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ABSTRACT 

A fie 1d program study was conducted to determine the transport, 

dispersion, and transformation of sulphur and nitrogen oxides emitted from oil 

sands extraction p1ants in the Fort McMurray area. Measurements using the 

Intera/Alberta Research Council research aircraft were made under cold winter 

conditions during the months of March and December 1983 and warm summer 

conditions during June 1984. 

Sulphur dioxide emissions were detected as far as 90 km downwind from 

the source stack. Compari sons between the observed hori zonta1 dispersion 

parameters and those of the Pas qui 11-Gifford stability classes show their 

rates of change with distance were ~imilur, although observed values were 

slightly higher than predicted ones. 

The rate of transformation of so2 to SO~ was determined to be 0% 

to 2.81% h-l in the winter and 0% to 8.66% h- in the summer. Higher 

summer va1ues are attributed to greater solar i rradi ance. Excess aerosol 

volume productions suggest that heterogeneous conversion may be appreci ab1e 

under certain meteorological conditions and close to the emission source. 

The conversion rate of NO to N02 varied considerably, hour to 

hour. Its range changed from 0.2% to 21.4% min-l The rate was positively 

correlated with turbulent mixing. The chemical reaction is controlled by the 

concentration of ozone entrained from the environment into the plume by 

turbulence. 

During cola winter conditions (below -25°C), ice crystals nucleated 

in the gaseous plume, grew to precipitation size. They were observed falling 

out of tt1e plume to the earth's surface. This snow-out phenomenon was present 

only in the emission plume within about 10 km of the stack. 
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1. INTRODUCTION 

As many as 23 different sulphur compounds have been 
identified in the troposphere with sulphur dioxide and particulate 
sulphates constituting the most abundant sulphur species. 

Sulphur is emitted into the atmosphere by non-biogenic ;4 
biogenic and anthropogenic sources. Biogenic sources contribute 
primarily reduced sulphur species such as hydrogen sulphide. 
Anthropogenic sources emit mainly sulphur dioxide. Non-biogenic 
sources such as sea sprays and volcanoes contribute some sulphate 
and sulphur dioxide, but their contributions are small, perhaps one 
to two percent of the global sulphur budget. Anthropogenic sources 
represent 30 to 45 percent of the total sulphur budget (Cullis and 
Hirschler 1980; Moller 1984a,b; Friend 1973; Granat et al. 
1976). Stationary sources such as power plants account for about 99 
percent of this (U. S. Environment Protection Agency 1979). 

Sulphur dioxide may be deposited close to the source or 
transported hundreds of kilometers depending upon the 

characteristics of the source and meteorological conditions. During 

transport it may undergo a variety of homogeneous (gas with gas) and 
heterogeneous (gas with particle) reactions and be converted to 
particulate sulphates (Calvert et al. 1978; Bielke and Gravenhorst, 
1978). The rate of conversion varies from approximately 0 to 6% h-1 

in point source plumes (Hobbs et al. 1979; Forest and Newman 1977; 

Gillani et al. 1977; Whitby et al. 1978; Cantrell et al. 1978) 

and up to 10% h-1 in urban plumes (Alkezweeny and Powell 1977). 
Much of this conversion appears to proceed during the dayliqht 

hours only. 
The initial products of sulphur dioxide reactions, H2S04, 

NH4HS04, (NH4l3H(S04)2 and (NH4)2S04 are hygroscopic and may act as 
cloud condensation nuclei. By this mechanism sulphate may be 

incorporated in rainfall and deposited on the surface. In addition 
gas-phase sulphur dioxide may be "pseudochemically absorbed" by 
precipitation (Hales 1978) and sulphur dioxide in hydrometeors may 

react to form sulphate and subsequently precipitate to the ground. 

These processes describe the major pathways for wet removal of 
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atmospheric sulphur compounds; wet deposition as distinct from dry 
deposition which is the direct deposition of gaseous sulphur dioxide 

on non-hygroscopic particles. 
The aforementioned processes vary considerably in 

magnitude and relative importance, and are influenced by such 
factors as source characteristics, physical and chemical 
climatology, and topography. Because of the significant influence 
of these properties on the sulphur dioxide transport-transformation

removal mechanisms, pollutant sources of concern and interest have 
to be evaluated on a case by case basis under a variety of weather 

conditions. 
In recent years, several studies have been conducted to 

investigate the physics and chemistry of point source plumes through 
the use of instrumented aircraft (Fryer et al. 1978; Gillani 1978; 
Hegg and Hobbs 1980; Hobbs et al. 1979; Husar et al. 1978}. 
These studies have been largely confined to the rate and mechanism 
of oxidation of sulphur dioxide and particulate analysis. Recently, 
the scope has been broadened by the observation of an apparent 
increase in ozone concentration within the plume boundaries at some 
distance downwind (Lusis et al. 1978; Miller et al. 1978; Davies 
et al. 1974). Since ozone formation is intimately related to the 
chemistry of oxides of nitrogen, this has prompted renewed attention 
to the determination of their plume behaviour (Leahey et al. 1983}, 
in particular the N02/NO ratio (Hegg et al. 1977). 

In Alberta, field studies of the dispersion 
characteristics and chemical reactions of pollutants emitted by 
power plants via aircraft measurements have been performed only on a 
1 imited basis (Davison et al. 1977; Davison and Grandi a 1979; 
Lusis et al. 1978; Bottenheim 1982). The paucity of information 
on the behaviour of plumes from major Alberta sources led to the 

present study. 
In January 1983, the Alberta Research Council, jointly 

with Alberta Environment, initiated a three phase project to obtain 

aircraft measurements of stack emission characteristics in the 
Athabasca Oil Sands area. Field experiments for Phase 1 were 
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conducted during a seven-day period from 1983 March 26 to 1983 April 01 • 

Phase 2 experiments were carried out from 1!i83 December 12-20 and Phase 3 

experiments from 1984 June 06-12. 

The 	main objectives of the study were: 

1. 	 To determine the transport and dispersion of so2 and NOx 

emitted in the Alberta Oil Sanos Environmental Research 

Program ( AOSERP) a rea; 

2. 	 To determine the transformation of so to so4 , and NO to2 
N0 in the AOSERP area; and

2 
3. 	 To determine the redistribution, and rates of removal of 

pollutants from the atmosphere, by clouds and precipitation 

in the AOSERP area. 

Because of a lack of suitable clouds in the vicinity of the 

experiment area no cloud studies were conductea. Therefore, the 

objective of determining the redistribution and rates of removal of 

pollutants from the atmosphere by clouds and precipitation was not 

achieved. 

In this report, the experimental procedures, the instrumentation 

and calibrations are described in Chapter 2. General descriptions of the 

plume transport and plume dispersion are presented in Chapter 3. 

Conversion rates of sulphur dioxide to particulate sulphate are 8iven in 

Chapter 4. Transformation of nitric oxide to nitrogen dioxide is shown 

in Chapter b. Evolution of ice particles nucleated in the plume are 

discussed in Chapter 6. Summaries, conclusions ana recommendations are 

given in Chapter 7. 
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2. EXPERIMENT PROCEDURES, INSTRUMENTATION AND CALIBRATIONS 

This chapter describes the experi menta 1 procedures, the 

INTERA/ALBERTA RESEARCH COUNCIL instrumented aircraft, the air 

quality instrumentation, and calibration procedures. Measurements 

of meteorological state parameters, air motion, aircraft position, 

cloud and aerosol particles and air quality were obtained with a 

variety of airborne instruments. 

2.1 EXPERIMENTAL PROCEDURE 

In order to address the three objectives of the project, 

two different experimental procedures were used. One was specified 

for plume studies and the other for cloud studies. The objectives 

of the plume studies were to determine the plume dispersion, plume 

transport and the plume physics and chemistry. The cloud studies 

were to investigate cloud physics, cloud chemistry and pollutant 

removal mechanisms. Since no suitable clouds occurred in the_ 

vicinity of the experiment area during any of the three phases of 

the field experiment, the experiment procedures for the cloud 

studies will not be presented. 

Precipitators inside the main stacks of oil sands 

extraction plants collect most of the particles but some part i c 1 es 

and gases are emitted. The precipitator is rapped at regular 

i nterva1 s of about fifteen to twenty minutes, depending upon the 

plant operations, to allow the collected particulates to fall away. 

Most of the trapped aerosols fall as a lump or cake but some can 

break off and are carried out the stack with the exit gas. This can 

be seen as a "puff" emitted from the stack every time the 

precipitators are rapped. The puffs are visible for about one 

kilometer as they move downwind from the stack. 

Photochemical transformation of sulphur dioxide to 

sulphate aerosols is known to be only of the order of a few percent 

per hour in direct sunlight. The approach of sampling at a fixed 

distance from the source cannot pro vi de sufficient information to 

calculate conversion rates when emissions are not steady, unless a 

great number of samples are collected. The limited amount of 
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airborne sampling time would restrict the number of samples 

collected downwind from the stack. Changes in atmospheric 

conditions which may occur within a short time period can a 1 so add 

to the uncertainty of results. Following a single puff or parcel of 

air, the so-called Langrangian approach, is likely to give the best 

chance of detecting fhe very low gas-to-particle conversion rate. 

Plume depth is fundamentally controlled by mixing and 

travel time (distance from stack). Buoyancy produces mixing at 

close range and wind shear at long range. Ambient turbulence 

contributes to mixing throughout and can be indicated by the 

atmospheric instability. During every research flight an 

atmospheric sounding was taken by the research aircraft upwind of 

the oi 1 sands extraction plant which was to be studied. Estimates 

of direction of transport, plume height, and plume depth were made 

using the real time on-board display of the atmospheric sounding 

which usually terminated at about 2500 m above ground, depending on 

the atmospheric instability of the day. 

After the background sampling was completed, one or two 

passes were made orthogonal to the wind direction at the plume 

altitude over the stack to initiate ground and air reference homing 

pointers to the aircraft data system. The aircraft then flew 

perpendicular to the direction of transport and intercepted the 

same, as indicated by the homing pointer, air parcel at various 

altitudes and distances from the stack for plume cross section 

measurements. The various altitudes were necessary because a 

vertical pointer had not been developed for the study. Thus, in 

post flight analysis, the plume centreline level could be determined 

from the measurements obtained at various altitudes. The 

measurements continued downwind until the plume was no longer 

detectable or di stingui shabl e from the background concentration, or 

as long as aircraft fuel permitted. Another sounding was then made 

so that changes in atmospheric conditions could be documented. 

Aerosol and gas samples with sampling durations of 20 to 30 minutes 
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were collected during the orthogonal traverses for post flight 

1 aboratory chemica1 ana lyses. 

2.2 INTERA/ALBERTA RESEARCH COUNCIL INSTRUMENTED AIRCRAFT 

The aircraft used is a Cessna 441 Conquest: pressurized 

twin turboprop, gross weight 9900 pounds, ceiling 31000 feet, stall 

speed 90 kn, and normal cruise speed for cloud studies 150 kn (max 

cruise 292 kn). The aircraft is fully de-iced and certified for 

flying into known icing conditions. The aircraft carries full dual 
navigation and communication radios and a Bendix weather avoidance 
radar. 

Measurements of static and total pressure are made at the 
aircraft nose and belly (below the fuselage and near the center of 
gravity). Static pressure is also measured near the tail. An 
inertial navigation system (INS) is located near the center of 
gravity. The INS is a Litton LTN-76 with accessories for computing 
true air speed and horizontal winds, independent of the onboard data 
system. Air motion sensing 0,8 m ahead of the aircraft's nose is 

accomplished with a boom-mounted Rosemount 858AJ probe which 
measures total, static and two axis differential pressures. Flow 
angles (sideslip and attack) are deduced from the differential 
pressures. At the belly, a pitot-static tube is mounted beside some 
of the cloud physics instruments. 

Cloud physics instruments are located in two places: at 

the belly and on the escape door (just aft of the copilot and above 
the wing). Cloud microphysics instrumentation on the escape door 
consists of a Cambridge dew point sensor (cooled mirror type), a 
Rosemount total temperature sensor (platinum resistance wire), a 
Johnson-Williams hot wire liquid water content probe, a platinum 
wire reverse flow temperature sensor (National Center of Atmospheric 
Research, NCAR, design), an inlet for a gas and aerosol sampling 

manifold, and a cloud water collector for warm or supercooled 
clouds. Four probes from Particle Measuring Systems are located at 

the belly location. They are: 
1. ASASP - Active Scattering Aerosol Spectrometer Probe 
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(aerosols 0.1 to 3 pm), which did not function 

properly during the December 1983 field study 
(possibly because of the below -25 °C temperatures); 

2. 	 FSSP - Forward Scattering Spectrometer Probe (cloud 

droplets 0.5 to 47 ~m); 

3. 	 2D-C - Two Dimensional Optical Array Spectrometer 
Probe (ice crystals, 25 to 800 pm); and 

4. 	 2D-P - Two Dimensional Optical Array Spectrometer 
Probe (hydrometeors, 0.2 to 6.4 mm). 

Data from the i nst rumentat ion are managed by a computer 
based data system consisting of three LSI 11/23 microprocessors, 
Winchester and floppy disc storage, a streaming tape drive and CAMAC 
modular interface. The computers manage data acquisition, recording 
and real time calculations. Real time display on four video monitors 
provides information to the mission scientist, pilot and data system 
operator. Data analysis is normally performed on ground-based VAX 
11/750 and 11/780 computers, but some playback and output is 

possible with the on-board computers. 

2.3 REAL TIME CALCULATIONS AND DISPLAYS 

Calculations are made by the data system in real time and 

displayed for use by the pilot and mission scientist. The displays 
include: 

1. 	 Tabulated values of thermodynamic parameters; 
2. 	 Particle images from 2D probes; 

3. 	 Size distribution histograms from FSSP and ASASP 
probes; diagnostic information on parameters selected 
by the system operator; 

4. 	 A strip chart showing the most recent seven minutes of 

data for S02 concentration, temperature, liquid water 
content, cloud droplet concentration and ice particle 

concentration; 
~. 	 A graphical atmospheric sounding (temperature and dew 

point versus pressure); and 
6. 	 A homing pointer display. 
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Most display values are updated once per second. 
The homing pointer is an important feature that is used 

extensively for cloud and plume studies because it provides the 
relative position of the aircraft and particular ground locations or 

particular air parcels. When a homing sequence is initiated, the 
computer begins adding the direction and distance the aircraft has 
travelled and also calculates the resultant return vector to the 
same point. For ground reference points, the INS ground speed and 
true heading are used. For air reference points, the true airspeed 
and magnetic heading are used. Up to ten points of mixed types can 
be tracked simultaneously. The computer system di sp1ay allows the 
aircraft to make repeated penetrations of the same air parcel which 
is drifting with the wind. The homing pointer has been tested and 
proved to be very accurate under relatively weak shear conditions. 

