions from the multi-�ue area at 08:15 
on the 14th of August, 2006.  Notice the concentric �ring� of aerosol returns at the 3.4 km range 
representing a layer of high-backscatter air (~ 270 m agl).  These returns may be a result of low-level 
clouds or mist at approximately the height of the escarpment.   
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Figure 6.  PPI scan at 2.5° elevation of the associated velocity �eld for the plume event of 14 August, 
2006.  Winds were primarily from the north at low elevations and changing to westerlies at higher 
altitudes.

Figure 7.  PPI scan of aerosol backscatter taken at 1.5° elevation for the plume event of 14 September, 
2006.  Signi�cant emission above the multi �ue area is detected and extends up to 5 km northward 
in the direction of the town of Hamel.
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Figure 8.  PPI scan of aerosol backscatter taken at 2.5° elevation for the plume event of 14 September, 
2006.   Notice extend of plume is more limited on this higher level compared to that shown in
Figure 7.

Figure 9.  PPI scan of aerosol backscatter taken at 4.5° elevation for the plume event of 14 September, 
2006.  Notice extend of plume is almost not visible on this level � compare with Figures 7 and 8.
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