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EXECUTIVE SUMMARY

This report describes an analysis of air quality, meteorological
and emissions inventory data as they relate to the oxidants levels in
the Greater Vancouver Regional District and Lower Fraser Valley. The
study was undertaken in view of the concern over the high ozone levels
in the area (some of the highest in Canada) and the regular exceedances
of the National Air Quality maximum acceptable ozone level at individual

stations.

The primary objectives of the study were to establish an
extensive computerized data base with air quality and meteorological data,
to determine the relative importance of local precursor emissions and
long range transport of pollutants in the resulting high ozone levels
(episodes), to characterize the meteorological conditions associated with
ozone episo&es and to assess the relative roles of precursor emissions

in ozone episodes.

As was requested, all the available air quality and meteoro-
logical data since 1978 were compiled and organized into a consistent
format by establiéhing an archive. The archive consists of two sets of

files - one with records of hourly observations and the other set with
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records containing the daily observations. Magnetic tapes of the archived
data together with detailed documentation on the ‘format of the tapes

have been provided.

-EmiSsions’inventOry'data for the major volatile organics (VOC)
and nitrogen oxides (NOX)‘sources in the Vancouver area for the years 1972
and'1976,weré'5ummarized and projections for 1985 were prepared{ Relative
to 1976 levels, the projections suggest a 16% decrease in VOC emissions
and 25% increase in NOx emissions. The reduction in VOC emissions is
due to the effect of emission control devices on mobile sources. A
reactivity classification of ]976'VOC~emissions'suggest that the reactive
VOC are the predominant class and therefore are important in the atmospheric
reactions that lead to high ozone levels. It should be noted that existing
air quality data provide only total hydrocarbon levels and the absence of
data on the ambient levels of reactive hydrocarbons is a deficiency that
needs to be redressed in order to better characterize the effects of

precursors on ozone formation.

Analysis of the air quality data for the four year period showed
that ozone levels increased at some stations but there were no consistent
trends for other parameters (N02, NO, NOX Hydrocarbons). The levels of
hitrogen«oxides generally were lower in the sprihg and summer months than
winter and fall. Total hydrocarbons levels showed're]ative]y less

variation throughout the year.

-
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Ozone levels showed strong seasonal dependence with higher
Tevels occurring in the spring and summer months. Ozone station episodes
(237 cases with [03] 2 82 ppb for 10 or more hours) were identified. Areal
episodes (21 cases with station episodes at 3 or more stations on the
same day) and persistent episodes (5 cases with areal episodes for 2 or
more consecutive days) were also identified. 0zone episodes occurred most
often between April and September with most.episodes in July and August.
During these two months, solar intensity is greatest, and, other conditions
conducive to the development of land/sea breeze circulation (light dradient
winds, relatively large temperature differential between land and water
surface) are optimal. The analysis of synoptic weather maps‘for all
episode days showed that the persistent episodes were always associated
with a stagnant anicyclonic weather system over the region. There was no
indication that Tong range transport of ozone or its precursors is a

factor that contributes to ozone episodes in the GVRD and lower Fraser Valley.

Analysis of the mesoscale meteorological conditions indicated
that the sea/land breeze phenomenon was associated with persistent episode
days as well as station episode days. More severe episodes in terms.of
ozone cqncentrations and duration generally occurred when inland tempera-

tures were higher,

The diurnal variation of ozone levels was such that the peak
concentrations occurred most often at 1400 hours, but the peak levels at
stations to the east of the GVRD (T10) and in the lTower Mainland (Abbottsford

(T11) and Chilliwack (T12)) occurred later in the afternoon. This fact
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together with the wind data imp]icates the transport of ozone and/or its
precursors from the Burrard Inlet area of the GVRD towards the Lower

Fraser Valley. The‘"baCkground“ station at Seymour Dam, although -
exhibiting episodes peaking at ~ 1400 houfs'may not be affected by GVRD
generated emissions in view of the prevailing winds. The total hydrocarbons
from natural sources are likely to be the major contributor to high ozone

levels at this station.

Recommendations

This study has clearly identified the important characteristics
of high ozone Tevels in the GVRD and lower Fraser Valley. The occurrence
of the high ozone Tevels in the study area undoubtedly will continue and
therefore it is recommended that suitable oxidant control strategies

be formulated and implemented.

To' achive thfs_objective will require action in two general
areas. In the first case there should be some additional work on the
meteorology and air quality. Secondly an in depth review of control
strategies and the modelling requirements for these strategies.is
necessary to determine the approach thét will best serve the requirements
peculiar to GVRD/Lower Fraser Valley region. Specific recommendations in

these two areas is as follows:

. Additional analyses of the existing data shown be performed.

These analyses should include the development of empirical
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relationships between ozone and its precursors and selected
meteorological parameters, and more detailed analysis of

wind data during episodes.

Continued updating of the air quality and meteorological

data archive.

Establish additional air quality monitoring stations in
order to characterize air quality in the southern area of
the GVRD and Lower Mainland, and to better characterize the
mesoscale transport of pollutants from the GVRD. This
requirement should take place in the context of an overall
rationalization of air quality and meteorological monitoring

objectives.

Include measurements of ambient levels reactive hydrocarbons

(non-methane hydrocarbons).

Obtain a more detailed understanding of the meteorology
associated with episodes. In particular sea/land breeze
phenomenon, the local and regional wind fields and the
mixed layer depth need to be better characterized by

implementing suitable studies.
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. The currently available oxidant control strategies and
urban éir p0110tion models should be revieWed and assessed.
The review and assessment should bear in mind the ekisting
air quality, meteorological and emissions inventory data
and the assessment should be based on optimal technical and

economic factors.

-The existing emissidns inventory data needs to be spatially,
temporally and chemically resolved. The provision of such
addifiona] data should be consistent with modelling require-

ments and proposed control strategies.
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1. INTRODUCTION

Oxidant levels ih the Greater Vancouver Regional District
(GVRD) and Lower Fraser Valley frequently have been in excess of the
National Air Quality maximum acceptable level for ozone of 82 ppb.
For example, station T7 which has consistently recorded the greatest
number of exceedances since 1978, had 134, 84 and 191 exceedances of
the maximum acceptable level for ozone in the years 1978, 1979 and
1980. Available data for 1981 showed that 215 exceedances of the

maximum acceptable level for ozone occurred at stétion 17.

There has been substantial local concern over the high
ozone levels and the Environmental Protection Service at the request
of the GVRD contracted this "Vancouver Oxidant Study". The assessment
of the problem and an understgnding of the factors that give rise to
or are associated with elevated ozone levels in the study area are
essential for the ultimate development of a realistic control

strategy.

The primary objective of this study has been to determine
if elevated ozone levels result solely from local precursor emissions
or whether long range transport of U.S. emitted air pollutants con-

tribute to ozone levels in the study area.



The assessment of the oxidants prObiem in the Greater
Vancouver Regional District (GVRD) and Lower Fraser Valley has been
restritted by the lack of a data base in a suitable format although
signiffcantvam6unt$ of air qua]ity and meteoroTogica] data}in the
area have been available since about 1978. One of’thé principal
objectives of this project has been the establishment ofva computer-
jzed data base all the Air Quality and Meteorological data available

for the GVRD and Lower Fraser Va]ley since 1978.
The other objectives of this study were as follows:

- To review the available emissions inventory data and

| prepare projections of emissions for 1985.

. To determine whether elevated ozone levels result from
local emissions or from a combination of long range trans-

port of emissions and local emissions.

- To analyze the air quality and meteorological data for the

GVRD during the 1978-1981 period.

. To characterize the meso and synoptic scale meteorological
conditions associated with elevated ozone levels.

. To characterize the distribution of ozone concentrations in
the GVRD and the transport of pollutants from the GVRD to
sensitive receptors in the Fraser Valley.
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- To determine the relative roles of nitrogen oxides and volatile

organics in the formation of ozone.