2.4 AEROSOL ANO GAS SAMPLING MANIFOLD 

An aerosol and gas sampling system on the research 

aircraft is used for a variety of measurements. The system consists 

of several components as shown in Figure 1. Air flows continuously 
at approximately 370 L/min-1 through the large diameter (2 em) 

stainless steel tubing. Two sampling ports on the tubing are 
flush-mounted, and two are reverse flow type, to ensure separation 
of particles larger than approximately 3 pm diameter from the sample 
air when dichotomous sampling is desired. All valves on the 
sampling manifold are 6 mm bore stainless steel ball valves, which 
offer no restriction or particle losses. Some sample air (40 

L/min-1) enters a metal bellows pump and is pressurized to slightly 
above cabin pressure for the S02 and NOx instruments. The time 
required for air to pass through the pump and tubing is estimated at 
0.3 second, calculated from the instantaneous measurements of 

aerosol concentration, delayed sulphur dioxide measurments and 

calibration data. 
Airflow to the filter samples passed through reverse flow 

ports and tot a 1 mass flow was measured by either a Tyl an Mode1 FM 
362 flow meter, connected to the data system, or by a Sierra 
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·3~0 Lpm at 
150 Kt air speed 

Figure l. Schematic aerosol and gas sample flow diagram in the 
system used on research aircraft. 
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Instruments Model 715 which was monitored by the system operator. 

The Sierra Instrument flow meter was also connected to the data 
system during the Phase 3 field experiment. Suction for filter 
samples was provided by a venturi. 

2.5 FILTER SAMPLES OF AEROSOLS AND GASES 

Tubing and filter holders made of TFE (Teflon) were chosen 
for their chemical inertness. Each filter ho1 der contained two 
filters, and three different configurations were used: a 2.0 J.lm 
Teflon filter to collect particulate nitrate and sulphate followed 
by a 1.0 pm nylon filter to collect nitric acid; a second filter 
holder contained a cellulose filter to collect particulate sulphate 
followed by a cellulose filter. treated with triethanolamine to 
adsorb sulphur dioxide (allowing gaseous S02 : particulate S04 
ratios to be determined); and a third holder with a single 
formaldehyde treated filter to collect HS03-. Three complete series 
of filters were loaded into the nine filter holders at the airport 
so that the complete filter packs could be changed in flight without 
handling the filters. In the March 1983 field experiment, the nylon 
filter to collect nitric acid was not installed. To ensure chemical 
purity, all filters were pre-extracted with deionized, distilled 

water. 

2.6 GAS SAMPLING INSTRUMENTS 
During the March 1983 sampling period sulphur dioxide 

measurements were made whereas during December 1983 and June 1984 
both sulphur dioxide and nitrogen oxides were measured. Instruments 
were selected for compatibility with the aircraft system, 
sensitivity, and especially rapid time response. Some modifications 
were performed to enhance the time response characteristics. 

Instrument lag time and response time are critical 
parameters in the monitoring of atmospheric pollutants from an 
aircraft. A one second delay typically will result in the apparent 

displacement of the plume by 70 meters, furthermore a plume close to 

its sources may be less than 200 meters wide. 
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Air pollutant analyzers, because of inherent lags and 

response time, will not produce an exact record of a varying 

pollutant concentration. Corrections must be made to allow for 

delays in instrument response and lag times providing a more 

accurate analysis of true variations in air quality. A linear 

system should have its own unique transfer function (which is the 

response of the system to an unit impulse excitation). From this 

transfer function, the system's response to an arbitrary input can 

be determined. The development of such a transfer function usually 

involves the use of Laplace transforms. If the input function is 

denoted by Y(t) and the output function by S(t), where t=O is the 

time that the input function is applied, it has been shown that the 

system can be expressed by the governing equation (Mage and Noghrey, 

1979) : 

-J 
t 

Y(T)-~--A(t-T) dTS(t) = Y(t)A(O) (2.1) 
dT 

0 

where A(t) is the response to a unit step function, i.e., A(t) is 

the output S(t) produced when Y(t)=O for t<O and Y(t)=1 for t~O, and 

T a dummy variable used for the convolution integration. For a 

system without systematic bias, Eq.(2.1) can be simplified as: 

It 

S(t) = Y(t-T)C(T) dT (2. 2) 

0 

where 

d A(T) 
C ( T) = (2.3) 

dT 

is the transfer function of the system. The analytical solution to 

the convolution integral of Eq.(2.2) is quite involved, and a finite 
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difference numerical method may be used to approximate the solution. 

The latter was adopted to deconvolute the actual S02 and NOx 
concentrations from the instrumental data. 

2.6.1 Sulphur Dioxide 
S02 was measured with a Monitor Labs 8450 sulphur dioxide 

monitor in March 1983 but this was rep 1 aced by a faster response 
Meloy Labs SA 285E sulphur dioxide analyzer for the December 1983 
and June 1984 sampling periods. Both instruments are of the flame 
photometric type. The air sample is burned in a hydrogen flame and 
the intensity of a sulphur line emission is measured by a thermally 
stabilized photomultiplier tube. The instruments require an 
external supply of pressurized pure hydrogen gas. The electrical 
output of the photomultiplier tube is linearized to provide a signal 
proportional to sulphur dioxide concentration in the range of 0 to 
1000 ppb. The manufacturer's specifications for both instruments 
are given in Table 1. 

Sample airflow in the Meloy Labs SA 285E sulphur dioxide 
analyzer was modified to improve the time response characteristics 
for aircraft use by removing the hydrogen sulphide scrubber. The 

resulting transfer function was determined during a calibration 
period by differentiating the response to a step change in S02 
calibration gas. This function for the Meloy Labs SA 285E is shown 
in Figure 2. It represents the response of the instrument with 1 Hz 
sampling rate to a delta input of 100%. Notice that the response is 

de1ayed by three seconds and has a rise time to 95% of around 7 
seconds, so it is considerably faster than the manufacturer's 
specifications (30 to 300 seconds). This function was used to 

deconvolute the measurements taken during research flights in Phase 
1 and Phase 2. However, the correction using this function does not 

include the delay and spreading of the signal caused by the bellows 
pump and piping. Because, as shown earlier, the response of the 
pump and piping system is much faster compared to that of the 
instrument, the correction using only the transfer function of the 
instrument should account for the greatest part of the signal 
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Table 1. Gas sampling instrument specifications. 


SULPHUR DIOXIDE NITROGEN OXIDES 


Monitor Labsmake Monitor Labs Meloy Labs 

8840SA 285Emodel 8450 

range (ppb) 0 - 500 0 - 1000 0 - 10000 

0.5 1.0noise (ppb) 1.0 

1.0 1.0minimum detectable (ppb) 4.0 

zero stability 2.5 ppb 4 ppb 0.4% full 
day-1 day-1 scale day-1 

span stability 5.0 DPb 2.0% full 1.0% full 
day-1 scale day-1 scale day-1 

linearity 1% 1% 1% 

3< 5lag time (sec) < 10 

30 to 300 180rise time to 95% (sec) 45 

sample flow (mL min-1) 118 240 700 

0 - 10signal output (volts) 0 - 5 0 - 10 

250 320power (watts) 500 

vacuumauxiliary equipment regulated regulated 
pumphydrogen hydrogen 

@ 20 psi @ 45 psi 
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Figure 2. 	 Empirical transfer function for Meloy Labs SA 285E 
sulfur dioxide analyzer. Response to unit Delter 
function input at time zero. 
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spreading. In Phase 3, when the sampling rate of the instrument was 

increased to 10 Hz, another transfer function was derived in a 

manner similar to that above but the pump and piping used was taken 

into account in the correction. 

2.6.2 Nitrogen Oxides 

NO and NOx were measured with a Monitor Labs Nitrogen 
Oxides Analyzer Model 8840. It is a dual channel chemiluminescent 

type instrument. The concent rations of NO and NOx are 
simultaneously measured in two reaction chambers. Sample air is 
divided into two paths, one leading through an N02-to-NO converter 

and then to a reaction chamber, and the other going directly to a 
reaction chamber. Each portion of the sample reaches the reaction 

chambers almost simultaneously, and the difference in the two 
channels' readings is N02. The electrical output voltage is 

1inearly proportional to concentration from 0 to 10 ppm. The 
manufacturer's specifications are given in Table 1. 

The instrument was modified to enhance its time response 
characteristics for aircraft use by replacement of an orifice 
thereby increasing the sample flowrate. The transfer function was 

determined during a calibration period by differentiating the 
response to a step change in NO calibration gas. This function is 
shown in Figure 3. It represents the response of the instrument 
with 1 Hz sampling rate to a delta input of 100%. Notice that the 
response is delayed by one second and has a rise time to 95% of 
approximately 4 seconds, so it is considerably faster than the 
manufacturer's specifications (180 seconds). This function was used 
to deconvolute the measurements taken during research flights in 
Phase 1 and Phase 2. The discussion concerning the correction using 

the instrument response given in the section on the S02 analyzer 
also applies here. In Phase 3 another transfer function suitable 
for 1U Hz sampling rate and also accounted for the signal spreading 

by the pump and piping was used. 
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INSTRUMENT CALIBRATION 

The so2 and NOx analyzers were calibrated daily with a five 

point calibration. For the so2 monitor, a Monitor Labs B500 calibrator, 

carrying a permeation device traceable to a National Bureau of Standard 

(NBS) of 123 ng of so2 per minute, was used in March 1983. Three 

calibrators were used to generate standards of known concentration in 

December 1983 and June 1984. These included: (1) a Monitor Labs Model 8500 

calibrator with a permeation tube producing 123 ng of so2 per minute; and 

two calibrators bui 1t by Alberta Environment; ( 2) one producing 1540 ng 

so2 per minute; and (3) another producing 1585 ng so2 per minute. Flow 

through the calibration systems were measured with a Teledyne-Hastings Model 

HBM-1 494 bubble flow meter. All flows were corrected for temperature, 

pressure and vapour pressure effects which affected the flows by 

approximately 5%, as shown in Table 2. The Columbia Scientific Industry 

(CSI) Meloy Model SA 285E so2 analyzer was found to give stable readings 

reproducible to ~5%, as shown in Table 3. The major source of error was not 

the instrument itself, but the calibration systems which were subject to 

fluctuations in the permeation rate of so2 caused by minor temperature 

changes. The calibrators built by Alberta Environment showed less variation 

than the Monitor Labs calibrator. Little evidence of drift or changes in 

the sensitivity of the analyzer was found over the 1ifetime of the project. 

For example, on December 13, a 61 ppb standard, produced 1248 computer 

counts when the instrument was operated on the 100 ppb range and, on 

December 15, 1157 counts (7% less) were recorded for the same conditions. 

The instrument was also linear between ranges as shown in Table 4. 

The Monitor Labs Model 8840 Analyzer was calibrated using a CSI 

Model 1800 flow dilution system with an NBS traceable standard NO gas. Zero 

grade air was used in the flow dilution system. The flow dilution system 

was calibrated against the Teledyne-Hastings bubble flow meter. The 

analyzer was 1 i near over the entire NO concentration range to 1000 ppb, and 

no change in sensitivity was found during the field program (see Tables 5, 6, 
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Table 2. 	 Calibration of flow in the monitor labs S02 calibrator. 
1983 December 16. Flows corrected at 25°C at a pressure 
of 760 mm of mercury and for water vapour pressure. 

Rotameter Volume Time Flow Correctey Flow 
Setting (mL) (minutes) (mL min-1) (mL min- ) 

7.35 1000 0.531 1880 1780 
0.530 

8.35 1000 0.473 2110 2000 
0.473 

4.00 500 0.513 975 940 
0.513 

4.30 500 0.477 1050 995 
0.476 

2.35 500 0.419 477 452 

2.50 200 0.369 542 514 

6.10 500 0.325 1550 1470 
0.321 

3.40 200 0.252 790 750 
0.254 
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Table 3. 	 Calibration of the Meloy Labs Model SA285E sulphur
dioxide analyzer. 1983 December 13. Relationship 
between concentration of so2 and computer counts. 

$02 Metera Computer ppb/mv ppb/count Calibrator 
(ppb) (mv) (count) 

26.4 

50.0 

104 

105 

144 

160 

285 

600 

640 

890 

323 

573 

1248 

1323 

1830 

0.166 

0.175 

0.173 

0.164 

0.162 

0.0817 

0,0872 

0,0833 

0,0794 

0.0787 

ML 


ML 


a 1000 ppb = 1000 mv 
0,168 ~ 0,007 ppb/mv 
0,0821 + 0.0034 ppb/count 

b Monitor 	Labs 
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Table 4. Calibration of ranges in the Meloy Labs Model SA285E 
sulphur dioxide analyzer.a 

Scale Millivolt Output 
{ppb) (mv) 

100 720 

500 144 

1000 72 

a Monitor is linear within ranges~ 1.0 mv. 
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Table 5. 	 Calibration of the Monitor Labs 8840 NO~ analyzer. Test 
of linearity at low concentrationsa (diluter NO flow 
fixed, dilution air change). 

NO/Air Ratio NO Millivolt Output ppb/mv 
(corrected) (ppb) (1.0 ppb scale) 

1.73/4870 33 39 0.85 

1.73/3750 43 51 0.84 

1.73/2470 66 75 0.88 

1.73/1250 130 150 0.87 

a The monitor is linear at low concentrations, 
(ie. ppb/mv = O.H6 + 0.02 ppb/mv). 
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Table 6. Calibration of the Monitor Labs 8840 NOx analyzer. 
1983 9ecember 08. 

NO/Air Ratio No a Meter Reading (mvl Scale 
(corrected) (ppb) NO N02 NOx (v) 

zero air 0 0 0 0 0.050 

48.5/4870 936 1140 -4 1130 1.000 

37.5/4870 724 871 -4 867 1.000 

26.0/4870 oOO o95 0 586 1.000 

a Ratio of actual NO concentration to meter reading 0.83 ~ 0.01 
(ppb/mv) 
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Table 7. 	 Calibration of the Monitor Labs 88'40 NOx analyzer. 
1983: December 16. Insta11 ed in aircraft, computer hooked 
up. 

NO/Air Ratio NOx Metera Computer ppb/countb 
(corrected) (ppb) (mv on 1.0 ppm scale) (counts) 

zero air 

13.4/4850 

26.0/4850 

37.5/4850 

43.6/4850 

0 

260 

504 

727 

845 

0 

300 

565 

840 

990 

0 

237 

461 

700 

842 

1.097 

1.093 

1.039 

1.004 

a ppb/mv 0.86 6 0.03 

b ppb/count 1.06 + 0.04 
No Data 
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and 7). Gas phase titration showed the NO and N02 channe1s of the 

instrument to be well balanced. Instrument response was 1.06 + 0.04 

ppb per computer count on the 1000 ppb range. 