- To prbvide recommendations for future air quality monitoring
«5ctivities, air quality studies, emissions inventory work and
oxidant modelling activities that will better characterize the

formation and dispersion of ozone in the GVRD.

A comprehensive evaluation to thoroughly satisfy all of these
objectives was not possible within the available time and financial con-
straints. However, it is our view that most of these objectives were
met (including thé most important) in a comprehensive and satisfactory
manner. The extent to which these objectives were met and the manner

in which the results are presented in this report are described below.

The acquisition and compilation of the available data and the
establishment of the Archive have been comprehensively and completely
achieved. The manner in which this was done together with a description
of the Archive and recommendations for further work on updating the Archive

are presented in Chapter 2.

Comprehensive and complete treatments of the requirements for
analyzing the emissions inventory and air qualtiy data have been achieved.
The ozone episodes and the synoptic scale meteorological conditions
associated with these episodes have also been extensively treated and

completely characterized. These aspects are described in Chapters 3 and 4.



The treatment of the mesoscale aspects of ozone episodes has
been extensive but represents an area in which thevcomplex topography of
the region and the unsuitability of adequate mesoscale transport models
have limited the scope and depth of the treatment. Careful examination of
the need for additional work in this area is needed and is reflected in
thé‘recommendatiOns for future wobk; It ié recognized’however that the
monitoring network would have been designed to satisfy other air quality
monitoring objectives and was not désigned specificaT]y to address the
oxidant problem in the area. The analysis of the spatial distribution
of ozone (and other poliutants) in the GVRD and Lower Fraser Valley
has been limited in extent. The_treatment'for example has not resulted
in the generation of isopleth mapping of pollutant levels because of the
inappropriate spatial disposition of monitoring stations. Nevertheless,
attempts were made to map ozone levels for seiected episode days. These
maps will illustrate the subjective nature of the'prebaration of isop-
leths but nevertheless the maps}provide useful indications of the meso-
scale factors (wind, temperature, ozone concentrations, transport etc)

associated with ozone episodes.

‘Another area in which the treatment has been limited was the
analysis of meteorological and climatological data for the period 1978-
1981. This time period is too short to warrant meaningful conclusions
being drawn from statistical analysis of meteorological data. However,

where appropriate and relevant the necessary statistical analyses of the

meteorological data have been performed.
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The review of photochemical models on which to base recommen-
dations for future work on model requirements for the GVRD has been
limited. This aspect in our view would require a much more extensive
and thorough appraisal of the available models and.more importantly,
an evaluation of the peculiar topographic features of the GVRD in
relation to the potential suitability of models for application in the
GVRD. The need for further work in this regard is reflected in our

recommendations.

The final chapter details the major conclusions of the project

and details our recommendations for additional work.



2. DATA ACQUISITION AND MANAGEMENT

The estab]1shment of an Archive containing the avaw]ab]e
Air Quality and Meteoro]og1ca1 data for the GVRD was one of the prlmary
objectives of the study. The sources and format of the data and the
manner in which the data were managed to create the Archive and perform
data analysis are described in this section. Details of the format

and structure of the Archive are presented.

2.1 Air Quality and Metedro]ogica] Data Sources

2.1.1 Data from Federal, Provincial or Municipal

Government Agencies

Air quality data available for consideration of the
oxidants problem in the Vancouver area were acquired from the following

sources:

1. GVRD - air quality and wind data from up to 11 monitoring

stations.

2. B.C. Ministry of the Environment (BCMOE) - Air quality and
meteorological data from two stations (Abbotsford and

Chilliwack).



3. Atmospheric Environment Service - Meteorological data

from stations in the Vancouver region.

4. Environmental Protection Service (EPS) (Air Pollution Control

Directorate (APCD)). Ozone and NO, data from NAPS network
stations in the GURD.

2.1.2 Other Sources of Air Quality and'Meteor1ogica1 Data

A survey of institutions and organizations likely to have
acquired air qua]ity\data did not reveal any additional sources of air
quality data. Potentially useful sources of meteorological data were
identified in B.C. Hydro and Power Authority and The University of
British Columbia, Department of Georgraphy. In the former case a
SF6 tracer study and dispersion modelling study indicated that Timited
additional data were available. Meteorological data included mini-
sonde data for a limited number of days. These data were examined only
in cases for which there was a coincidence of days on which minisonde

data are available with ozone episode days.

2.2 Sources‘of Emissions Inventory Data

Emissions Inventory data were supplied by the Air Pollution
Control Directorate (APCD) of the Environmental Protection Services
(EPS) of Environment Cénada. - The data were in‘the form of tabulated
hardcopy pages. Additional material - especia]iy‘that required for
projections, were obtained from a variety of sources. These are

referenced in the chapter on Emissions Inventory._



2.3 Format of Air Quality and Meteorlogical Data

The air qua]ity and metéoro]ogical data available from the
government sources previously identified were acquired for incorporation
into the "GVRD Archive". :Table 2.1 describes the sources of the data and

the format for each type.
2.3.1 Data on Magnetic Tape

7 The data from the APCD was comprised of 03 and NO2 data
for those GVRD stations that are a part of the NAPS network. The
details of the formatfof»these data are given in Table 2.2. Similarily
the details of the data on the tape received from the B.C. MOE are given
in Table 2.3. The meteorological data received from the Atmospheric
Environment Service (Toronto) were on magnetic tape. The data were fn

the standard format of the Canadian Climatological Archive.
2.3.2 Hardcopy Data

The hardcopy data were keypunched directly onto a magnetic

tape. The following procedures were adopted:

Each hardopy page (containing one month's data for a particular
station and parameter) was encoded with the following infor-

mation.



Source

APCD

GVRD

BC MOE

AES
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Table 2.1

Data Type

Air Quality

NOZ’ NO3 only.

Air Quality
Wind speed &

direction

Air Quality
Wind speed &

direction

Meteorological

data. Daily

record of hourly

values and monthly

records of dai

values

1y

Format of Air Quality and Meteorological Data

Stations

T1, T2, T3, T4,
T9, TIA

‘All "T" Stations,

Seymour Dam

T, T12

Se]ected
British Columbia

stations

Format

Magnetic Tape

Hard copy

Magnetic Tape

Magnetic Tape
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Table 2.2

Details of data on Magnetic Tape received from APCD

Tape Density 5250 BPI

Label | Standard IBM label
Record Length 135

Block Size 2700

Tracks 9

Record Details:

Column ~ Designation Code
1, 2 Parameter 06 NO2
07 03
3, 4 Province Code 0 B.C.
5, 6 City Code 01 Vancouver
 7, 8 Location Code 06 T2
' 08 T3
09 T
10 T4
1 79
12 T
9-14 Date YYMMDD Year, month, day
15 Unused
16 - 135 Values 24 x 5 hourly values of

parameter. Implied decimal

XXX.XX units pphm.
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Table 2.3

Details of data on Magnetic Tape received from BC MOE

Tape Density
Label
Record Length

Tracks

Record Details:

Column

1-4

5, 6

7 - 12
13 - 19
20 - 23
24 - 25
26 - 145'

1600 BPI
Standard DSW = EQU. S310081. S310173. File.

149
9
Designation Code
Blank
Parameter 01 03
02 No data
03 NOx
04 Wind speed
05 Wind direction
Date YYYY MM (year, month)
Station number 0310081 - Abbotsford Airport
0300773 - Chilliwack Airport
Units v PPBV - Parts per billion by volume
PPMV - Parts per million by volume
KM/H - Kilometers per hour,
DEGR - Degrees (0-360)
Day | DD - Day of month 01 - 31

Houriy mean values 24 values each of 5 columns.
| Implied decimal between columns
4 and 5. Missing data coded
-9999. Data below instrument

sensitivity -8888.
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Table 2.3 cont'd

Column - Designation Code

146 - 149 Daily Average Implied decimal between
positions 143 and 149.
Values cdded as -8888 and or
-9999 are not included in

calculation of mean.
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a) Page number: A 4 digit number. Each parameter was given

a different sequence of numbers.

b) - Parameter: 2 digit number (coded)
c) VYear: 4 digit number. eg. 1978
d) Month: 2 digit number.

e) Station: unique 7 digit number for each station.

> = > - I

f) Factor: 5 digit number to indicate the units and

the implied decimal.

These fields were keypunched for each record along with the
day of the month, the 24 hourly values and the daily mean. The fields
a - f for each record remains the same for each hardcopy page. The first
record on each page was verified to ensure the correct entry of the labels

a - f,

The records for wind direction of course had no means and were
left blank. ‘A1l the wind data were vgrified by double entry. The air
quality parameters were checked by comparing the keypunched mean with a
mean calculated from the punched hourly values. in cases of disagreement,
the records were flagged and rekeyed with reference to the appropriate

hard copy page.
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Notwithstanding the checks and verification procedures, exam-
ination of the keypunched data revealed errors of various types. These
errors included incorrectly labeled pages and miskeyed fields. The mis-
keyed fields for the identifier fields (page, number; baraheter,'year;
month, station and factor) were corrected by reference te the hard copy
data along with cross tabulations of the numbers of recordé_for each .
parameter, year, station,'Month and duplicate records. Final cross
tabulations indicate ne disconcernable errors due to miskeying of

identifier fields.

In the case of the hourly values, the checks involving the
comparison of the means while net ensuring absolute accuracy of the
data, do provide a cost effective and adequate procedure for keypunching

data of this type.

Other difficulties encountered involved the inadvertent
duplication of the same date for’some stationskend months from different
sources.. For example data for the months Sepfember and October, 1981
were received in hardeopy form.(ahd subsequently keypunched) as well as
on tapes reeeived from APCD and from BC MOE. Cross tabulation and

checking of the complete data set have eliminated these irregularities.

2.4 Establishement of the Archive

The keypunched data along with the tapes provided by BC MOE,
AES and APCD were merged and separated into two sets of files. One

set of files contain the daily records of hourly values and the other
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set - consisting entirely of meteorological data - are files with
monthly records of daily values. The "Code Book" for the Archive is
presented below. The archive was formulated to provide the maximum
inférmation available while retaining the greatest amount of familiar

features (station numbers, parameter codes, etc).

2.4.1 Format for the GVRD Air Quality and

Meteorological Data Archive

The archive consists of two sets of files - one with daily
records of hourly values of air quality and meteorological parameters
and another with monthly records of daily values of meteorological

parameters.

The archive as provided on magnetic tapes has been sorted

by parameter and station in chronological order (by year, month, day).

The ordering of the records is as follows:

RECORD NO. PARAMETER ~ YEAR  MONTH DAY ~ STATION
E 1 1978 1 1 mn
2 | 1978 1 1 T2
no 1978 1 1 n
n+ 1 1978 2 Tl
n+2 ’ B ' T2

Tn
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' 2.4.2 Details of Archive

The Format for the Daily Record of Hourly Values is as follows

Record Length = 203

l YR IMO |DY|PARAM. STN 1D fl VALUE MEAN
Lo dada b dia i llllll' J'llllll“lllljj

.Repeated 24 :
times

The Format for the Monthly Record of Daily Values is as follows:

"Record Length = 244

YR , MO ,DY PARAM, STN ID [51 VALUE FI, N fB MAX D
lllllAlllll‘llllll.lllll‘ll |1|1|

: Repeated 313
. times

For the monthly records of daily values, days in excess of the

number of days in the month will be coded as -99999M.



Legend

YR
MO
DY
PARAM

STN ID

S1

_Value

F1

S2
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Length

w NN

Field

Year e.g. 1978 = 1978

Month

Day 01 = January etc.

Parameter. See Table 2.4

for details.

Station identification. See

Section 2.4.3 for details

Sign of data value

0 indicates a positive sign

- indicates a negative sign

> indicates greater than
Refers to parameter 206

N Mean not calculated

Refers to parameters 133, 156

Note: Monthly records of
Daily Values do not
include a field for

mean.

Flag
number of valid observations

Sign of mean



Mean

S3
Max

F3

2.4.2 Additional Field Information

Parameters

- 18 -

"Mean of data values

Note: Mean to be calcuated to
two additional signi-
ficaht figures.

Sign of maximum

Maximum data value in record

Flag

The same identification or coding of parameters (elements)

as used in the Canadian Climatic Digital Archive has been used.

The additional parameters - i.e. air quality parameters

have been coded as detailed in Tables 2.4 and 2.5.

The coding for the parameters incorporate the units. All

air quality parameters (except for nephelometer data) are recorded

in units of parts per billion.



-19 -

Table 2.4

Coding for Parameters in the Daily Records of Hourly Values for

the GVRD Air Quality and Meteorological Archive.

Parameter Descriptibn Code Units Flags
Ozone 03 03 | 201 ppb

Nitric Oxide NO 202 ppb

Nitrogen dioxide NO2 203 ppb

Total nitrogen oxides N0x 204 ppb

Total hydrocarbons 205 ppb

Nephelometer or by att 206 10 x 1074 5!

Sea level pressure 073 0.01 Kilopascals

Dew Point Temperature 074 0.01° C

Wind Speed | 076 km hr”!

Dry Bulb Temperature 078 0.1° ¢

Wet Bulb Température‘ 079 0.1°C

Relative Humidity 080 %

Hourly Precipitation* 123 0.1 mm H,I1,d
Sunshine* 133 : 0.1 hrs E
Wind direction* 156 10's of degrees

(36 points)

*Means for these parameters are not calculated.
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Table 2.5

Coding for Parameters in the Monthly Records of Daily Values for

the GVRD Air Quality and Meteorological Archive

Parameter Description | Code Units ‘ Flags
Daily Maximum Temperature 001 0.1°¢C £
Daily Minimum Temperature'} 002 0.1° ¢ ' E
Daily Mean Temperature 003 0.1° ¢ : E
Total Rainfall 010 0.1 mm E,T,C,L,A,F
Total Snowfall on 0.1 mm E,T,C,L,A,F

Total Precipitation 012 0.1 mm E,T,C,L,A,F

i
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2.4.3 Station ID

As far as practicable, the existing station ID's were
maintained. The Archive Codes for the various stations are detailed

below.

a) A1l stations listed on Pages 2,3, and 4, Attachement 2:
Available Meteorological Data in the RFP. (These stations

have 7 column fields).

b) A1l stations in the NAPS network retained similar éoding

as detailed below.

GVRD Designation NAPS Code Archive Code
B g! 100109 0100109
T2 | 100106 | 0100106
T3 | 100108 0100108
LI 100110 0100110
T9 100111 - 01001
TIA ' | 100112 0100112

c) For stations operated by the B.C. MOE, the station ID coding

"is as follows:

GVRD Designatiqg B.C. Code Archive Code
T 0310081 1100030

T12 0310173 0310173
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d) Other stations have been coded as follows:

GVRD Designation | Archive Code

T5 0000005
76 0000006
o 0000007
T8 0000008
T10 0000010
TI3 0000013

Seymour Dam

0000040

2.4.4 Value Field (Including S1 and F1)

The fields S1, Value and F1 are initialized to -99999M.

Missing data are indicated by -99999M. Data having a value of zero

are indicated‘by’OOOOOOb where ¥ designates a blank column. The

Flag F1 (as well as F3 - see Section 2.4.7 Fields for S3, MAX F3) is

used as follows:

Flag Definition

blank Valid data ‘
A Accumulated amount. Previous value
Corl.
C Precipitation occurred, amount uncertafn,
Value is 0. | “

Relevant Parameters

all parameters
010, 011, 012

610, 011, 012
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E Estimated ‘ -all
F Accumulated and estimated 010, 011, 012
H Freezing 123 |
I Unadjusted ‘ 123
Freezing and unadjusted 123
L Precipitation may or may not have
occurred. Value is 0. 010, 011, 012
M Missing all
T Trace. Value is 0. 010-013"
2.4.5 N

This field contains the number of valid observations in

the record.
2.4.6 Fields S2, MEAN
Thg field for S2 will have the same qualifications as S1.
The mean for the N observations in the daily record were

included but calculated to two additional significant figures, ie., tre

7 column field MEAN IS XXXXXWXX.
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2.4.7 The Fields S3, MAX, F3

The fields S3 and F3  have the same qualifications as

S1 and F1.