2.8 DEDUCING HORIZONTAL WINDS 

The horizontal wind is the vector difference between the 

motion of the aircraft with respect to the air (true airspeed) and 

the motion of the aircraft with respect to the ground (ground 

speed). True airspeed is measured at two locations of the aircraft, 

the tai 1 and the belly. Ground speed is measured with the INS at 

the plane's center of gravity. The airspeed and ground speed 

vectors can be subtracted to obtain an estimate of the horizontal 

wind. 

This technique had limited success during the field 

experiment because of the following: 

1. 	 There were often light winds which are poorly 

estimated as being the difference between two large 

vectors; 

2. 	 The nose boom, tail and belly locations are in a 

region of airflow that is disturbed by the aircraft; 

and 

3. 	 Corrections for second-order effects were not applied 

(e.g., sideslip and angle of attack). 

An attempt to compensate for these unknown, systematic 

errors was made during post hoc computer analysis of the data, and 

the procedure is outlined here. It was assumed that during a small 

time interval, the winds over a small region of space and at one 

elevation are constant. So that when the aircraft flies two legs, 

each relatively straight and level at the same elevation but 

different headings, the calculated winds should be identical. The 

computer analysis calculated the horizontal winds for these two legs 

and computed the vector difference between them. If the difference 

was larger than 0.1 m s-1, an additive drift angle correction and a 

multiplicative true airspeed correction were computed iteratively 

until the winds for the two legs were the same. These corrections 
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were then used to adjust other data during the same flight and so to 

arrive at an adjusted estimate of the true wind. The adjustments 

were typically a factor 0.98 in true airspeed at the tail and less 

than one degree in drift angle. Comparisons of wind profiles from 

aircraft soundings with those deduced from pi lot balloon soundings 

at Fort McMurray airport favored this correction procedure. 
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3. DESCRIPTION OF PLUME TRANSPORT AND PLUME DISPERSION 


During the three phases of this project, twenty-three 

plume studies were conducted. Seven took place in the first phase, 

and eight in each of the second and third phases. Of these, four 

were in the Suncor plume, and the remainder were in the Syncrude 

plume. 

To determine the extent of plume transport downwind both a 

ground and an air parcel reference point would be initiated onto the 

aircraft data system. When a ground reference point or an air 

reference point, or both, are initiated onto the data system, the 

direction and distance to the reference point are calculated. As 

the wind carried the plume downwind the aircraft would fly 

orthogonal passes through the plume and intercept the same air 

parcel at progressively farther distances away from the stack. 

These horizontal passes were made as close to the plume centreline 

as possible. Shown in Figure 4 is the flight track for June 12, 

1984 of the Syncrude plume. Similar flight tracks were flown for 

the other plume studies. The horizontal axis shows the distance 

west of the Syncrude stack, while the vertical axis indicates the 

distance south. The numbers along side the track indicate the time 

in hours and minutes in coordinated universal time. The cross 

indicates the location of the Syncrude plant and the heavy line with 

the arrow shows the path of plume travel. On this day the mean 

wind, calculated from 28 passes at an average plume altitude of 450 

metres above ground level, was from 065 degrees at 6.1 ms-1. These 

passes through the plume extended to a distance of 41 kilometres 

from the stack before sulphur dioxide p 1 ume measurements became 

difficult to distinguish from those of the background, which on this 

day was 18 parts per billion (ppb). 

A wide variety of winds were encountered at p 1 ume 1eve1 

over the course of the three phases. These winds, averaged from 

measurements taken during the plume penetrations, ranged from a mean 

of 2.0 ms-1 to a mean of 18.5 ms-1, and originated from various 

directions. These are shown in Table 8 for 20 studies made during 
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Figure 4. Flight path of research aircraft on 1984 June 12 
(12:13 to 13:50Z). Numbers beside the flight path are 
universal coordinate times indicating the aircrafts 
position at that time. Horizontal and vertical axes 
show the distance in kilometres west and south of the 
Syncrude stack, which is indicated by an X. 



Table 8. Plume pe~etrati~n time, mean speed and direction of wind in plume, number of ortho onal lume 
jen~trat1ons, dlstance.of la~t plume penetration, mean sulphur dioxide concentrati6n ove~ 
das. pasfi and the max1mum d1stanc~ at which sulphur dioxide was detected for study days
ur1ng a three phases of the proJect. 

MEAN WIND DISTANCE MEAN SD 2 MAXIMUM 
DATE PLUME PENETRATION MEAN WIND DIRECTION NUMBER DF LAST OF LAST DIS TA'"NCE 

(.y,y /mm( dd) TIME (local) SPEED(m/s) (deg) OF PASSES PASS (km) PASS (ppb) (km) 

1!>40 to 172'::! 10.5 005 13 37 42 3783/03/28 

1525 to 1740 3.1 085 6 10 80 10
83/03/29 

0800 to 0950 8.0 130 10 42 11 42
83/03/30 

1710 to 190'::! 2.1 195 0 N/A a N/A a 96
83/03/31 

llOO to 1205 18.5 010 8 20 57 21
83/12/13 
1220 to 1350 015 12 37 37 N11.7 15 cc83/12/13 

1045 to 1340 2.1 330 9 3 746 45
83/12/14 

1000 to 1220 2.0 265 16 45 27 45
83/12/15 

1450 to 1635 5.0 025 19 32 307 32
83/12/15 

1430 to 1555 7.4 345 ll 17 265 27
83/12!17 

1430 to 1645 4.8 330 23 71 159 71
83/12/19 

1105 to 1345 6.1 345 18 68
83/12/20 30 68 

aNot applicable 

continued ... 

http:dlstance.of


Table 8. Concluded. 

MEAN WINO DISTANCE MEAN so 2 MAXIMUM 

DATE PLUME PENETRATION MEAN WIND DIRECTION NUMBER OF LAST OF LAST DISTANCE 

(yy/mm/dd) TIME (local) SPEED(m/s) ( deg) OF PASSES PASS (km) PASS (ppb) (km) 

84/06/06 2000 to 20~5 13.7 110 3 11 180 31 
N 

84/06/07 1620 to 1850 9.2 075 4 10 33 31 <D 

84/06/08 1020 to 1125 6.4 045 10 24 26 33 
84/06/09 0505 to 0730 6.5 190 49 34 496 34 
84/06/10 0920 to ll20 4.6 245 0 N/Aa N/Aa 34 
84/06/11 0545 to 0625 3.8 005 18 24 93 24 
84/06/11 0700 to 0810 4.8 075 12 19 102 19 
84/06/12 0620 to 07~5 6.1 065 28 41 144 41 

aNot applicable 
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the three phases. Also shown are the local times of plume 
penetrations, the number of passes made through the plume for each 
study, the distance downwind at which the 1ast pass was made, the 

mean sulphur dioxide concentration of the last pass, and the maximum 
distance at which sulphur dioxide was detected on that study day. 
The maximum distance at which sulphur dioxide was detected 
occasionally exceeded the distance of the 1ast orthogona 1 p 1 ume 
penetration. On these days, longitudinal passes along what was 

believed to be the plume centreline were made beyond the distance of 
the last orothogonal pass to collect filter samples of aerosols and 
gases. Orothogonal plume penetrations were not made on two flights, 
1983 March 31 and 1984 June 10. On these two days the flights 

were flown primarily to collect samples of aerosols and gases using 
the filter system. Background samples of aerosols and gases were 
always collected upwind on flights where filter samples were 

gathered. The farthest distance at which the plume was detected was 
at 96 kilometres on 1983 March 31. 

Many factors influence the transport and dispersion rate 
of a plume, such as winds, atmospheric stability, scavenging 

processes and turbulence. The transport of a plume away from its 
source depends primarily upon the winds at plume altitude. Strong 

horizontal winds with constant direction carry a plume to a farther 
distance from a stack than light winds given the same travel time. 
Changes in wind direction and speed with height can cause an 
enhanced lateral dispersion or a smearing of the plume. This 
smearing was most pronounced in the horizontal direction. On 
1983 December 14, for example, the relative wind shear components 

orthogonal to the mean wind direction at approximately 100 metres 
below, at, and 100 metres above the plume centreline were 0.0093, 
0.0041 and 0.0005 per second respectively. The greater shear at the 
plume's lower boundary resulted in a greater smearing of the plume 

at its lower levels compared to the upper levels. The level at 
which the greatest smearing took place within the plume, due to 
relative wind shear, varied from study to study. 

Turbulence of the atmosphere acts to mix the effluent with 



31 


the surrounding air. At some point downwind from the stack the size 

of the dominant turbulent eddies within the plume will increase to 

the size found in the ambient air. Mixing of the plume with the 

surrounding air from this time on is then determined by ambient 

turbulence. This mixing eventually dilutes the plume to the point 

where it can no longer be distinguished from the background. 

The cube root of the turbulent energy dissipation rate, 

(s1/3), as suggested by MacCready (1964), of the atmosphere at plume 

level for most of the plume study days is given in Table 9. These 

cube root of the turbulent energy dissipation rates range from 

0.9 cm2/3 s-1 to 4.8 cm2/3 s-1. It is expected that these days with 

stronger turbulence are also the days with the greatest dilution 

rates. 

Initially, the plume has strong vertical components of 

motion from the stack exit velocity and from vertical acceleration 

due to buoyancy. As the plume rises the turbulence within the 

plume, which is generated by vertical velocity shear at the rising 

plume edges and by differences in thermal fields within the plume 

(Davison and Leavitt 1979), decreases. Plume turbulence causes 

entrainment of the surrounding air and subsequently reduces the 

plume's buoyancy. As the plume moves away from the stack the 

turbulence within the plume decreases until it approaches the same 

energy levels as that of the surrounding air. Figure 5 shows the 

cube root of the turbulent energy dissipation rate versus horizontal 

distance from one side of the plume to the other for three passes 

made at 1.05, 1.55 and 4.76 kilometres away from the Suncor stack on 

June 11, 1984. Plume width was 1440, 1520 and 6080 metres 

respectively. The mean cube root of the turbulent energy 

dissipation rates for these passes are 3.8, 3.1 and 1.6 cm2/3 s-1 

with a background rate of 1.1. During the flight the meteorological 

conditions at plume level remained relatively unchanged. The figure 

indicates that the plume turbulence decays with time until it is 

equivalent to the environmental turbulence. 

The degree of atmospheric turbulence, which increases or 

decreases in three dimensions, is determined by atmospheric 
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Table 9. 	 Potential temperature gradient and environmental turbulent 
energy dissipation rate at plume level during penetrations 
on plume study days. 

TURBULENT 	 POTENTIAL 
ENERGY 	 TEMPERATURE 

DISSIPATION 	 GRADIENT AT 
DATE 	 PLUME LEVEL~ATE 

(yy/mm/dd) (cm2 3 s-1) 	 (OK/100 m) 

83/12/13 NDc +1.70 
83/l2/l3b ND +1.50 

83/12/14 ND +1.50 
83/l2/l5a 1.2 +1.40 

83/l2/l5b ND +0.80 

83/12/17 1.3 +0.70 

83/12/19 1.6 +1.40 

83/12/20 1.2 +0.50 

84/06/06 1.0 +0.38 

84/06/07 2.5 +0.02 

84/06/08 4.8 0.00 

84/06/09 0.9 +0.35 

84/06/10 ND +1.50 
84/06/lla l.l +1.20 
84/06/ll b 1.3 +1.30 

84/06/12 0.9 + l .l 0 

aFirst flight of the day 

bSecond flight of the day 

cNo data 
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stability. This stability ranges from extreme instability 

associated with rapid mixing to extreme stability with laminar flow 

and negligible turbulence. An atmospheric sounding was taken upwind 

of the plume during each research flight to assist in the 

determination of plume transport and dispersion. 

Figure 6 shows the potential temperature (dots), and the 

relative humidity (dashes) soundings for 1984 June 06. This 

sounding shows stable conditions from the surface to 1000 metres 

above ground level, a well-mixed layer from 1000 metres to 2000 

metres, and stable above, to the top of the sounding at 3000 metres. 

Under these conditions, the sulphur dioxide plume rose to 

approximately 550 metres above ground level and showed little 

vert i ca 1 mixing. If the p 1 ume had ascended into the we11-mi xed 

layer, it would have quickly dispersed vertically. The potential 

temperature gradient at plume level on this day showed an increase 

of 0.38°K/100m. 

For the other days, during phases II and III, the 

potential temperature gradient at plume height ranged from 0.00 to 

+1.70°K/100m, as shown in Table 9. Although no potential 

temperature gradients are given for days during phase I, these days 

generally had stable atmospheric conditions, with the exception of 

1983 March 29 which was slightly unstable. The generally stable 

conditions exhibited during the study periods suggest suppressed 

vertical dispersion. Therefore, atmospheric stability favoured long 

distance transport of po 11 utants during the three phases of the 

field experiments. 

Plume concentration profiles were obtained from the 

orthogonal aircraft passes through the plume to give a 

cross-sectional mapping at a given plume parcel age and distance 

downwind of the plant. Sulphur dioxide concentration profiles, 

corrected for instrument response, are shown in Figure 7 for six 

traverses of increasing plume age on 1983 December 20. The 

decrease in concentration of sulphur dioxide with time is apparent. 

Mean plume concentrations were calculated for each of the 

cross-wind passes at the plume axis line. As the plume age 



35 

06 JUNE 198<4 

RELATIVE HUMIDITY (~) 

0 25 50 75 100 
3000 ,..., 

/'.J /J I 
2500 t- I . 

I 
I.... _ 

...... I 
/ 	 ... -	 .... .2000 Io> 

0 / 

J I 

/ 

....,.E ........ 
.w 1500 -	 I 

0 
:::> 

/ 
/ 

1

1 / 	 ....1 1000 f ,,l ()< 
( 

II),. \ 
500 f. I 

\ 

cl 
)., 	 :.' I0 

290 295 JOO 305 310 

POTENTIAL TEMPERATURE (K) 

Figure 6. 	 Atmospheric sounding upwind of plume for potential 
temperature (dots) and relative humidity (dashes) on 
1984 June 06. Altitude is indicated as metres above 
ground 1eve1 . 



36 


1983 December 20 

0.166 hr. 0.254 hr.750 750 

500 

250 250 

,...... \\ 	 I.tl 0 0a. g C> 	 0 0 0 0 a. g 	 0 
0 :;l .., .., ..,:::._, 	 N 0 N 

"'-"'- -"' -"' N -N g: .., -.., -..,N 

"' z 
0 

1000 
1
< 
0:: 
1- 750 z 
w 
(.) 
z 
0 500 
(.) 

w 
Cl 250 
X 
0 

Cl 0 

1. 688 hr.-0.295 hr. 