Note that for the MAX, MEAN and VALUE, the units are the same

as implied in the element number.

2.5 Recommendations for Updating Archive

" Before additional air quality and meteorological data are
entered into the archive the prescribed set of quality control and
quality assurance procedures should be followed. The conclusions and

decisions arrived at by analyzing and interpreting the data can only

be as good as the quality and reliability of the data.

A detailed exposition of precise recommendations for QA/QC
procedures is beyond the scope and terms of reference of this project.
However, some génera] and in some cases, specific recommendations for

establishing adequate quality of the archive will be presented.

The data in the archive is currently obtained from three
networks opérated by Municipal (GVRD), Provincial (BC MOE) and Federal
(AES) levels of government. For the followoing discussion it will be

assumed that the agencies (GVRD, BC MOE and AES) will continue to
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operate their respective networks and therefore be able to provide the
archive with the same range of parameters. The continual addition to
or updating of the Archive or its expansion to include other parameters

or additional stations will require the following.

A) The establishment of formal relationships between the agencies
contributing to the data in order to efficiently update and

maintain the archive.

B) The implementation of consistent quality control and quality
assurance procedures in cases where the same parameters are

monitored by different agencies.

C) The establishment of procedures for the continual updating

of the archive.

D) The provision of continual evaluation and analysis of the
data to ensure optimal network operation that is consistent

with air quality objectives..
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3. EMISSIONS INVENTORIES

‘Emiséions ihventories exist for the Vancouver Metropolitan
Area for 1973 (Lynch et al, 1974)vand 1976 (as part of the National
Emissions Inventory System, NEIS). For the'purposés of this study the
species of interest are Vb]atiie organic compounds (VOC) and oxides of
nitrégeh (NOX).’ The emissions data pertainihg‘to these two species
are given in Tab]e 3.1 with emissions broken down by soukce'category

as defingd by NEIS. Those sources which emit essentially no VOC or

NOx have-been omitted.

The categories considered‘by Lynch et al (1974) do not com-
pletely overlap with those of NEIS - the‘]atter being more detailed.
In the case of point sources, the 1973 emissions inventory was largely
based on permits issued under the Pollution Control Act of 1967 and
therefore generally reflects the maximum rafher than the actuaTvémissions
from these sources. Further, the permit issuing process was not complete
at that time. The 1973 emissions inventory is therefore édbject to con-

siderably larger uncertainties‘than that for 1976.

' One amehdment has been made to the NEIS data for 1976 and
relates to mobile sources. In this category the emission figures
supplied by the Mobile Sources Division of APCD are preferred (Dann,
i1982). The NEIS data for Vancouver were obtained from an emissions

inventory for the Province of Brithish Columbia by scaling according
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to population, which does not refelect the very different distributions

by vehicle type between the province as a whole and the metropolitan area.

Also included in Table 3.1 is a projection of the emissions
data to 1985. It must be recognised that this projection is based on
estimates of 1likely growth in a number of sectors, and is subject to
considerable uncertainty. The details of how this projection was

carried out are given below.

The data for mobile sources were provided by the Mobile Sources
Division, APCD, and is based on a number of vehicle operating parameters
(eg. average speed, fleet age distribution, etc) using vehicle population
figures from Census Canada. Note the projected decrease in VOC emissions
resulting from installation of pollution control equipment. Included
among these data are totals for vehicle miles travelled for 1976 to 1985,

which were used to scale the hydrocarbon emissions relating to tire wear.

Dry cleaning, fuel wood combustion, residential heating,
incineration and ;tructura]}fires were assumed to sca]e_]inearly with
population. Estimates of populafion,growth were obtained from GVRD
population projections (Mennell, ]982).‘_These are based on three
~ scenarios resulting in "wa", “"Medium” and “High" projected populations.
Because of the current depressed state of the economy the emissions
inventory was scaled according to the “"Low" figure. Thus a 1976 popula-
tion of 1,085,000 is assumed to increase to 1,159,000 by 1985, an increase
of 6.5%. | |
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The sectors corresponding to applicationfof,surface coatings,
commercial and industrial fuel combustion and offvhighway uée of gasoline
and "other"_dieselfpowered engines were .assumed to\Scale‘withfeconomic
growth in the area. Employment was taken as an indicator of the state
of the local economy, and GVRD figures are used again (Mennell, 1982).
Thus a labour force of 519,000 in 1976 is ekpected to increase to 629,000

in 1985. This is a 21% increase.

‘ Information on aircraft sources was supplied by the Air Planning
and Programming Division .of Transport .Canada In Vancouver (Hosgood, 1982).
It was asSumed that the figures for Vancouver International Airport are
representative of those for the Vancouver Metropolitan area as a whole,
and that the "medium" forecast (as opposed to "high” or "low" made by
Transpdrt Canada was appropriate. The resulting data for aircraft

movements are summarised in Table 3.2.

‘These data correspond very well to a 1{near dependence of
movements on'year, from which .a 1985 value of 350,000 was interpolated.
To relate this to emissions for 1985 the assumption must be made that
the relative number of different types of aircraftkremains‘approximately
constant between the two years. Thus, for example, if there were a
large increase in movements of wide bodied aircraft (Boeing 747, DC 10,
etc.) in 1985, as compared with 1976, with an accompanying decrease in
movements by single engined aircraft,'the.emissions‘in 1985 would in-
crease by subétantial]y more than the figures for movements would suggest.
However, aircraft are:a relatively 'small soﬁrceuof NQx,and VOC, so this
possibility does not introduce significant uncertainties in the emissions

inventory as a whole.
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Table 3.2

Aircraft Movements: Vancouver International Airport

Year Movements
1973 167,837
1974 180,759
1975 198,416
Actual
1976 211,102
1977 232,211
1978 246,740
1980 _ 279,130
1982 309,730
' Forecast
1984 - 336,990

1986 361,350
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Figures for Marine and'Railroad«emissions were derived from
information contained in a draft report supplied by the Economic and
Regional Analysis Braﬁch of Transport Canada in Ottawa (Roy, 1982).

For both rail and marine traffic this report gives loadings (in
millions of tonnes) fof 1978 and 1985, broken down on a reéiona] basis.
Also given are growth rates for varous time periods. The growth in
traffic quotéd for 1973 to 1978 was used to calculate the loadings

and unloadings in 1976. The actual figures for rail traffic are given

in Table 3.3.

In deriving the 1985 projected emissions for the Vancouver
Area it was assumed that emissions could be scaled linearly as the
sum of loadings and unloadings, and that the rate of growth in Vancouver

was the same as that for the provincé as a whole.

The corresponding figures for marine traffic are given in

Table 3.4.

It can be seen from Table 3.4 that the amount of lbading
substantially exceeds the unloading. The scaling of emissions for
projection to 1985 was based, in this case, on loadings alone, on the
premise that this dictates the volume of marine traffic using the port
facilities. The assumption has again been made that emissions scale
linearly as the freight tonnage, and that the figures for the whole

province are representative of those for Vancouver.



Growth in Rail Traffic in British Columbia

1985 (106 tonnes)
1978 (10° tonnes)
Growth 1978-8 (%)
1976 (106 tonnes)
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Table 3.3

Loadings

53.9
34.1

2.8
32.2

Unloadings

77.6
48.4

3.0
45.5



Growth in Marine Traffic in British Columbia

1985 (10° tonnes)

1978 (108 tonnes)

‘Growth 1973-8 (%)

1976 (106 tonnes)
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Table 3.4

Loadings

86.2

56.2

1.2

54.9

Unloadings

20.9
20.8
0.9

20.4
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Pollutant emissions relating to electric power generation in
the Vancouver érea are relatively small. The on]y‘thermal generating
station in the‘area is the Burrard Thermal Generating Plant (BTGP).
Historically it hés been_used solely for standby, emergency purposes,
and it is expectéd to continue in thié'role in the future (Forrest, 1982).