N \ 

g 	 g g.., 	 0 
0

0:: N .., ..,• ..,.., 	 "' :J ~ ~ :X: -"' -"' a. 
...J 1000 
:J 
Vl 

2.558 hr.750 

500 

250 

~ r-.
0 

2 	 ~ C> g 
"' 

~"' ~ ~ 

·

.. 


g 
0.., • 
0 

-N 

"' -N 

"' 

·
0 
C> 

"'N 

!!: 

1000 

750 

500 

250 

0 
8:e 
!!: 

1000 

-	 3.057 hr. 750 

500-
250... 

_LV' 
0• 

C> 	 .., 	 c:;l 	 g .., 
IS 	 g: :;l .., 

~ 	 N2 	 2 I 2 ~ ~ 

TIME 	 TIME 
Figure 7. 	 Sulphur dioxide concentration (ppb) profiles, corrected for 

instrument response, for six plume passes on 1983 December 20. 
The age of the plume parcel is shown. 

0 



37 


increased, the mean sulphur dioxide concentration decreased to a 
value where it was no longer discernable from the surrounding air. 
From these mean plume concentrations a dilution rate can be 

obtained. 
A comparison on a daily basis between the atmospheric 

turbulence, at time of flight, and rates of sulphur dioxide dilution 
suggest a general relationship between the two. Those days with 
higher turbulence are also the days with higher sulphur dioxide 
dilution. This again suggests that turbulence outside of the plume 
is an important factor in the overall dispersion of the plume. 

The horizontal dispersion co-efficient, (8y), was computed 

for each traverse on the basis of the area under the sulphur dioxide 
concentration curve. For a Gaussian distribution, one standard 
deviation either side of the mean occurs at distances such that the 
accumulated fractions of the tota 1 area under the curve are 0.159 

and 0.841 respectively. The 8Y values were computed using the same 
area criteria. By this procedure the observed concentrations were 
being compared with a Gaussian distribution of the same area. 

Although an attempt was made to intercept the plume 

orthogonally on each pass, not all attempts succeeded. For such 
cases, the oY values calculated using the area criteria were 
adjusted to their orthogonal values by the cosine method. 

Horizontal dispersion co-efficients are functions of distance 
downwind, atmospheric stability and wind shear. The broad spectrum 
of atmospheric stabilities have been divided into six categories and 
are designated A, for extremely unstable, to F, for moderately 
stable. Each of these categories is represented by a dispersion 

curve which depicts horizontal plume dispersion given distance 
downwind. This family of curves is called the Pasquill-Gifford 
curves (Pasquill 1974). 

For each of the plume study days a 8y value was calculated 
for each pass at or near the plume centreline. These observed 
values were then compared to the empirical curves derived by 
Pasquill and Gifford. Plume penetrations known to be to far away 
from the plume centreline were not used. Shown in Figure 8 are the 
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observed oY va1ues for e1even Sync rude p 1 ume penetrations made 
within an one hour time period on 1983 December 17 as compared to 

the Pasquill-Gifford curves. These observed va 1ues are scattered 

amongst curves C to E, indicating slighlty unstable to slightly 
stable conditions. An atmospheric sounding completed immediately 
before the penetrations showed that the potential temperature 
gradient at plume height was +0.70°K/100m, indicating slightly 

stable conditions. The atmospheric soundings made immediately 
before and after each day's plume penetrations are representitive of 
the atmospheric stability for the time period of actual plume 
penetrations. Plume penetrations lasted from one to three hours for 

each of the plume studies. 
Generally, observed oY values close to the stack ( 1 ess 

than three kilometres) were greater than what the dispersion 
co-efficient on the Pasquill-Gifford curves would suggest. The 

first three values in Figure 8 indicate this greater instability in 
the observed values. It was also generally found that beyond twenty 
to forty kilometres downwind from the stack the Pasquill-Gifford 
curves generally overestimated the observed horizontal plume 
dispersion co-efficients. Davison and Leavitt found in their study 

on oY data that the observed oY values close to the stack were also 
greater than what the Pasquill-Gifford curves predicted them to be. 

Observed oy values, between the high values close to the 
stack and those far from the stack, show close agreement in the rate 
of change with distance with the Pasquill-Gifford curves. However, 

the observed values are somewhat higher than predicted for the 
1 eve 1 s of atmospheric stability present. An equation and 

correlation co-efficient was calculated for each plume study day 
which had sufficient observed oY values after the close and far 

values were excluded. These are listed in Table 10. Distance 
downwind from the stack in kilometres is signified by d, and oY is 
the horizontal dispersion co-efficient in metres. 
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Table 10. Equations and correlation coefficients for horizontal plume
dispersion. 

EQUATION OF 
DATE HORIZONTAL 

(yy/mm/dd) DISPERSION 

83/03/28 
83/03/29 

83/03/30 
83/l2/13a 

83/12/13b 

83/12/14 

83/ 12/15a 
83/12/lsb 

83/12/17 

83/12/19 

83/12/20 

84/06/08 
84/06/09 
84/06/lla 

84/06/11 b 

84/06/12 

oy= 84.70 d 1.0696 

ay= 54.34 d 1.0589 
ay= 26.48 d 1.1638 

ay=116.76 d 0.9219 
ay= 59.27 d o.9066 

ay=543.81 d 0.8035 
ay=702.42 d o.5013 

ay= 37. 18 d 1.oo92 

oy= 46.02 d 0.9524 

oy=202.4o d 0.7968 

ay=209.56 d 0.8652 

ay=116. 9o d 0.9491 

ay=185.91 d o.1919 

ay=473.47 d o.5796 

ay=120.35 d o.8692 

ay= 95.96 d 0.6325 

CORRELATION 
COEFFICIENT 

0.9694 

0.9840 
0.8185 

0.9219 
0.9066 

0.9509 
0.9721 

0.9037 

0.9541 

0.9803 

0.9721 

0.9491 

0.2855 

0.8250 

0.8692 

0.8489 

a First flight of the day 

b Second flight of the day 

Symbols: oY = Horizontal Dispersion Coefficient; 

d = Distance Downwind from the stack in 
Kilometres. 

http:ay=120.35
http:ay=473.47
http:ay=185.91
http:ay=209.56
http:oy=202.4o
http:ay=702.42
http:ay=543.81
http:ay=116.76
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4. CONVERSION OF SULPHUR DIOXIDE TO PARTICULATE SULPHATE 

The particle size spectrum measurements were processed to 
give particle number (d N/d log D), particle surface area 
(d S/d log D) and particle volume (d V/d log D) distributions (where 
N, S and V are the total particle number, surface area, and volume 

concentrations respectively and D is the particle diameter). The 
particle surface area and the volume concentrations were fitted to 

log-normal distributions using a maximum likelihood method. Since 
the size range of the aerosol measurements are 0.1 to 3.0 pm, only 

the accumulation mode of aerosol was considered. The functions used 
for the fitting were: 

dV v -1 D 
= 

d ln D .J2'if 1n vV 
exp [ (ln -)2 ]. 

2(ln vV)2 DVG 
(4.4) 

and 

dS s -1 D 
= exp [ (ln -)2 ]. (4.5) 

d ln D .J'2"i'T1n vS 2 ( 1n vs)2 DSG 

Here DSG and OVG are the geometric mean diameter with respect to the 
surface and the volume concentrations, respectively. The geometric 
variances vS and vV were evaluated with respect to the surface area 
and volume distributions. 

The number, surface and volume distributions in the 
accumulation mode of aerosol particles were deduced from ASASP data 
during horizontal plume traverses. Figures 9, 10 and 11 illustrate 
the results of typical plume (line) and ambient air (dot-line) 
aerosol size distributions. The plume measurements were obtained at 

a downwind distance of 3.1 km from the stack and 500 m above ground 
and the background values were taken upwind on 1984 June 11. The 

background aerosol particle size distributions observed in the Fort 

McMurray region generally resemble the one in Figure 9 and can be 
expressed approximately as a power law function of diameter, similar 

to the Junge distribution (Pruppacher and Klett, 1978). The plume 
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aerosol size distribution usually shows a predominant maximum or 
point of inflection at around 0.3 pm diameter. A second maximum or 
point of inflection, which seems to propagate toward larger size 
ranges with plume travel time, also exists. Concentrations of 
aerosols in the plume are much larger than the ambient air, 
especially for the smaller size particles. As the travel time 
increases, the differences between the plume and background aerosol 

size distributions diminish because of mixing. 
The background surface area distributions of the aerosol 

in the Fort McMurray area are similar to Figure 10. A dominant peak 

exists at about 0.20 pm diameter and the geometric mean diameter is 
around 0.25 pm. The plume aerosol surface distributions can also be 
expressed by a log-normal function. 

The volume distributions of aerosol particles for plume 

and background air in the Fort McMurray area also follow the 
log-normal function, as reported in the literature. The geometric 
mean volume diameter of background aerosol is about 0.25 to 0.28 pm 
and the geometric mean volume diameter of the plume aerosols is 
larger, 0.32 to 0.39 pm. Differences in the geometric mean diameter 
in the surface and volume distributions between the plume and 
background aerosols may be due to inherent characteristics of their 
chemical composition. With the present instrumentation on the 
aircraft, the true nature of the peak cannot be explained. The 

evolution of the geometric mean surface and volume diameters of the 
plume aerosols measured on each pass of the Phase 1 and Phase 3 
field experiments are summarized in Tables 11 to 19. The geometric 
variances, vV and vS, respectively for the surface and volume 

distributions are also given. The log-normal parameters for 
background aerosols measured on the same flight are listed in the 
tables. It seems that there is an overall tendency for the 
geometric mean sizes of the volume and surface distribution of the 

plume aerosols to increase rapidly to a maximum at the early plume 

age and decrease gradually to a more or 1 ess constant value 

thereafter. This suggests at least two promi nant processes going 

on. Particle generation (by gas to particle conversion and 
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Table 11. 	 Geometric mean diameter, DG, and the variance, v, with 
respect to volume, V, and surface, S, for the accumulation 
mode plume {Syncrude) aerosols measured on 1983 March 28. 

Plume Age 	 DGV vV DGS vS 
)Jm )Jm )Jm pm 

Background 0.27 1.82 0.20 1.63 

0.06 h 0.37 1.80 0.26 1.80 

0.10 h 0.39 1. 72 0.29 1.77 

0.20 h 0.39 1.72 0.29 1.77 

0.28 h 0.37 1.75 0.27 1.79 

0.40 h 0.38 1. 73 0.28 1.79 

0.47 h 0.36 1. 75 0.25 1.80 

0.60 h 0.34 1.82 0.24 1.80 

0.68 h 0.34 1.84 0.24 1. 79 

0.79 h 0.34 1.84 0.24 1.80 

0.89 h 0.32 1.82 0.23 1.77 

1.02 h 0.32 1.82 0.23 1.77 

1.11 h 0.33 1.86 0.23 1. 79 

plume mean 0.35 1. 79 0.23 1. 79 
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Table 12. 	 Geometric mean diameter, DG, and the variance, v, with 
respect to volume, V, and surface, S, for the accumulation 
model plume (Syncrude) aerosols measured on 1983 March 29. 

Plume Age DGV vV DGS vS 
J.lm pm ).Jm }Jm 

Background 0.26 1.72 0.20 1.81 
0.14 h 0.31 2.06 0.23 1.80 

0.27 h 0.33 1.88 0.23 1.86 
0.44 h 0.36 1.97 0.22 1. 75 
0.58 h 0.31 1.92 0.20 1.69 
0.77 h 0.29 1.88 0.16 1.50 
0.88 h 0.21 1.82 0.20 1.55 

plume mean 0,30 1.92 0.21 1.69 
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Table 13. 	 Geometric mean diameter, DG, and the variance, v, with 
respect to volume, V, and surface, S, for the accumulation 
mode plume (Syncrude) aerosols measured on 1983 March 30. 

Plume Age DGV vV DGS vS 
pm pm )Jm )Jm 

Background 0.25 1.70 0.20 1.58 
0.21 h 0.29 1.97 0.19 1. 75 
0.35 h 0.31 1.95 0.21 1.79 
0.51 h 0.30 1.90 0.22 1.77 
0.62 h 0.29 1.88 0.20 1. 70 
0.80 h 0.28 1.86 0.20 1.75 

0.92 h 0.28 1.95 0.19 1. 72 
1.08 h 0.26 1.88 0.19 1.65 
1.21 h 0,26 1.86 0.19 1.62 
1.34 h 0.25 1.79 0.19 1.62 

1.47 h 0.27 1.90 0.20 1.67 
plume mean 0.28 1.89 0.20 1. 71 
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Table 14. 	 Geometric mean diameter, DG, and the variance, v, with 
respect to val ume, V, and surface, S, for the accumulation 
mode plume (Syncrude) aerosols measured on 1983 March 31. 

Plume Age DGV vV DGS vS 
pm )Jm )Jm pm 

Background 0.26 1.72 0.20 1.56 

0.51 h 0.27 2.01 0.19 1.69 

2.98 h 0.25 1.90 0.18 1.59 

10.23 h 0.21 1. 70 0.17 1.49 

12.95 h 0.19 1.72 0.15 1.43 

plume mean 0.19 1.70 0.15 1.43 
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Table 15. 	 Geometric mean diameter, DG, and the variance, v, with 
respect to volume, V, and surface, S, for the accumulation 
mode plume (Syncrude) aerosols measured on 1984 June 07. 

Plume Age DGV vV DGS vS 
pm Jlm pm pm 

Background 0.29 1.32 0.24 1.20 
0.03 h 0.35 1.20 0.29 1.19 
0.05 h 0.34 1.16 0.29 1.17 
0.07 h 0.33 1.18 0.28 1.18 
0.09 h 0.34 1.23 0.28 1.20 

0.10 h 0.31 1.15 0.27 1.17 

plume mean 0.33 1.18 0.28 1.18 
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Table 16. 	 Geometric mean diameter, DG, and the variance, v, with 
respect to volume, V, and surface, S, for the accumulation 
mode plume (Syncrude) aerosols measured on 1984 June 08. 

Plume Age 	 DGV vV DGS vS 
)Jffi ).Jffi ).Jffi )Jm 

Background 0.29 1.18 0.25 1.16 

0.05 h 0.38 1.22 0.31 1.19 

0.11 h 0.36 1.40 0.29 1.21 

0.18 h 0.35 1.29 0.29 1.39 

0.35 h 0.33 1.20 0.28 1.37 

0.67 h 0.33 1.31 0.28 1.16 

0.82 h 0.34 1.28 0.28 1.28 

1.05 h 0.32 1.23 0.27 1.23 

plume mean 0.34 1.28 0.29 1.26 
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Table 17. 	 Geometric mean diameter, DG, and the variance, v, with 
respect to volume, V, and surface, S, for the accumulation 
mode plume (Syncrude) aerosols measured on 1984 June 11. 

Plume Age DGV vV DGS vS 
,urn ,urn )Jm )Jm 

Background 0.29 1.69 0.23 1.21 

0.11 h 0.32 1.32 0.26 1.16 

0.20 h 0.36 1.73 0.26 1.22 

0.22 h 0.35 1.55 0.26 1.20 

0.31 h 0.35 1.74 0.25 1.23 

0.37 h 0.30 1.26 0.25 1.16 

0.66 h 0.29 1.77 0.21 1.22 

o. 71 h 0.30 1.52 0.23 1.21 

0.78 h 0.30 1.23 0.22 1.27 

1.02 h 0.30 1.57 0.22 1.21 

1.13 h U.30 1.59 0.22 1.21 

1.28 h 0.29 1.48 0.22 1.20 

plume mean 0.31 1.52 0.24 1.21 
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Table 18. 	 Geometric mean diameter, DG, and the variance, v, with 
respect to volume, V, and surface, S, for the accumulation 
mode plume (Suncor) aerosols measured on 1984 June 11. 

Plume Age DGV vV DGS vS 
,um ,um Jlm ,um 

Background 0.28 1.34 0.23 1.18 

0.08 h 0.25 1.82 0.17 1.20 

0.11 h 0.28 2.19 0,18 1.23 

0.35 h 0.33 2.89 0.18 1.24 

0.39 h 0.29 2.44 0.18 1.24 

1.16 h 0.28 2.01 0.19 1.22 

1.38 h 0.29 2.25 0.19 1.23 

1.50 h 0.26 1.60 0,20 1.19 

1.58 h 0.29 2.13 0.19 1.23 

1.74 h 0.27 1.81 0.19 1.20 

plume mean 0.28 2.13 0.19 1.23 
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Table 19. 	 Geometric mean diameter, DG, and the variance, v, with 
respect to volume, V, and surface, S, for the accumulation 
mode plume (Syncrude) aerosols measured on 1984 June 12. 

Plume Age DGV vV DGS vS 
pm )Jm pm )Jm 

Background 0.24 1.24 0.20 1.14 
0.09 h 0.35 1.60 0.26 1.20 
0.14 h 0.29 1.16 0.25 1.13 
0.17 h 0.29 1.18 0.25 1.13 

0.26 h 0.27 1.12 0.24 1.12 
0.89 h 0.28 1.16 0.25 1.13 
1.20 h 0.28 1.16 0.25 1.14 
1.31 h 0.29 1.23 0.25 1.14 
1.34 h 0.29 1.21 0.25 1.14 
1.54 h 0.29 1.24 0.24 1.16 

1.86 h 0.29 1.27 0.24 1.16 
plume mean 0.29 1.23 0.25 1.14 
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coagulation), followed by dilution. The plume values are 
significantly different from those of the background. The variances 
of the volume and surface distributions of plume aerosols, on the 
other hand, do not show significant correlation with plume age and 
are similar to the background values. 

Because of the relatively clean rural surroundings, the 
characteristics of the background aerosols are near constant, 
independent of the wind direction. The volume distributions of the 
aerosols in the accumulation mode show structures similar to those 
measured during a power plant study in St. Louis (Cantrell and 
Whitby 197B). Also, the geometric mean volume diameters and the 
geometric variances fall within the limits of the results for power 
plant plumes (Hobbs et al. 1979). 

Gas-to-Particle (sulphur dioxide to particulate sulphate) 
conversion rates can be determined from the changes in the total 
volume of particles over the plume with travel time. The changes 
with time in the volume concentration V of particles in an expanding 
plume, assuming an expanding Lagrangian box model, is given by Hobbs 
et al. (1979) as: 

dV -d(ln Vp) 
= (V-Va)+R; (4.1)

dt dt 

where Vp is the volume of the plume, Va the volume concentration of 
particles in ambient air, and R is the rate of production of 

particle volume by the gas-to-particle conversion in a unit volume 
of plume. The rate of production can be obtained by solving 
Equation (4.1) using the finite differencing method if the dilution 
rate d(ln Vp)/dt is known. It should be noted that other processes, 
such as sedimentation and particle growth, have been ignored in the 

equation. The neglect of sedimentation is justified if the terminal 
velocities of the the particles are very small, of the range 0.0001 
to 0.1 em s-1. The assumption of negligible particle growth is also 
acceptable because coagulation growth is relatively slow for 
particles from 0.1 to 10 pm in diameter with total concentrations 
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( 4.2) 

less than 10000 cm-3 (Pruppacher and Klett, 1978 and Zebel, 1966). 

The dilution rate, which mainly depends upon diffusion and 
wind shear induced mixing, can be determined by either the downwind 
change in the cross-sectiona 1 area of the p 1 ume or the change in 
mean concentration of an inert trace species in the p1ume. Here, 
the plume sulphur dioxide is used as a tracer material. The 
conservation equation for the concentration of sulphur dioxide 502 
is given as: 

d502 -d (ln Vp) 
---= 

dt dt 

where 502a is the background sulphur dioxide concentration and Dp is 
the deposition to the surface. The transformation rate of sulphur 
dioxide to sulphate is known to be of the order of a few percent per 
hour and is much smaller than the dilution rate. Thus, it can be 
dropped from Equation (4.2) without causing serious error in the 

analysis. The sulphur dioxide concentration at plume centreline is 
not greatly affected be dry deposition which should be the same 
order of magnitude as the transformation rate. Hence, the 
deposition term can be ignored in the equation also. Equation {4.2) 

can then be written as: 

d502 -d (ln Vp) 
(4.3) 

dt dt 

Gas-to-Particle conversion rates were calculated from Equation (4.1) 
using the mean plume particle volumes and dilution rates determined 
from Equation (4.3) with the plume sulphur dioxide concentration 

data. 
As an example the sulphur dioxide concentration, measured 

by the 502 monitor and averaged over each plume traverse at the 
plume centreline level, flight on 1984 June 11· for the 5yncrude 
plume is given in Figure 12. During the initial 0.4 hours, the peak 
502 concentration in the plume was more than 1000 ppb, which is 
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Figure 12. Plume mean sulphur dioxide concentrations as a function 
of plume travel time (age) for the Syncrude plume
measured on 1984 June 11. BGD denotes background
concentration. 
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above the range of the monitor on-board the research aircraft thus 

the mean S02 values reported for the early age of the plume are 

almost constant. Because of the range limit of the sulphur dioxide 

monitor, the mean sulphur dioxide concentrations for these passes 

were not used in the det ermi nation of the dilution rat e. Using 

Equation 4.3 and the data points observed from travel time of 0.4 

hours onward, the dilution rate was determined to be almost 

constant, with the value of 2.16 per hour. 

The observed total volume concentrations of the plume 

aerosols smaller than 0.3 urn, 0.3<0<1.0 pm and 0.1<0<3.0 pm on 1984 

June 11 are shown as a function of plume age in Figure 13. The 

ranges are chosen for the purpose of looking for possible indication 

of homogeneous or heterogeneous nucleation. The dotted line is for 

plume aerosols smaller than 0.3 pm, the solid line for particles of 

0.3<0<1.0 pm and the dashed line for aerosols of 0.1<0<3.0 pm. 

Although natural variations and measurement errors are undoubtedly 

present, a decline in total volume with increasing plume age is 

clear in all size ranges. The volume concentration of the smaller 

particles seems to decrease at a slower rate in the plume studied. 

The reduction of plume aerosol volume concentrations, which is 

offset somewhat by the gas-to-particle production, is due to the 

expansion of the plume caused by diffusion and wind shear. Similar 

results are obtained from other research flights. 

The changes in aerosol volume due to gas-to-particle 

conversion during the 1984 June 11 Syncrude flight are shown in 

Figure 14. The dotted line is for plume aerosols smaller than 0.3 

pm, the solid line for particles of 0.3<0<1.0 pm and the dashed line 

for aerosol of 0.1<0<3.0 )Jm. Over the plume travel time of 1.3 

hours, the gas-to-particle productions of aerosol volume for 

particles of the size range studied decreased while the plume age 

increased. The volume production for particles 0.3<0<1.0 pm was 

about one order of magnitude smaller than that of particles smaller 

than 0.3 )Jm. Close to the stack (travel time less than one hour) 

where sulphur dioxide and aerosol concentrations were high, the 

volume production for particles 1.0<0<3.0 pm was comparable to that 

of particles smaller than 0.3 Jlffi· 
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Figure 13. 	 Plume aerosol tota1 vo1ume concentrations for 
particles smaller than 0.3 ~m, 0.3<0<1.0 ~m and 
0.1<0<3.0 ~mas a function of plume age for the 
Syncrude plume measured on 1984 June 11. 
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Figure 14. 	 Excess aerosol volume productions for particles 
smaller than 0.3 ~m, 0.3<0<1.0 ~m and 0.1<0<3.0 ~m 
as a function of plume age in the Syncrude plume on 
1984 June 11. 
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Since homogeneous-heteromolecular nucleation 

(self-nucleation of two or more gaseous species without involvement 

of foreign bodies) will not produce particles larger than 1 pm, and 

coalgution is negligible for 0.1<0<10 )Jill particles and total 

concentrations less than 10000 cm-3, any increase in aerosol volume 

for particles larger than 1 )Jill is likely due to heterogeneous 

nucleation (nucleation of gaseous species onto a foreign body}. If 

the excess aerosol volume products are all sulphates, the results 

suggest that heterogeneous conversion of sulphur dioxide to 

particulate sulphate may be appreciable under certain meterological 

conditions and close to the emission source. Heterogeneous 

catalysts such as vanadium, manganese and iron, associated with the 

surface of particles may contribute to the formation of acid 

droplets and surface crystals (Freiberg 1974 and Cheng et al.. 

1982}. It has also been suggested that heterogeneous catalytic so2 
oxidation on carbon soot particles covered with water film may be 

important in the generation of sulphate aerosols in the atmosphere 

(Benner et al. 1982 and Britton and Clarke 1980}. This may 

probably be the reason for the significant transformation of S02 to 

S04 observed in winter. It might be added here that analysis of fly 
ash from the Syncrude chimmey showed that iron is by far the most 

abundant metal present (Bottenheim 1982). Similar results were 

obtained for other research flights of similar distance from the 

emission stack {plume travel time). Far from the stack the volume 

production rate of aerosols smaller than 0.3 JJm seemed to increase 

or remain constant with plume age. At this distance the volume 

production of larger particles was reduced so as to undetectable. 

The determination of the conversion rate of sulphur 

dioxide to particulate sulphate from the excess aerosol produced 

requires information on the chemical composition of the 

transformation product in the size range considered. Such 

information is not available in the present study. Ammonia is 

abundant in the Albert a atmosphere, therefore (NH4) 2S04 and NH4N03 

may be formed by reaction with S02 and NH3. This may occur in the 

gas phase or in the aquatic phase where SOz would exist as HSOr. 
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Sulphuric acid particles can also be formed by the photo-oxidation 
of sulphur dioxide. Assumptions that the excess aerosol volume 
produced is sulphuric acid or ammonium sulphate, or combinations of 
the two have been made. The results are very similar. That is, the 
assumption that the gas-to-particle conversion product is sulphuric 

acid or that it is ammonium sulphate does not make a significant 
difference in the transformation rate calculation. As an example, 
the calculated gas-to-particle transformation rate for the June 11, 
1984 Syncrude plume is shown in Figure 15. The dotted line is the 

conversion rate obtained from the excess volume production of 
particle smaller than 0.3 pm, and the solid line is from aerosols of 
0.3<0<1.0 pm. The conversion product of sulphuric acid is assumed 
for these calculations. The dashed line in Figure 15 is calculated 
from the excess volume production of particles 0.1<0<3.0 pm and the 
assumption that the transformation product is ammonium sulphate. At 
plume travel times longer than 0.8 hour, as illustrated in Figure 
14, significant aerosol volume production of particles was observed 
only for particles smaller than 0.3 .urn. Note that the conversion 
rates obtained from the two assumptions are almost equal during this 
plume travel time. An apparent increase in sulphur dioxide to 
particulate sulphate conversion rate with plume travel time was 
noted in this case. Evidence of an increase in conversion rate with 
increasing plume age was also found by Cantrell and Whitby (1978) 
and an increasing rate with plume age was reported in chamber 
studies of S02 photooxidation by Kocmond et al. 1975. 

The results from the field experiments are summarized in 
Table 20. The date and time of the measurements, plume age, 
dilution rate, excess volume production rates of various aerosol 
size ranges and gas-to-particle conversion rate of sulphur dioxide 
to sulphate are listed. The aerosol volume production rate for 
particles larger than 1 pm is comparable to that of the smaller 
aerosol. This is particularly apparent at short plume travel times 
when the particle and sulphur dioxide concentrations are large. 

The conversion rates of sulphur dioxide to particulate 
sulphate, determined from the field measurements with the assumption 
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Figure 15. 	 Gas-to-particle conversion rate of sulphur dioxide 
to sulphate as determined from aerosol smaller than 
0.3 pm, 0.3<0<1 .0 pm and 0.1<0<3.0 pm as a function 
of plume age for the Syncrude plume on 1984 June 11. 



Table 20. 	 Summary of the ranges of plume age at the cross-sectional traverses, the dilution rate, the 
aerosol volume production rates for various aerosol size intervals and the conversion rate 
of so2 to so4 determined by the excess aerosol volume production method.a 

Date Time Plume age Dilution Rate Aerosol Volume Production Rate Conversion Rate 
(dd/mm/yy) (Local) (hour) (hour-1) (um3 cm-3 h-1) (% h-1) 

0.1<D<0.3 um 0.3<D<1.0 urn 1.0<D<3.0 urn 

280383 1541-1726 0.06-1.11 5.70-0.73 5.90-0.18 12.4-0.18 7.33-0.20 0.49-2.81 

290383 1522-1740 0.16-0.78 7.41-1.70 1.37-0.04 5.69-0.00 3.14-0.07 0.26-1.00 

300383 0722-1041 0.18-1.52 3.47-1.86 0.98-0.08 0.87-0.04 1.50-0.14 0.42-0.65 

310383 1710-1907 1.50-11.5 0.58-0.07 0.22-0.10 0.01-0.00 0.00-0.00 0.02-1.34 (j).,. 
070684 1556-1750 0.03-0.10 64.6 21.83-0.57 140.42-9.25 99.92-3.16 4.70-6.01 

080684 1003-1240 0.05-1.05 2.56 1.52-0.37 0.85-0.17 0.91-0.31 2.67-5.18 

110684 0520-0655 0.11-1.30 2.16 2.62-0.58 0.42-0.04 0.91-0.01 0.11-0.21 

110684b 0655-0822 0.08-1.73 1.33 4.47-1.09 0.33-0.05 1.13-0.28 0.35-0.73 . 