No increase in emissions is therefore expected for 1985.

The Petroleum Association for Conservation of the Canadian
Environment (PACE) was approached in an attempt to obtain projected
values for emissidns relating to the petroleum industry. Unfortunately
it appears that no such prpjections are available. The only literature
which has any bearing on the subject (PACE, 1980) reveals that;NO*.
emissions from British Columbia refinery operations were increased by
10% between 1973 and 1978, but that hydrocarbon emissions were reduced
by a]mosf 70% in the same period as a result of the implementation of

hydrocarbon control programs. This downward trend is therefore not

expected to continue.. A PACE report concerned with fugitive emissions

associated with diesel and gasoline marketing has not yet been published.

The expected 1985vemissiohs for the Petroleum Industry have
therefore been entered in Table 3.1 as being equal to the 1976 values,

noting that the associated uncertainties are large.

Because of their importance in the photochemical processes
producting NO2 and ozone, emissions of volatile organic compounds have
been subje;ted to further scrutiny. The various organic species differ

greatly in theirvreactivity as measured, for example, by their ability
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'to pfomote ozone production in an irradiated atmosphere containihg NO.
The 1976 emissions of VOC were therefore broken down by chemical class

(Table 3.5) and reactivity (Table 3.6) for each source sector.

'These‘breakdOWns were carried out by éssuming that the'per-
centage of emissions falling into each class is the same in Vancouver
as in Canada as a whole. 'These‘perCentages are given by Kolomeychuk
et al (1981), who also presented a similar breakdown for each prov1nce
However, it was felt that the breakdown for Br1t1sh Columbia was 1ess
lwkely to be representat1ve of that for Vancouver than was the break-
doWn for Canada. The main reason for this is that the forest industry
is a large source of hydrocarbons in the province, but not in the city,
and the breakdown by class and react1v1ty for such hydrocarbons is very

_d1fferent from that expected for urban em1ss1ons

- The reactivity categorization used in Table 3.6 is as'1isted
in Table 3.7, with the addition of class 0, contajnjng methéne which
is considered nonreactiVe, ond class 6 containfng unidentified compounds.
or those of unknown reactivity. Class 1 is least reative, Class 5 most

reactive.
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4.  DATA ANALYSIS

4.1 Methodology -

The analysis and interpretétion of air quality and meteor-
ological data have been carried out at two levels. In the first case,
the complete data set (Archived data) of air quality data are sum-
marized and described in terms of the temporal variation of each
parameter and a limited treatment of the spatial variation of the
parameters. In the absence of information on sources of specific
pollutants, the ana]ysis of the spatial distribution of pollutants
has been limited to a preliminary analysis of relative levels at
various stations. The stations in the GVRD are heavily concentrated
around the Burrard Inlet in a relatively narrow band with an east-
west axis. Any attempts to construct isopleths describing areas
with simi]ar‘concentrations would be subjective. It is however con-
ceivable that attempts could be made to utilize available computer-
ized approaches to construct isopleths for air quality data. However
in analyzing the ozone episodes, manual attempfs at constructing iso-
pleths have been made and only serve to provide a preliminary picture
of the areal distribution.of_ozone‘leQels as well as to depict the

associated wind information.

In the second level, the ozone episodes are defined and

the episodes examined in detail. The features of ozone episodes are
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first identified and characterized. The relationships between ozone
and its precursors are briefly examined. - The meteorological features
that are associated with the ozone episodes are identified and then
the interrelationships between the air quality and meteorélogicai
parameters are identified. The associated emissions inventory inform-
ation and estab]iéhed photochemical mechanisms for ozone formation:
will be considered in order to rationalize the data and allow the
formuiétion of recommendations for future activities to further char-

acterize or control the oxidants in the GVRD area.

In order to perform these analyses, several tabulations and
other manipulations of the dataiset were performed. In viewrof the
time and data processing constraints it was necessary to perform these
manipulations on discrete files of data from four sources (EPS, GVRD,>
BCMOE and AES) rathgr than on a single merged file consisting of fhe
full archive. A tabulation of the comphter analyses performed is
given in Table 4.], A1l these compﬁter outputs are available as sup-
‘plementary material and are not included in the report except whefe

‘relevant.

In discussingvthe air quality and meteorological data ref-
erence to particular monitoring stations will be méde using the orig-
inal GVRD designations (numbers prefixed by T). The data from coﬁ-
puter listings however utilized seven digit identifiers for stations.

For convenience the correspondence between the GVRD "T notation" and
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Table 4.1

Listing of Computer Analyses Performed on GVRD

Air Quality and Meteorological Data

AES Listing for Episode Days Parameters 73, 74, 76, 78, 79,
80, 156.

AES Listing for Episode Days Parameters 69, 70.
AES Listing for Episode Days Parameter 133.
GVRD1, GVRD2A, GVRDZB, BCMOE Ozone Station Episodes.

Ozone Episodes - GVRD1, GVRD2A, GVRD2B, BCMOE 03 Max, Daily
Mean, HRMAX.

GVRD2 Listing for Parameter 206 (Nephelometer) for Episode

Days.

GVRD2 Listing for Parameter 204‘(Tota1 Nitrogen Oxides) for

Episode Days.
GVRD2 Listing for Parameter 201 (Ozone) for Episode Days.

GVRDZ2 Listing for Parameter 202 (Nitric Oxide) for Episode

Days.
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12
13
14
15

16

17

18
19

20

21
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Table 4.1 (Cont'd)

GVRD2 Listing for Parameter 203 (Nitrogen Dioxide) for

Episode Days.

GVRD] Fi]elParaﬁeter NCZ for Episode bays.

GVRD1 Fi]e Paraméfer 03 Episode Déys.

BC MOE Listing for Episode Days Parameter 76, 156, 201.
GVRD2B Listing for Episode Days Parameter 76, 156.

AES Parameter 123 Listing,for Episode Days

Wind Direction Report BC MOE_Episode Days (Three most frequently

occurring directions and their frequency on episode days).

Wind Direction Report BC MOE (Three most frequently occurring

directions and their frequencies on episode days).
Seasonal Report for GVRD1 File.
Annual Ozone Report For GVRD1 File by Station.

GVRD2 Listing for Parameter 205 (Total Hydrocarbons) for

Episode Days.

Wind Directions for Episode Days, Day Hours and Night Hburs

for Episode Days.
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Table 4.1 (Cont'd)

22 Monthly Summary for NO2 Parameter 203 (No. of Hours, Monthly
Mean, % Obs., Max. 1 Hr., Max. 24 Hr., No. of Hrs > Accept.
(1 Hr and 24 Hr.)

23 Monthly Summary for NO Parameter 202.
24 Means for Episode Days Parameter 203 NO2 at Selected Stations.

25 Cross Tabulations of Keypunched Wind Data. Listing of October
- November 1981 Data.

26 Monthly Summary for Ozone Parameter 201 Statistics.
27 Monthly Summary for NOx Parameter 204.

28 Monthly Summary for HC Parameter 205 Statistics. No. Hours,
Mth. Mean, Obs. Perc., Max 1 Hr., Max 24 Hr.

29 Means for Episode Days NO Parameter 202.

30 Monthly Summary for HC/Parameter 205 Hourly Means for Each
Month.

31 Monthly Summary for NOx Parameter 204 Hourly Means for Each
Month.

32 Monthly Summary for NO2 Parameter 203 Hourly Means.
33 Monthly Summary for NO Parameter 202 Hourly Means.

34 Annual Summary for NO, Parameter 204.
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36

37

38

39

40

41

42

43

44

45

46
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Table 4.1 (Cont'd)

Seasonal Summary for'NOx Parameter 204.

Annual Summary for NO Parameter 202.

Seasonal Summary for NO Parameter 202.

Annual Suhmany for NO2 Paramefer 203.
Seasonal Summary for NO2 Parameter 203.
Annual Summary for HC Parameter 205.
Seasonal Summary for HC Parameter 205.

Hourly Means for Episode Days Parameter 205 HC Selected

Stations.

Hourly Means for Episode Days Parameter 204 NOx Selected

Stations.

Mohth]y Summary for Ozone Parameter 201 Statistics. No. Hours,
t

Mth., Mean, Obs. Perc., Max. 1 Hr., Max 24 Hr.,, N. Desir., N.
Accept., N. Tot.

Annual Summary for Ozone Parameter 201.

Seasonal Summary Report for Ozone Parameter 201.
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50

51

52

53

54

55

56

57
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Table 4.1 (Cont'd)

Wind Direction Frequencies for A1l Day, Night and Daylight
Hours Selected Stations. All Available Data by Year and

For A1l Years.

Wind Direction Frequencies for Night Hours by Year for

Selected Stations.

Wind Directions for A1l Dates, A1l Hours, Day Hours, Night

Hours. A1l Dates by Year.

Ozone Data for All Stations, Episode Days Only.
frequencies of Hours of Maximum Ozoné Levies for Episode Days.
Mu]tip]e Linear Regression Statistics No. 1.

Wind Directions for Episode Dates Selected Stations. A1l

Hours; Day Hburs, Night Hours.

Hourly Means for Episode'DgyS'Parameter 204.
Check on Duplicate Records for Parameter 203.
Check_on Wind Data Récérds For Dup]icatién.

Listing of Available Wind Data for Episode'Days Selected
Stations 7, 110, 106, 844.
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60

61

62

63

64
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- Table 4.1 (Cont'd)

Check on Ozone Data for Duplicate Records

Check on Wind Data for Duplicate Records No.’2.
Check on Wind Data for Duplicate Records No.3.

Monthly Ozone Report for GVRD1 File N.Days, Mth. Mean., Max.

24 Hr., No. Exceedances.

Multiple Linear Regression No.2.

AES Listing. Stn. 1108447 V. Intl. Airport (WD, WS, Temp.,

R.H., Total Cloud)

AES Listing Stn. 1100030 Abbotsford Airport (WD, WS, Temp.,
R.H., Total Cloud)
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the Archived designators of stations is reproduced (Table 4.2).
The station at Seymour Dam which does not have a "T" designation will
be referred to aS "40" an abbreviation of the Archive number "0000040".

Figure 4.1 shows a map of the GVRD and the locations of the various

stations.
4.1.1 Description of Monitoring Stations

Most stations are located around the Burrard Inlet in an
East-West alignment. A1l but three stations are near water bodies,
(sea, Fraser River or a lake) and are at low level except for T4, 85 m

above mean sea level (ams1), T7 - 40 m ams1 and T7 ~160 m ams].

The characteristics of each station are briefly described

below:

T1 - central urban site. Automobile emissions likely to be
dominant. Plenty of greenery in the immediate vicinity

of the sensors.

T2 - mixed residential (single family and duplex), park, light

industrial (brewery, warehousing) and small office.

T3 - mixed industrial (liquid oxygen bottling plant, hydro

substation, iron works, sawmill). Near Fraser River.
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Table 4.2

Station Identification Used In Text

GVRD Description Location Archive Code
T BC Hydro Park 0100109 *
TIA | BC Hydro Park 0100112
T2 ‘ GVRD Office 0100106

- T3 Manitoba Works Yard 01001708
T4 | _V Kensington Park: 0100110
15 Confederation Park 0000005
T6 : GVRD Beach Works ' 0000006
T7 Anmore Elemen. Sch. 0000007
T8 Lions Gate STP 0000008
T9 Rocky Point Park 0100111
T10 | Dept. of Highways 0100010
T11 Abbotsford Airport 1100030
T12 Chilliwack Airport 0310173
T13 / Annacis Island STP 0000013
40 Seymour Dam 0000040

* Similar but not identical location as of April 1980.

Identified as T1A (GVRD) and 0100112 (Archive Code)
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site at school in a park and residential area. Within few
hundred metres of Hastings highway and within 1 kilometer or
so of Shell refinery. Station is elevated ~ 85m amsl and

about 40m above the refinery.

park with residential surrbundings. Hastings St. 1 block to

S and Chevron refinery few blocks to N but depressed by ~ 4Qm.

mixed industrial (shipyards, warehousing, paint and sand-
blasting shop, cement mixing, Hooker Chemical plant).

Close to harbour and fairly open.

school in mixed coniferous/deciduous woodland with a few
scattered houses. Ioco refinery and Burrard Thermal

Generating Plant to the W. Elevation ~ 160m ams].

open flats under Lions Gate Bridge. Sewage treatment plant,
harbourside storage, trees. Virtually at sea level and
extremely exposed to wind. Bridge span is almost fully

elevated above.
park by waterside. Wood processing, coal/sulphur loading
terminals to W, otherwise mixed residential/commercial along

Lougheed Highway 1 block to S.

1 block form Lougheed Highway, fairly open site in mainly

_commercial landuse.
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T11 and T12 - at airports.

40 - heavily forested site in protected water district. Site

near Seymour Lake ~ 24km N of N Vancouver

4.2 Air Quality Data Analysis

In this section the air quality for the GVRD over the period
1978-1981 is summarized. The data for 03, N02, No, NOx and hydrocarbons

are summarized in turn.

For purposes of the analyses of the air quality data in
cases where several stations are located in a particular area one
representative station from each area will be selected for closer
scrutiny. Thus stations T2, T8, T1 and T3 may be designated as being
in the western portion of the study area, T6, T5, T4 and T13 in the
central Burrard Inlet area and T7, T9 and T10 in the eastern section of
the Burrard inlet. Stations T2, T4 and T7 were therefore selected as
the representative stations for these areas and graphic illustrations
of data from these stations will be used. However in cases where data
for thése stations are unavailable or insufficient other stations will
be selected for graphic illustrations. The stations at Seymour Dam
(40) and the Abbottsford and Chilliwack airports will be specifically

discussed.
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4.2.1 O0zone
Annual and Seasonal Variation

Statistical summaries of the annual ozone levels at all’
stations for the years 1978 to 1981 are presented in Appendices Bl.1 -
B1.4. In the case of 1981, the data are incomplete and are included

only for reasons given below.

The summary indicates the amount of data collected at each
station expressed as the number of days in the year. The concentra-
tions for various percentiles (10, 25, 50, 75, 90 and 99) are given
together with the annual arithmetic mean. the maximum 1 hour and 24
hour mean concentrations. The number of exceedences of the 1 Hour

Federal air quality objectives (Desirable, Acceptable and Tolerable

levels) are also given in the tabulation.

An abbreviated summary of the data in Appendices B1.1 -

B1.4 is given in Table 4.3.

The Canadian National 1 year arithmetic mean maximum accept-
able level of 15 ppb is exceeded each year during the period, 1978 to
1980, at stations T7 and T11 (Abbotsford). Exceedance of this annual
standard also occurred at T4 in 1978, T5 in 1978 and 1980, T9 in 1980
and T12 in 1979. The available data for 1981 suggests that exceedances
of this standard may be recorded for 75, T7, T9, T11 and T12.
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The four year period is a re]ative]y short time in which
to determine long term trends in the data. Indications of an ihcréase
in ozone levels over the period - see Table 4.3 - areIShown for T6, T7
and T9. There was not a consistent trend in ozone level (as indicated
by the annual arithmetic mean) for all stations over the period. Station
T7 consistently recorded the highest annual mean ozone levels. The
Seymour Dam station (40) and the Lower Fraser Va1]éy stations T11 and T12
(Abbottsford and'Ch111fwack respectively) are outside the GVRD but the
ozone levels recorded (see for example Table 4.3) do not allow these
stations to be described as background stations. Of all the stations T11
consistentTy recorded the second or third highést annual mean value, while
the annual mean for Chilliwack ranked between second and fifth‘highest.
~ The annual mean ozone levels at Seymour Dam ranked 5th or 7th in the two

years for which data were available.