120684 0559-0852 0.08-1.87 5.87-0.52 1.46-0.05 3.15-0.03 1.10-0.14 0.06-0.29 

a Syncrude plumes 

b Suncor plume 
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that the excess aerosol volume product is sulphate, varied from 
0.02% to 2.81% h-1 during March 1983 and from 0.06% to 8.66% h-1 

during June 1984. 
The conversion rates of S02 to S04 were also calculated 

from results of chemical analysis of filter samples. The cellulose 
front filter, used to collect particulate sulphate, and the 
triethanolamine treated back filter, used to collected gaseous 502, 

were extracted with double distilled water using ultrasonic 
agitation. The extracts were analyzed by ion chromatography 
(Dionex 2020i) utilizing a high preformance (HPIC-AS4) separator 

column and a fiber suppressor column. The eluent was 0,0018 M 
sodium carbonate and 0.0021 M sodium hydroxide. Extracts of the 
t ri ethano 1 amine treated fi 1ters were treated with bromine prior to 
ion chromatography to ensure complete oxidation of the sulphur. The 

ratio of the S04 co11 ected on the ce11 ul ose filter to the 502 
trapped by the triethanolamine treated filters was used to calculate 

the rate of conversion of 502 to S04 in the plume. 
Sulphate concentrations measured in the plume during the 

December 1983 sampling period ranged from 0.29 ~g m-3 close to the 
Syncrude stack to 7.4 ~g m-3, 4,6 hours later at a distance of 35 km 
from the stack (Table 21). During the June 1984 sampling, sulphate 
concentrations ranged from 0.8 pg m-3 near the 5yncrude stack to as 
high as 6.9 ~g m-3, 9.8 km downwind (Table 22). On June 11, 1984 
the Suncor plume\ was sampled. Sulphate concentrations were 

,,_- ) \ ' 

relatively high compared to those found in the''1Syncrude plume, 
values of 5.2 pg m-3 at a distance of 1.8 km from the stack and 7.3 
pg m-3 at 19 km downwind were measured. 

Sulphur dioxide to particulate sulphate conversion rates 
were low ranging from not measu rab 1 e to 2.0% h-1 during December 

1983 and from not measurable to 2.9% h-1 in June 1984. In general, 

the lowest conversion rates were found when S02 concentrations were 
highest. The conversion rates obtained from the chemical analysis 
of filter samples agreed reasonably well with those calculated from 

the excess aerosol volume productions. 

Lusis et al. (1978) found conversion rates of -1.2% to 



Table 21. Sulphur dioxide, particulate sulphate and SOz to S04 conversion rates as a function of distance 
from the source and plume age as determined by chemical analysis. December 1983. 

Mean Mean Mean Mean Total Total Conversion 
Date T1me plume plume so? S04 so2 504 rate 

DDMMYY local travel age (ppb) (pg m-3) (as so4 (pg fil ter-1) (~ h-1) 
(km) (hour) pg f1lter-1) 

141283 

141283 

141283 

151283 
151283 
151283 

171283 
171283 

1057-1026 

1133-1158 
1238-1307 

1018-1044 
1048-1130 

1136-1213 

1438-1514 
1531-1557 

1.0 

33.0 
35.0 

0.6 

24.0 
45.0 

9.3 
26.0 

0.2 

4.6 
4.6 

o.o 
1.3 

2.4 

0.3 

1.0 

103.5 

49.4 
74.1 

66.7 

32.5 
15.7 

45.2 
81.4 

0.29 

5.37 
7.36 

0.45 

0.99 
0.36 

0.68 
4.96 

301 

221 
277 

286 

219 

52 

248 

342 

7.1 

28.5 
32.9 

4.1 

4.5 

2.0 

5.7 
10.1 

NO 

2.0 

1.!1 

"' "' 
NO 

0.5 

1.0 

NO 

0.9 

continued •••• 



Table 21. Concluded. 

mean mean mean mean total total conversion 
Date 

DDMMYY 
Time 

local 
plume 

travel 
(km) 

plume 
age 

(hour) 

so2
(ppb) 

so4 
()Jg m-3) 

502 
(as S04 

}JQ filter-1) 
(}Jg 

504 
filter-1) 

rate 
('- h-1) 

191283 

191283 
191283 

201283 

201283 

1434-1500 
1522-1543 
1559-1630 

1110-1135 
1144-1206 

3.0 
18.0 
60.0 

3.3 

60.0 

0.2 

1.3 
4.5 

0.1 
2.5 

198.6 
142.3 

189.2 

49.4 

15.7 

3.03 
3.50 
2.42 

2.23 

0.64 

359 
248 

355 

199 
79 

9.1 

7.3 
8.9 

3.9 

2.2 

NO .._,"' 
0.6 
o.o 

NO 
0.3 



Table 22. Sulphur dioxide, particulate sulphate and S02 to S04 conversion rates as a function of distance 
from the source and plume age as determined by chem1cal analysis. June 1984. 

Mean Mean Mean Mean Total Total Conversion 
Date Time plume plume 5o2 504 502 504 rate 

DDMMYY local travel age (ppb) (.ug m-3) (as S04 (.ug filter-1) (% h-1) 
(km) (hour) .ug filter-1) 

070684 1632-1652 12.6 0.3 23.7 2.30 61 1.3 ND 

070684 1724-1743 33.3 1.0 13.9 1.20 15 0.7 3.4 

080684 1024-1050 6.5 0.3 33.0 1.50 80 1.1 . ND 

080684 1052-1129 28.3 1.2 24.5 1.10 49 1.5 1.8 
0> 
co 

080684 1133-1155 35.6 1.5 24.9 1.50 39 1.0 1.0 

090684 0508-0539 5.5 0.2 104.7 3.50 720 3.3 NO 

090684 0541-0618 13.3 0.6 100.0 2.80 680 3.1 o.o 
090684 0619-0652 22.5 1.0 92.4 2.20 480 2.2 0.0 
090684 0654-0728 30.1 1.3 135.2 3.60 815 3.8 o.o 

continued ••••• 



Table 22. Concluded. 

mean mean total total conversionmean mean 

Date T1me plume plume SOz S04 SOz S04 rate 


DDMMYY 1 ocal travel age (ppb) (,ug m·3) (as S04 (JJ9 fllter-1) (~ h-1) 
(km) (hour) JJ9 filter-1) 

100684 
100684 

110684 

110684 

110684a 
110684 

120684 

120684 
120684 

0925-0959 
1005-1036 

0551-0625 

0627-0655 

0701-0732 
0737-0809 

0618-0650 

0652-0723 
0724-0756 

9.7 
14.2 

9.8 

19.5 

1.8 
19.0 

5.1 

17.6 
34.3 

0.7 
1.0 

0.7 

1.4 

0.1 
1.4 

0,2 

0.7 
1.4 

60.9 
57.2 

202.4 

91.3 

148.1 
62.3 

47.5 

48.3 
48.3 

3.10 
3.90 

6.90 

2.10 

5.20 
7.30 

0.80 

1.10 
1.00 

304 

267 

1230 

332 

719 
247 

214 

185 

164 

3.1 
3.7 

6.9 

1.8 

5.1 
7.3 

0.8 

1.0 
1.0 

NO 

1.2 

NO 

0.0 

<D "' 
NO 

1.7 

NO 

0.3 
0.2 

a Suncor plume 
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2.4% h-1 during February of 1977 for the GC05 (5uncor) plume and 
0% (-0.2%) to 3.3% h-1 during June of 1977. Bottenheim (1982) 
studied the plumes from the two plants investigated in this report 
and obtained 502 to 504 transformation rates of 0% (-15.7%) to 24% 
h-1 in January, 0% (-3.5%) to 1.5% h-1 in March and 0% (-0.7%) to 
2.6% h-1 in July 1980. The conversion rates obtained in the present 
study, hence, are not inconsistent with the earlier results. During 
the same season, the conversion rate apparently depends upon the 
time of the day. The transformation increased from early morning to 
a maximum at noon or early. afternoon and decreased again thereafter 
in response to solar radiation, illustrating the importance of 
photochemical reactions in 502 to 504 conversion. 

Based on the average 502 oxidation rates obtained during 
winter and early morning flights, Lusis et al. (1978) concluded that 
there was no evidence for a heterogeneous 502 oxidation mechanism. 
However, contrary to the conclusion of Lusis et al., Bottenheim 
(1982) suggested that an iron-catalyzed oxidation mechanism in the 
liquid phase was responsible for the significant 502 to 504 
transformation during the first hour of plume travel which was 
observed in the winter of 1982. In fact, conversion rates observed 
at close distances from the stack during the winter or early morning 
summer flights in 1977 by Lusis et al. were as high as those 
transformation rates obtained at daylight hours in the summer. 
Hence, the importance of the heterogeneous catalytic oxidation 
mechanism in the generation of sulphates in the plume close to the 

emission source and under certain atmospheric conditions (possibly 
high humidity or cold temperature, such that emitted particles may 

be wet) cannot be ignored. 
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5, CONVERSION RATES OF NITRIC OXIDE TO NITROGEN DIOXIDE 

The relative amounts of NO and N02 strongly affect the 

chemistry of po 11 utants in the atmosphere, especially the 

concent ration of ozone. Ratios of N02 to NO which exceeded 10 may 

1ead to the formation of ozone in concentrations exceeding the 

Provincial Standard of 80 ppb. Thus, the rate of conversion of NO 
to N02 in the oil sands extraction plant plumes is of importance. 

Previous studies of power plant plumes by Hegg et al. 

(1977) indicated that the NO conversion rate of NO to N02 is 

contra11 ed by the rates at which the p1ume mixes with the ambient 

air rather than by chemical kinetics. The main chemical reaction by 

which high concentrations of NO are converted to N02 in a power 

plant plume is: 

(5.1) 


Under the influence of sunlight, ozone may be generated by the 

reactions: 

k2 
N02 + hi --> NO + 0; and (5.2) 

(5.3) 


where the k's are rate constants. 

Thus, under photochemically steady state conditions, the 

relationship among 03, N02, and NO is given by: 

(5.4) 


Under winter conditions at Fort McMurray, the value of 

k2/k1 has been calculated as 11 ppb, therefore, a N02/NO ratio of 8 

would be required to give an ozone concentration above 80 ppb 
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(Bottenheim et al. 1977). Under summer conditions the kz/k1 ratio 

was calculated as 16 ppb and an NOz/NO ratio of 5 would produce 80 
ppb. 

The rate of conversion of NO to NOz was measured in the 

December 1983 and June 1984 field experiments. Stable atmospheric 

conditions during the field studies provided an unparallelled 

opportunity to examine the behaviour of NO in the plume and to 

define the processes controlling the rate of conversion to NOz. 
Nitric oxide and nitrogen dioxide measurements were made once a 

second during each traverse of the plume by the aircaft in December 

1983. The data sampling rates were increased to 10 Hz during the 
June 1984 period. With typical aircraft true air speed of 80 m s-1, 

the spatial resolution of the data is 80 m in December and 8 m in 

June. The two channels of the NO-NOx monitor had different lag 

times, resulting in an offset of 4.1 seconds between the two 
channels. This offset was taken into consideration during 

calculation of NO to NOz ratios. 

Figure 16 shows examples of the cross-sectional profiles 
of NO and NOz in the Sync rude plume measured on June 11, 1984. 

Measurements were obtai ned from 3.1 km downwind from the stack 

(travel time 6.72 min) and 500 m above ground and 5.4 km (travel 
time 13.14 min) and 501 m above ground. The maximum values of NO 

and NOz concentrations at 3.1 km were 158 and 50 ppb, respectively. 

The NO and N02 profiles both display distinct double maxima, created 

by either the over-turning of the thermal buoyancy of the emission 

plume or the oxidation reaction of NO and 02 to form N02, which is 
probably important initially at high NO concentration. The maximum 
NO and N02 concentrations observed at 5.4 km were 143 and 48 ppb, 

respectively. The double maxima characteristics of the NO and N02 

concentrations disappear from the earlier pass illustrating that the 
thermal buoyancy was lost. 

For each pass of the aircraft through the plume the N02 to 

NO ratio was calculated on a point by point basis after corrections 

were made for instrument response characteristics. The N02/NO 
ratios for the two traverses presented earlier are given in 
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Figure 16. Cross-sectional profiles of NO and N02 measured at 
3.1 and 5.4 km from the Syncrude stack about 500 m 
above ground on 1984 June 11. 
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ftgure 17. 	 Cross-sectional profiles of N02/NO ratio measured at 3.1 
and 5.4 km downwind from the Syncrude stack about 500 m 
above ground on 1984 June 11. 
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Figure 17. Both profiles show much higher NOz/NO ratios on the 

outer edges than at the centre of the plume. Note that the regions 
of higher NOz/NO ratio (reaction zones) are very narrow, of the 
order of 100m, compared to the plume width which is of the order of 
1000 m. The ratios of NOz/NO were relatively uniform inside the 
plume. At the centre of the plume the NOz/NO ratios increase only 
slightly from about 0.3 to 0.4. These values were significantly 

smaller than those predicted from theoretical parameters if 
photochemical equilibrium was assumed (Leahey, 1983). At the edges 
of the plume, the NOz/NO ratios observed were more in keeping with 
the predicted values. The slightly asymmetric pattern of the NOz/NO 
ratio profiles may be caused by the aircraft not flying exactly 

orthogonal to the plume trajectory, although great efforts were made 
to fly orthogonally, another explanation might be the effects of 
wind shear. The occurrence of high NOz/NO ratios on the edges of 
the plume is in keeping with the conversion of NO to NOz by reaction 
with ozone. The reaction takes place quickly with a reaction time 

of about one minute. Hegg et al. (1977) considered the behaviour of 
a plume which is not in a photochemical steady state; that is, the 
plume has not been uniformly mixed with the surrounding air and 
ozone reacted with NO. They proposed that a diffusing plume may not 

be in photochemical equilibrium because the turbulent mixing time 
over the spatial scale of the plume may be short compared to the 
chemical relaxation times. Over a small enough spatial scale, the 
mixing times are short compared to the chemical reaction times. The 

relative size of this sub-scale to the plume mixing scale determines 
the extent to which a plume is in steady state. If the reaction is 
fast compared to mixing times over the scale of the plume, the 
reactant species become spatially segregated with the reaction 

occuring entirely within a relatively narrow reaction zone between 
the two spatial regions. The width of the reaction zone is 

essentially that spatial sub-scale over which the mixing time is 
comparable to the chemical relaxation time. The NOz/NO ratios shown 

in Figure 17 clearly follow the behaviour predicted by Hegg et al. 
with reaction taking place on the periphery of the plume (Figure 1 
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in Hegg et al. 1977). The well known ozone deficits associated 

with power plant plumes are, in fact, manifestations of spatial 

segregation of reactant species. Thus, the conversion of NO to N02 

should be confined mainly to the narrow reaction zones on the 

periphery of the plume. Turbulent mixing brings the converted N02 

inside the plume and eventually produces an uniform field of N02;NO 

ratios in the centre of the plume. 