The National one hour Air Quality Objective for ozoné define

a Maximum De§irab1e, Maximum Acceptable and Maximum Tolerable levels of
51, 82 and 153 ppb respectively. The tolerable level was exceeded at
two stations in 1978; T7 and T10, four stations 1n‘1979; T5, T4, T9 and
T11, and at two stations in 1980; T7 and T9. The available data for
1981 showed that six stations recorded exceedances; T5, 17, 110, T4

and T9. There was a significantinérease in the number of hours for
which exceedances of the tolerable level occurred at all stations in
1981 compared to previous years. There are similar trends when the.

exceedance of the acceptable level are considered.
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The exceedances of these air quality objectives for the study
area are summarized in Tables 4.4 and 4.5. The total number of station
days on which’ozoneAmeasurements were made is indicated as well as the
numbers of hours for which the various exceedances were recorded. Since
additional monitoring stations were established in the latter years the
data were "normalized" by expressing the exceedances per day of data
(record). The dramatic increase in ozone levels in 1981 is again re-

flected.
Seasonal Variation

The ozone data on a seasonal basis for the four years 1978-
1981, are presented in Appendices B2.1 - B2.4. A summary of these
data are presented in Table 4.6. 'The seasons are defined on a calendar
month basis (January to March = Winter, etc.). The summary for the

Fall period reflects three, instead of four, fall seasons since the

data for Fall 1981 was incomplete.

The highest levels were recorded in the spring period (April
- June) and somewhat lower levels in the fall. The fall and winter
periods were typically a factor of two Tower than in the spring and

summer periods. The number of exceedances of the three‘National Air

Quality objectives for ozone by season is shown in Table 4.6. The
data clearly show that the greatest number of exceedances occur in

summer and then spring.
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Table 4.4

~Exceedances Of Canadian National Air Quality Objectives

For Ozone In The GVRD 1978 - 1981

Year - Total No. Of Hours Stn. Days
Desirable Acceptable Tolerable
Level Level Level
1978 1684 276 10 3426
1979 2298 278 8 3818 .
1980 2077 318 _10 4039
1981* (1852) (466) _ (40) - (2980)

* Incomplete data for 1981

Table 4.5

Number Of Exceedances Per Record (Day) Of

Canadian National Air Quality Objectives

For Ozone In The GVRD 1978 - 1981

Year Exceedances / Station_Day
Desirable Acceptable ' Tolerable
Level Leve] Level
1978 .49 .081 .003
1979 .60 | .073 .002
1980 5] .079 .002
1981* .62 .156 '.013

* Incomplete data for 1981
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Table 4.6

Exceedances Of Canadian Mational Air Quality Ozone

Objectives By Season In The GVRD 1978 - 1981

No. Of Hours Of Exceedances

Season Desirable Acceptable Tolerable
Level Level Level
Winter 353 17 1
Spring 3464 397 12
Summer: 3926 | 908 54
Fali* 157 26 1

* Excludes fall 1981
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Monthly Variation

Monthly summaries of the ozone data for each station were
prepared and detailed the number of one hour observations, the per-
centage of data recovery, the monthly mean, the maximum 1 hour level
in the month at each station and the numbers of exceedances of the
three Federal Air Quality Objectives for ozone. These data are avaiT-
able as supplementary material. Figures 4.2 and 4.3 illustrate the
differences in ozone levels at three stations for 1979 and 1980. These
figures also show the seasonal variation (highest levels in the summer
and spring months) as well as the range of ozone levels at different
stations in the same time period. The data for station T4 may be mis-
leading since these were only 36% and 53% data recovery for May and

June respectively.

Diurnal Variation

Summaries of hourly means for each month at each station
were also prepared. The'summary indicated, for each station, the
maximum and minimum_l hour observation in the month,,the number'of
observations and the mean of all observatidnévin‘the month.: The
diurnal variatithOf ozonexlevels is 111u5trated‘ih‘Figures 4.4 -4.7
in which the data for tihree stations is shoun for 4 ﬁonths - one

month from each of the 4 seasons.

The differences in the diurnal variations, for summer and

spring months on the one hand, and for fall and winter months on the
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FIGURE 4.2

MONTHLY MEAN OZONE CONCENTRATIONS
AT SELECTED STATIONS
IN 1979
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HICGURE 4.3

MONTHLY MEAN OZONE CONCENTRATIONS
AT SELECTED STATIONS
IN 1980
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FICURE 4.4
DIURNAL VARIATION OF MEAN OZONE LEVELS

AT SELECTED GVRD STATIONS:
DECEMBER 1980
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FIGURE 4.0
DIURNAL VARIATION OF MEAN OZONE LEVELS

AT SELECTED GVRD STATIONS:
MARCH 1980
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FIGURE 4.6

DIURNAL VARIATION OF MEAN 0ZONE LEVELS
AT SELECTED GVRD STATIONS - =~
JUNE 1981
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FIGURE 4.7
DIURNAL VARIATION OF MEAN OZONE LEVELS

AT SELECTED GVRD STATIONS:
SEPTEMBER 1981
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other, are striking. - The peak ozone level occurs at ~ 1400 hours and

a second peak ‘is somet1mes observed early in the morning ~ 0400 - 0600
hours. The constancy of the ozone ]eve]s throughout the day in December
(a fall month) is not surprising since sunshine is a determining factor
in generating ozone levels. The diurnal patterns shown in Figures 4.4 -
4.7 are consistent with the seasonal variation in ozone 1évels as pre-

viously described.
4.2.2 Nitrogen Dioxide

- Annual, séasonal, monthly and diUknallstatistical summaries
were made for the NO2 data. The temppral variation and the relation-
ship of the NOz,levels to the Federal Air Quality objectiveS'for NO2

are discussed.

Annual and Seasonal Variation

Details of the annual and seasonal statistics for the avail-
able NO2 data for the four years 1978 - 1981 are given fn Appendices
B3.1 - B3.4, and B4.1 - B4.4. Summaries of the data are pkesented
in Tables 4.8 and 4.9. The annual means for NO2 at each station and
the percentage of days in the year for which observations were made

are indicated in parenthesis.

The data suggest little change in the NO, levels over the
four years. The annual means summarized in Tab]é 4.8 for different

stations show relatively little variation.
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The Nationa] Air Quality objectives (Maximum Tolerable 24 hour
levels and the Annual Arithmetic Mean) are never exceeded for NOZ’ The
maximum acceptable 1 hour level was exceeded twice for the period (77,
October 12, 1979 and T1, October 6, 1978). The maximum acceptable 24 hour

average was exceeded once - at T1 (October 6, 1978),

Monthly and Diurnal Variation of NO2

The statistics for the monthly and diurnal NO2 levels have
been tabulated and include the amount of data for each month - in terms
of the number of hourly values and as a percentage of‘possible values,

the maximum 1 hour and 24 hour means and the numbers of exceedances of

National Air Quality standards.

The variation of the monthly mean values indicates a pattern

in which higher levels generally occur in the February - April and

again in the September - November periods. These features are illus-
trated in Figure 4.8 in which the monthly means for stations 17, T2

and T4 during 1980 are plotted.