The cube root of the turbulent energy dissipation rate 

E1/3 is an estimate of turbulence intensity (MacCready 1964). 

Turbulence measurements along the traverses displayed in Figure 16 

are shown in Figure 18. The turbulent energy dissipation rate seems 

to be higher inside the plume than outside, because of the extra 

thermal buoyancy effect at early plume age. Turbulent mixing is 

then more intense in the centre than at the edges of the plume. 

The conversion rate of NO to N02 was calculated for the 

entire plume using the method described below. 

Assuming an expanding Lagrangian box model, the total rate 

of change of the plume mean N02 can be expressed as: 

d ln Vp 
= -[N02J--- + R[NO]; (5.5) 

dt 

where Vp is the plume volume, R is the transformation rate of NO to 

N02, and [NO] and [N02J are the plume-averaged concentrations of NO 

and N02 respectively. The first term on the right hand side of the 

equation represents the dilution of N02 caused by an increase of 

plume volume due to diffusion and shear effects. The second term is 

the chemical conversion rate (5.1). Background concentration of N02 

is assumed to be negligible in Equation 5.5. This assumption is 

acceptable according to the field measurements in the study area. 

Similarly, the conservation equation for NO can be written 

as: 

d d ln Vp 
-[NO] = -[NO]--- - R[ NO]. (5.6) 
dt dt 
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Figure 18. 	 Cross-sectional profiles of the cube root of the 
turbulent energy dissipation rate measured at 3.1 
and 5.4 km downwind from the Syncrude stack about 
500 m above ground on 1984 June 11. 
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Background NO concentration is also assumed to be negligible in the 

above equation. 

Equations 5.5 and 5.6 can be combined to eliminate the 

dilution rate (d ln Vp/dt) and manipulated to give the following 

equation: 

d [NO] 
ln (----- = - R. (5. 7) 

Thus, the slope of a semi-logarithmic plot of the ratio of nitric 

oxide to the total oxides of nitrogen against time gives the 

conversion rate of NO to N02. As an example, the measurements 

obtained on 1984 June 11 for the Syncrude plume are shown in Figure 

19. Only data values believed to be those of the mean at the 

centreline of the plume were used. Note that the data points fall 

close to a straight line. The greater scatter found for the older 

age of the plume is probably due to the 1ow NO and N02 

concentrations which are close to the detection limit of the monitor 

and thus are not reliable. Least squares regression gives the slope 

of the line of best fit to be -1.32 h-1 (-2.19% min-1) with a 

correlation coefficient of -0.95. 

Using this procedure, the mean conversion at the plume 

centre 1eve1 was determined for each p 1 ume study in Phase 2 and 

Phase 3 of the project. The results are summarized in Table 23. 

Rates varied considerably from 0.2% min-1 to 21.4% min-1. At first 

glance the conversion rate of NO to N02 appears to depend upon the 

amount of sunlight. During the December 1983 field experiment the 

transformation rate appeared to increase with time, reaching a 

maximum at about noon or slightly after noon, after which it 

declined. During the June 1984 study period the conversion rate of 

NO to N02 was very low at dawn (0500) and increased with time. 

However, the suggested increases in the conversion rate of NO to N02 

with time may be due to increased turbulence. Apparently, the 

transformation rate is higher in the summer than in the winter 
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Table 23. NO to N02 Conversion rate for nine plume case studies. 

Date Time Source Conversion Rate 
(m~DD) (local) %min-1 

83/12/15 
83/12/17 
83/12/19 
83/12/20 

84/06/08 

84/06/09 

84/06/11 

84/06/11 

84/06/12 

0950-1306 

1417-1614 

1417-1647 

1052-1349 

1003-1241 
0455-0745 

0520-0655 
0655-0822 

0559-0852 

Suncor 

Sync rude 

Sync rude 

Sync rude 
Sync rude 

Sync rude 

Sync rude 

Suncor 
Syncrude 

1.0 
2.4 

1.7 

4.1 
21.4 

0.2 

0.5 

2.2 
1.0 
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(possibly because of the higher sun angle or the increase in 

turbulent mixing). 

Figure 20 gives the plume averaged turbulence e1/3 and the 

travel time of the Suncor plume measured on 1984 June 11. Close to 

the stack the turbulence was stronger because of the effect of 

thermal buoyancy. This dissipated within 0.3 hour, thereafter 

turbulence in the plume was the same as in the ambient air. It was 

shown earlier that the reaction zone is at the periphery of the 

plume where the turbulence has a value similar to that of the 

environment. If turbulent mixing is the controlling factor on the 

conversion of NO to N02 in the plume, the environmental turbulent 

energy dissipation rate should correlate well with the mean 

transformation rate of NO to N02. 

Figure 21 shows the NO to N02 conversion rates and the 

cube root of the ambient turbulent energy dissipation rates 

determined for the cases studied. The inset in the figure shows one 

datum which does not fit into the scales in Figure 21. The 

turbulent energy dissipation rates are those measured outside of the 

plume in the surrounding air and they represent the environmental 

turbulence. There seems to be a direct relationship between the 

turbulent mixing and the NO to N02 conversion rate. When the 

turbulent energy dissipation rate is high, the transformation of NO 

to N02 is fast, or vise versa. The linear line of the conversion 

rates and e.1/3 (excluding the very high NO to N02 conversion rate) 
has a slope of 4.5, with a correlation coefficient of 0.81. The 

regression line is shown in Figure 21 and the inset. Note that the 
very high conversion rate observed also lies very close to this 

regression line. It appears that turbulent mixing, with a minimum 

value of the cube root of the turbulent energy dissipation rate of 

about 0.78 cm2/3 s-1, is necessary to maintain significant 

conversion of NO to N02 in the plume. This suggests that the ozone 

concentrations in the near-field plume deplete almost 

instantaneously by oxidation of NO. Continued mixing is required to 

supply more ozone from the ambient air for the NO to N02 

transformation. This should have significant influence on the 
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modelling of plume nitrogen chemistry in short or medium range 

transport of po 11 utants. Furthur studies with simultaneous and 

continuous ozone measurements are warranted. 
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6. EVOLUTION OF ICE PARTICLES NUCLEATED IN PLUMES 
Particles emitted or produced from emission plumes of 

power plants are known to act as cloud condensation nuclei. In 

recent years, several studies have been conducted to investigate 

this characteristic of man-made aerosols (Whitby et al. 1978; 

Pueschel and Van Valin 1978; Mirabel and Katz 1974; Hegg and 

Hobbs 1981; Hegg et al. 1980 and Barrett et al. 1979}. 

Nucleation of emission originated acidic aerosols to form cloud 

droplets plays an important role in the formation of acid 

preci pi tat ion, as much as absorption of trace gases by cloud and 

rain drops and subsequent oxidation inside the drops. Figure 22 

illustrates the importance of aerosol nucleation in the formation of 

cloud droplets. The measurments were taken during the June 1984 

field experiment, from a cloud approximately 50 km downwind from the 

oil sands extraction plants but quite far off the plume trajectory. 

The cloud was located above a strong inversion layer. The sulphur 

dioxide measurments inside the cloud were equal to the background 

value {10 ppb). It was clear that the cloud was not affected by the 

plant emissions. Figure 22 shows the total concentrations of cloud 

droplets and aerosols observed simultaneously inside the studied 

cloud. Note that the total concentration of cloud droplets plus 

aerosols is almost constant. That is, the concentration of 

particles throughout this cloud was nearly constant, with particles 

present either as nuclei for cloud droplets or as interstitial 

aerosols. The production of cloud droplets results in the loss of 

aerosol particles. The figure shows evidence of the removal of 

aerosols by cloud droplet nucleation. 

When ice crystals grow in a cloud of supercooled droplets, 

acidic aerosol particles may be removed by the processes of 

aerodynamic capture, thermo- and diffusio-phoresis, electrostatic 

capture, Brownian and turbulent diffusion, in addition to the 

aerosols which were scavenged, by either capture or nucleation, in 

the accreted cloud droplets. The occurrence of these phenomena 

makes studies of rainout, washout and snowout of atmospheric 

pollutants difficult. 
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Observations during the December 1983 field experiment 

provided an ideal natural situation for a snowout study. Hot, 
buoyant and moist effluent was exhausted into the frigid (below 
-25 °C), stable atmosphere. A liquid water cloud quickly formed in 
the supersaturated environment. Ice crystals nucleated and grew as 
the cloud cooled to the environmental temperature. The supercooled 
1 i quid water cloud evaporated to entrained dry air and to the 
growing crystals, such that within short distances downwind, no 
measurable liquid water remained. Ice crystals grew rapidly in some 
cases to precipitation sizes in the gaseous and aerosol plume. The 

ice precipitation reached the ground level near the stack, whereas 
the gaseous plume remained aloft and could be detected as S02 at 
great distances. Although no chemistry measurements were made for 
these snowout particles, the cloud physical measurments to be 
documented in this chapter provided some insights into the physical 
mechanisms which may be involved in the snowout process. Two cases, 
one for the Syncrude plume and the other for the Suncor plume, are 

presented here as examples. The two cases are chosen to illustrate 
the effects due to the variations in the characteristics of the two 
oil sands extraction plant emissions. 

6 .1 CASE OF 1983 DECEMBER 15 
The Suncor plume (stack height 320 m msl or 107 m above 

ground) was studied on this flight. It was separate from the 
Syncrude plume for a long distance downwind because the mean wind 
was from the north-east at 5 m s-1 in the lower atmosphere. For 
other wind directions, the plumes may overlap. The ambient 

temperature at the plume levels was about -30 to -29 °C and the 
relative humidity with repect to ice saturat·;on was 80 to 95%. 
Figure 23 shows the atmospheric sounding obtained during the period 

of the field experiment. The atmosphere was stable from the lowest 
50 m up to 750 m above ground. A thin layer of neutral stability 

was capped by another stable layer which extended to the top of the 

sounding. Relative humidity with respect to ice was above 80% from 
the surface to 1200 m above ground. There was a layer of dry air 
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89 


about 500 m thick located at 1000 m. Above this, the air was almost 

ice saturated. The atmospheric sounding was terminated at about 2000 

m above ground level. 

Figure 24 gives the vertical profile of the plume averaged 

sulphur dioxide and nitric oxide concentrations, mean diameter of 

ice crystals, total ice crystal concentration and maximum liquid 

water content in the flight segment. Values below the detection 

1imit of the instrumentation are represented by asterisks. The 

maximum liquid water content measured at 480 m above ground and 

almost directly above the stack was 0.8 g m-3, similar to the value 

in a summer cumulus cloud. Ice crystals nucleated rapidly in the 

gaseous plume and had a concentration of 27 L-1 over the stack. The 

mean size of ice particles at this location was 67 pm. The liquid 

water was depleted quickly and could not be detected at subsequent 

passes. At the plume centre level after 5 min travel time 

(approximately 420 m above ground and 1.7 km downwind from the 

stack) the ice crystal total concentration was 128 L-1, with a mean 

size of 83 pm. Farther downwind and closer to the surface (8 km 

from the stack (23.4 min travel time) and 210m above ground}, the 

mean size of ice crystals was around 100 pm and the total 

concentration of ice particles was much less than upstream and 

above. It seems that ice crystal growth was slow in the plume. No 

ice crystals were detected in the gaseous plume beyond 10 km from 

the stack. The dashed lines in Figure 24 schematically outline the 

boundary of the gaseous plume and the arrow shows the extent and 

trajectory of the ice particle plume. Background sulphur dioxide 

concentration was about 7 ppb. 

Figure 25 gives the ice crystal size distributions 

observed at the aircraft sampling locations within or below the 

gaseous plume. The size spectra are overlayed to show the ice 

crystal growth. The size distribution measured at 480 m above 

ground and almost directly above the stack was narrow with a maximum 

size of about 300 ).Jm. The size distribution was characteristic of 

nucleation followed by diffusional growth process. The size 

distribution of ice crystals measured at 500 m above ground and 
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Figure 24. 	 Vertical cross-section plot of segment-averaged mean size 
of ice1crystals, D ~~m), total ice cr~st~l co~centration, 
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denote undetectable values. The dots represent sampling 
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Figure 25. 	 Ice crystal size distributions measured at 
selected locations of the gaseous plume on 
1983 December 15. The solid line represent
that obtained at 480 m above ground and almost 
directly above the stack, the dashed thin line 
at 500 m above ground and 1.0 km from the stack, 
the dashed thick line at 420 m above ground and 
1.7 km from the stack, and the solid thick line 
at 190 m above ground and 9.4 km from the stack. 
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10 km downwind from the stack was also narrow, with a maximum size 

of ice crystals at about 350 pm. The liquid water droplets had 

evaporated by the time they reached this location. Note that 

initially there was a large increase in small ice crystals 

indicating that more ice nuclei were being nucleated. The ice 

crystal size distribution measured at approximately 420 m above 

ground and 1.7 km downstream of the stack resembled one which would 

have been the result of diffusional growth (Davis and Auer 1974} 

initiated with a narrow exponential distribution similar to the one 

observed upwind and above. More ice nucleation was apparent as 

illustrated by the increase of small ice crystals. The maximum size 

of ice particles detected was 450 J.lm. At about 190 m above ground 

and 9.4 km downwind from the stack, the size distribution suggests 

some aggregational growth and sublimation might also be important in 

the ice crystal evolution during this period. The maximum size 

detected was about 250 pm and the total concentration was 0.6 per 

litre. The mean size was smaller and the concentration was smaller 

than those measured at upstream and higher levels. 

6. 2 CASE OF 1983 DECEMBER 17 

The Syncrude plume (stack height 373m msl or 160m above 

ground) was studied on this flight. The ambient temperature at 

about the plume level varied from -30 to -29 °C and the relative 

humidity was around 85% with respect to ice. Figure 26 shows the 

vertical profile of the temperature and relative humidity during 

this experiment. The temperature profile indicates a neutral 

stability in the lower atmosphere from the ground up to the base of 

a thick strong inversion (potential temperature vertical gradient of 

+6 °K I 100m) at 800 m. The relative humidity varied between 80 and 

95% from the ground up to 2000 m where the sounding was terminated. 

Wind speeds at the lower atmosphere were 2 to 5 m s-1 from the north 

and changed little with altitude. 

Figure 27 shows a vertical profile of averaged sulphur 

dioxide and nitric oxide concentrations, mean size of ice crystals, 

total ice crystal concentration and maximum liquid water content 
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observed in the flight segment. The maximum 1 i quid water content 
measured at 650 m above ground (approximately the plume center 
1eve1) a 1 most directly above the stack had a va 1ue of 1.13 g m-3. 

This is equivalent to observations in summer cumulus clouds. At 1.5 
km downwind and about the same altitude (3.5 min travel time), the 
maximum liquid water content observed was 0.19 g m-3 and at 2.4 km 

(5.3 min travel time), the maximum liquid water still had a value of 
0,05 g m-3. As in the 15 December case, ice crystals nucleated 
readily in the supercooled gaseous plume. The total concentration 
of ice crystals measured at 650 m above ground was 19 L-1, reached a 
maximum of 85 L -1 at 2.4 km downwind from the stack and declined 
significantly at distances farther downwind and at the same 
altitude. At approximately the plume center level, the mean ice 

crystal size increased from 87 pm directly above the stack to 125 pm 
at 2.4 km downwind from the stack and increased rather slowly with 
travel time. Below the gaseous plume or at the lower boundary of 
the plume (about 350 m above ground) the total ice crystal 
concentration decreased, in general, as the distance from the stack 
increased. However, the mean ice crystal size had a maximum of 303 
pm located at about 6 km from the stack (13.5 min travel time). 
Sulphur dioxide above background concentration level (approximately 
6 ppb) was observed at this altitude, whereas nitric oxide was not 
detected. No ice crystal plume was detected beyond 10 km from the 
stack at the plume centre level, but was observed at a lower 
altitude (350 m) 14.2 km downwind from the stack illustrating 

fallout of the ice crystals. The dashed lines in Figure 27 
schematically outline the gaseous plume. The envelop of ice crystal 
growth and fallout direction are suggested by the cross sectional 
analysis. Fallout trajectories are consistent with theoretical 
expectations for columnar and side plane crystals 100 to 1000 pm in 
size (Davis 1974). 

Figure 28 shows the ice crystal size distributions 

measured at selected locations during the flight. The distributions 
are once again overlayed to show growth. The size distribution 
measured at 650 m above ground was narrow and characteristic of new 
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Ice crystal size distributions measured at selected 
locations of the gaseous plume on 1983 December 17. 
The solid line represents sampling at 650 m above ground
and almost directly above the stack, the dashed thin and 
thick lines at the same altitude and 4 and 10 km from 
the stack, respectively, and the solid thick line at 350 m 
above ground and 6 km from the stack. 
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crysta1s formed by nuc1eat ion and a deposition a 1 growth process. 
The maximum ice crystal size detected was 250 ~m. At approximately 
the same altitude but 4 km downwind from the source, the size 
distribution suggested diffusional growth (Davis and Auer. 1974) of 
an initially narrow distribution similar to the one observed upwind. 
The maximum ice crystal size measured was about 450 ,urn. At 6 km 
from the stack and 350 m above ground, the size distribution showed 

some evidence of aggregational growth as indicated by the bimodal 
spectrum. The maximum ice crystal size measured was about 2 mm. 
Ice particles of precipitation size detected at this altitude should 
survive sublimation during fallout and reach the surface. The size 

distribution of ice particles measured 10 km downwind from the stack 
and about the plume centre level showed a narrow size range of 
residual crystals which were slowly precipitating and evaporating. 

6.3 DISCUSSION 
The observations clearly show that ice particles were 

nucleated soon after emission, evolved through various growth 
processes and fell out of the gaseous plume. However, in one case 
ice particles grew to precipitation size whereas in the other they 
did not. The temperature and relative humidity with respect to ice 
at the plume level were almost the same in the two cases studied. 
Although the environmental temperature at the stack level was warmer 
by about 4 oc in the Sync rude case than in the Suncor case, the 

emission temperatures at the stacks (about 220 °C) were much higher 
than the environment values. The hot effluent should have reached 
the plume level within a very short time so that nucleation should 
have taken place at this altitude, where the temperature difference 

between the two cases was minimal. This is probably the reason for 

the fact that the ice crystal concentrations at the plume centre 
1 evel almost directly above the stack were approximately the same 
(27 L-1 and 19 L-1) in the two cases. The different results as to 

snowfall on the ground may possibly be attributable to the 

differences in the emission characteristics of the two oil sands 

extraction plants. As mentioned earlier, the aerosol probe on-board 
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the aircraft was not functioning during the December 1983 fie1d 

study. Measurements made during other phases of the field 

experiment illustrate marked differences in the size distributions 

of aerosols emitted from the Syncrude and the Suncor plants. Figure 

29 shows a plot of the plume cross-sectional averaged size spectra 

of aerosols emitted from the two plants within a period of 90 

minutes on 1984 June 11 The measurements were obtained 

approximately at the plume center level and at approximately the 

same downwind distance from the stack. The thin line represents the 

aerosol size distribution for the Suncor plume and the thick line 

that for the Sync rude p1ume. The aerosols emitted from the Suncor 

p 1 ant have much higher concentrations than those from the Sync rude 

plant, the difference being about one order of magnitude. Although 

particles emitted or produced from gaseous emissions of oil sands 

extraction plants have not been known to be good ice nucleating 

agents, some of these particles may have been activated to form ice 

crystals in the cases documented above. 

In the Suncor plume, in which the aerosol concentrations 

are higher and probably the ice nuclei concentrations are higher, 

ice crysta1 s grew at the expense of the evaporating supercoo1 ed 

1 iquid water content. The growth rates of these ice crystals were 

slow because of the greater competition for the vapour and liquid 

water avail ab 1 e. Ice crysta1 s in the gaseous p 1 ume caul d hardly 

grow to a size at which aggregat,ional growth becomes appreciable. 

Ice crystals would eventually fall out of the plume at some distance 

from the stack, but would likely sublime before reaching the surface 

unless the plume height is relatively low. 

In the Sync rude p 1 ume, fewer ice crystals were probably 

nuc 1 eated because the concentration of aero so 1 s emitted from the 

stack was 1 ower. The supply of water vapour was abundant due to 

less competition. Ice crystals grew rapidly to precipitation size 

through the depositiona 1 and aggregationa 1 process. The ice 

precipitation could reach the ground level near the stack, whereas 

the gaseous plume remained aloft. 
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Figure 29. 	 Plume cross-sectional avera~ed size distributions of 
aerosols emitted from Syncrude (thick) and Suncor 
(thin) plants measured at approximately the same 
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centreline level. 
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The results from the case studies demonstrate one of the 
important roles of anthropogenic aerosols in i nadvertant weather 
modification. When these aerosols are vented into the cold region 
of a mid-latitude storm, the ice nuclei concentrations in the storm 
may be changed and the precipitation processes may be modified. 

A number of references have been made to the in-cloud 
evironment as a sink of airborne aerosol particles (Slinn and Hales 
1971; Hogan 1976; and Radke et al •. 1980). It has been suggested 
that current theory fails to account for the magnitude of such 
scavenging (Radke et al. 1980). Most field studies thus far 
reported in the literature do not allow quantitative estimates of 
scavenging efficiency because: 

1. 	 Precipitation pollutant concentrations have not been 
simultaneously measured and related to pollutant 
concentrations in the air through which the 

precipitation formed; and 
2. 	 Other important meteorological and microphysical 

characteristics of the precipitation formation which 
will affect pollution scavenging are rarely reported. 

Air motion, which results in cloud formation and precipitation 
production, transports pollutants vertically. Transported 
pollutants can be lifted from the lower atmosphere and suspended at 
higher altitudes after cloud dissipation. Thus, the effects of 
interaction between cloud dynamics and pollutants should be isolated 
when the scavenging efficiency is derived. 

The observations documented in this report clearly show 
that ice particles fell out from the gaseous plume. The ice 
particles were nucleated inside the plume and underwent various 
evolution growth processes. The formation of a liquid water and ice 
cloud in the frigid and light wind conditions provides several 
mechanisms for scavenging the aerosol and gaseous pollutants in the 
plume. Besides the processes mentioned in the beginning of this 

chapter, it is likely that the precipitation-induced drag increased 
the downward deposition of pollutants (Figures 24 and 27 show that 
S02 concentrations much higher than the background va1ue coexisted 
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with ice particles below the gaseous plume). Thus, for these 

weather conditions, there was a kind of "self-removal'' process in 

the plume. Moreover, unlike inside cloud systems (except the 
stratiform type of clouds) the dynamics-pollutants interactions are 

relatively simple. The dispersion and advection should be the major 

mechanisms inside the plume. As demonstrated, other important 
meteorol ogi ca 1 and mi crophys i ca1 character! st i cs of the 

precipitation which will affect pollution scavenging can also be 

determined. Thus, conditions 1 ike these are idea 1 for a study of 

snowout and its effects upon pollutant concentrations. 
Unfortunately, when the present study was undertaken, the 

instrumentation aboard the research aircraft was not adequate for 

snowfall collection for chemical analyses and the aerosol probe did 

not function properly. In future studies, every effort should be 

made to obtain the full range of measurements that are important for 
snowout processes: air chemistry, precipitation chemistry, aerosol 

characteristics, cloud microphysics, and air motion. 
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7. CONCLUSIONS AND RECOMMENDATIONS 

The field experiments for the jointly funded project by 
Alberta Environment and the Alberta Research Council, were conducted 
in March and December 1983 and June 1984. The objectives were to 
determine the transport, diffusion and transformation rates of 
sulphur and nitric oxides emitted from oil sands extraction plants 
in northern A 1 berta. From the analysis and interpretation of the 
data collected, several specific conclusions can be drawn. 

One important conclusion is that these studies demonstrate 
that it is now technically possible to make some of the important 
measurements concerning air chemistry, aerosols, microphysics, and 
air motion from an instrumented aircraft. Factors which made the 
measurements obtained in these studies uniquely suited to this 
project include: 

1. 	 Instrumentation with a very fast response time; 
2. 	 The ability to measure most of the important 

parameters simultaneously; 
3. 	 The ability to follow one plume parcel for repetitive 

measurements. 
The observed hori zonta 1 p 1 ume dispersion parameters show 

good agreement with the Pasqui 11-Gifford values for the various 
stability classes only as far as the rate of change with distance is 
concerned. The observed va 1 ues were somewhat 1 arger than those 
predicted by Pasquill-Gifford for the atmospheric stability present. 
The upward momentum and buoyancy of the hot stack emission in the 
relatively cold atmospheric surroundings appears to increase the 
initial diffusion of the plume. This leads to values of observed 
horizontal plume dispersion parameters, for distances relatively 
close to the stack, being greater than what would be expected under 

the prevailing atmospheric stability conditions. 
The conversion rates of sulphur dioxide to particulate 

sulphate determined from the excess aerosol volume production 
technique varied from 0.02% to 2.81% h-1 during March 1983 and from 
0.06% to 8.66% h-1 during June 1984. Conversion rates determined 
from results of the chemical analysis of filter samples ranged from 
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0% to 2.0% h-1 during December 1983 and 0% to 2.9% h-1 during June 

1984. The range of values obtained from the two techniques in the 
present study seems to be compatible with earlier results and they 
agree relatively well with each other. The significant amounts of 
excess aerosol volume production of particles larger than 1.0 Jlm 
suggest that heterogeneous conversion of sulphur dioxide to 
particulate sulphate may be appreciable under certain conditions and 

close to the emission source. During the same season, the 
transformation rate apparant ly depends upon the time of day. The 
conversion rate increased from early morning to a maximum at noon or 

early afternoon and decreased again thereafter in response to solar 

radiation. 
The conversion rate of NO to N02 was determined for winter 

and summer conditions in the AOSERP area. Rates varied considerably 
from hour to hour, ranging from 0.2% to 21.4% min-1. Because of the 
fast reaction of NO to N02, in the presence of ozone, the mixing 

times are short compared to chemical relaxation times over a small 
spatial scale. The transformation of NO to N02 takes place mainly 
in narrow zones at the edges of the gaseous plume. There also seems 
to be a direct relationship between the turbulent mixing and the NO 
to N02 conversion rate. 

The transformation of nitrogen oxides to particulate 
nitrate was not obtained because the amount of particulate nitrate 
collected was below the detection limit in all cases and little or 
no nitric acid was found. 

A liquid water cloud quickly formed in the supersaturated 
environment of the emissions from the stack during the December 1983 

experiment period. Ice crystals nucleated and grew as the cloud 
cooled to the environmental temperature. The supercooled liquid 

water evaporated to the entrained ambient air and growing crystals, 
such that within a short distance downwind, no measurable liquid 
water remained. 

In the Suncor plume, the ice nuclei concentration seemed 
to be higher, and ice crystals grew at the expense of the 

evaporating supercooled liquid water content. The growth rates of 
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these ice crystals were slow because of the competition for the 
limited available vapour and liquid water supply. Ice particles in 
the gaseous plume did not grow large enough for the aggregation a l 
growth to be appreciable. However, the ice crystals eventually fell 
out of the plume at some distance from the stack. Some crystals 
sublimed before reaching the surface. 

In the Syncrude plume ice crystals grew rapidly to 
precipitation sizes within a few kilometers from the stack and fell 
out of the gaseous and aerosol plume. Diffusion growth was 
dominant, although accretional growth may have been appreciable 
close to the stack where liquid water was available. The ice 
precipitation was observed to fall to the ground within 10 km of the 
stack, whereas the gaseous plume remained aloft and could be 

detected at a great distance from the stack. 
The formation of a liquid water and ice cloud provided 

several mechanisms for scavenging the aerosol and gaseous pollutants 
in the plume. It is likely that the precipitation induced drag 

increased the downward deposition of gaseous emi ssons. Thus for 
these weather conditions, there was a kind of "self-removal" process 
in the Syncrude plume. 

Based upon the experience gained during the fie 1d study 
and the results of the subsequent data analysis, the following 
specific recommendations are presented: 

1. 	 It is recommended that any models of oil sands 
extraction plant airborne emissions and their effects 

upon biological systems consider plume chemistry and 
deposition mechanisms and that these models be 
verified or tuned by field measurements. 

2. 	 It is recommended that the rates of deposition of 
pollutants via the "snow-out" mechanism during the 
winter months be investigated. This mechanism may be 
of prime importance in determining the short, medium, 

and 1ong range transport of acid forming emissions 
generated by these plants. 



105 


3. 	 In order to better understand the chemistry of 

nitrogen and sulphur oxides in the plumes from the 

oil sands plants (and thereby their effects) it is 

necessary to obtain a fast response ozone monitor and 

consideration must be given to continuous particulate 

nitrate and sulphate analyzers. 

4. 	 Particles emitted by the oil sands plants or 

generated from gaseous emissions may play an 

important role in the transport of pollutants and 

their en vi ronmenta l effects. It is recommended that 

further consideration be given to the transport of 

particles and the chemical composition of different 

size fractions with particular emphasis on metals, 

nitrates and sulphates. 

5. 	 For stable, light wind conditions, the plume spreads 

widely in the horizontal and interrupts the normal 

radiation balance. It is recommended that future 

airborne studies should address the significance of 

this effect. 
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