The diurnal variation of NO, is illustrated in Figures 4.9
- 4,12 for stations T2, T4 and T7. The increase in NO2 between 0600 and
0900 consistently occurs. In cases where there are two NO2 peaks (the
second increase starting at ~’1600),. this pattern is consistent with NO2
from mobile sources in morning and afternoon traffic as well as with the

atmospheric photochemistry of nitrogen oxides.
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SIGURE 4.5

MONTHLY MEAN NITROGEN DIOXIDE LEVELS
AT SELECTED GVRD STATIONS
IN 1880
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FICURE 4.9

DIURNAL VARIATION
MEAN NITROGEN DIOXIDE LEVELS
SELECTED GVRD STATIONS JANUARY 1980
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FIGURE 4.10
DIURNAL VARIATION

MEAN NITROGEN DIOXIDE LEVELS
SELECTED GVRD STATIONS: APRIL 1980
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FIGURE 4.11

DIURNAL VARIATION
MEAN NITROGEN DIOXIDE LEVELS
SELECTED GVRD STATIONS- JULY 1980
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FIGURE 4.12

DIURNAL VARIATION
MEAN NITROGEN DIOXIDE LEVELS
SELECTED GVRD STATIONS OCTOBER 1980
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4.2.3 Nitric Oxide

Nitric oxide data have been available only since 1980. The stat-
istical summaries of the data for 1980 and 1981 (Appendices B5.1 - B5.2)
show that seven stations in 1980 and, so far, one station in 1981 have more
than 75% of data for the year. Table 4.10 is a summary of annual statistics
for NO. It is premature to determine conclusively whether the 1981 annual
mean NO levels will show an increase over those for 1980 since the data for
1981 are incomplete. The highest 1% of the Nb 1 hour values and the maximum
25 hour mean levels at most stations in 1981 are significantly higher than
in 1980. Unless there is a dramatic change in the NO levels in the out-
standing period in 1981, it would be safe to conlude that NO levels would

have increased significantly in 1981 over 1980.

Of the nitrogen oxides emitted from combustion sources, the predomi-
nant species‘is nitric_oxide. Nitric oxide is converted to NO, (and other
nitrogen species) by reactibns with ozone and peroxy radicals (see Section 7).
The wide range of NO levels at different monitoring stations is indicative
of the strong influence of nearby sources (for high NO levels) but in cases
where the ozone concentration is high, the depletion of NO will result.
Notable is the generally high~]eye] of NO at T1 or T1A which has re]atively
low ozone levels and conversely the low NO levels at T7 at which ozone levels
are highest. Another manifestation offthe ef%ect of atmospheric reactions of
NO is the low level of NO in spring and summer compared to winter and fall

(see Figure 4.13).
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FIGURE 4.13
MONTHLY MEAN NITRIC OXIDE CONCENTRATIONS

AT SELECTED GVRD STATIONS
IN 1980
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Seasonal Variation

Since ]ess,than two years data are available, the analysis of
seasonal variations is not feasible. Any inferences on the seasonal vari-
ation of NO can be obtained from examining the monthly variations bf NO

levels.
~ Monthly and Diurnal Variation of NO Levels

Summéry statistics for the monthly NO levels are available in sup-
p]eméntary material. Theseisummaries detail‘fOr each station the number of
hours of data, the monthly mean NO level, the percent of observations and
the maximum 1 hour and 24 hour mean levels. For each month, the hourly

means for each station have been tabulated.

Figure 4.13 shows the variation of the monthly mean NO levels at
three statiohs: T7, 72 and T4 for 1980. The NO levels are consistently
higher during the colder months, Septémber - March, and relatively lower
during the summer months. 'This probably reflects the efficient dep]etiOn
of‘NO by ozone which reaches higher levels in the summer than in winter

months.

The diurnal variation of NO is shown in Figures 4,14 - 4.17 in
which the mean hourly values for each hour in the mdnths of February, May,
August and Novémber 1980 are plotted. The diurnal variation is character-

ized by two peaks in the NO levels. These peaks are typical of mobile
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FIGURE 4.14
DIURNAL VARIATION OF MEAN NITRIC bXIDE LEVELS |

AT SELECTED GVRD STATIONS:
FEBRUARY 1980
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FIGURE 4.15
DIURNAL VARIATION OF MEAN NITRIC OXIDE LEVELS

AT SELECTED GVRD STATIONS
MAY 1980
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DIURNAL VARIATION OF MEAN NITRIC OXIDE LEVELS

AT SELECTED GVRD STATIONS:
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FIGURE 4.17

DIURNAL VARIATION OF MEAN NITRIC OXIDE LEVELS
AT SELECTED GVRD STATIONS:
 NOVEMBER 1980
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sources. In the afternoon the presence of ozone which forms after the NO

morning peak dep]etes the NO peak expected to result from the afternoon traffic.
4.2.4 Total Nitrogen Oxides (NOX)

The NOx measurements are the sum of NO and NOZ’ consequently the
patterns of temporal and spatial behaviour of NOx may be expected to be
similar to NO and NOZ' However, in view of the conversion of NO to N02,
which is very dependent on ozone concentration inter alia, the pattern of

behaviour for NOx-can not be always simply related to either NO or NOZ'
Annual and Seasonal Variation

Data for total nitrogen oxides have been available since
January 1980. Statistical summaries of the annual data are presented
in Appendices B6.1 - B6.2. Annual means and the percentage of data
for each station are given in Table 4.11. The lowest annual mean NO,
level is found at station T7 while the highest is at T1. The strong
influence of sources of NOx is again apparent jn view of the wide’

range of NOx levels found at the various stations.

The seasonal variation of NOx 1eyels may be discerned only

on the basis of the limited data for less than two years. The seasonal

variation may be therefore just as adequately determined by examining

the monthly variation of NOx levels,
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.Table 4.11

Annual Mean Total Nitrogen Oxides Concentrations

At GVRD Stations

Station , . Concentration / ppb *
T5 , ._’ 50 (85) | . 58 (48)
T6 sé (68) 62 (55)
7 27 (86) 26 (60)
T8 51 (81) 92 (4)
T10 66 (91) 64 (48)
T2 77 (97) 82 (67)
‘T3 58 (79) 91 (39)
Tl 106 (26) | NA**
T4 54 (85) 91 (66)
T9 73 (27) 66 (76)

TIA 110 (55) 130 (77)

* Numbers in parenthesis are the percent of possible daily observation
for this year. ,

** Not available.
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Monthly and Diurnal Variation of NO,

The variations of NO, levels at 3 stations during 1980 are
shown in Figure 4.18. The pattern is very similar to that for NO in

which highest levels at each station are found in the winter months.

The diurnal variations of NOX at selected stations are
shown in Figures 4,19 - 4.22. The variation for stations T2 and T4
show two peaks undoubtedly due to NO emissions from morning and evening
traffic. In addition the depletion of NOx by reaction with hydrocarbons
would be a significant factor in reducing the NOx levels in daylight |

hours.
4.2.5 Total Hydrocarbons
Annual Variation

The data for ambient hydrocarbon levels in the GVRD is more
Timited in thattdata at only three stations are available for periods
in 1979 while fbr 1980 and 1981 limited data are available at five
stations. The annua] statistics are given in Appendices B7.1 - B7.3.

A summary of these data is presented in Table 4.12.

The paucity of the data do not allow conclusive determination
of trends in the levels but indications are that the levels have in-
creased since 1979 except possibly for station 40 (Seymour Dam) where

the data is incomp]ete.
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FIGURE 4.18

MONTHLY MEAN TOTAL NITROGEN OXIDES
AT SELECTED GVRD STATIONS
IN 1980
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FIGURE 4.19
DIURNAL VARIATION

MEAN TOTAL NITROGEN OXIDES LEVELS
SELECTED GVRD STATIONS  FEBRUARY 1980
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FICURF 4.20

- DIURNAL VARIATION
MEAN TOTAL NITROGEN OXIDES ‘LEVELS
SELECTED GVRD STATIONS - MAY 1980
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FIGURE 4.21

DIURNAL VARIATION
MEAN TOTAL NITROGEN OXIDES LEVELS
SELECTED GVRD STATIONS AUGUST 1980
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FIGURE 4.22

- DIURNAL VARIATION
MEAN TOTAL NITROGEN OXIDES LEVELS
SELECTED GVRD STATIONS NOVEMBER 1980
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Bearihg in mind the low data recovery it may be condition-
ally asserted that the hydrocarbon levels are more uniformly distrib-
uted over the monitoring sites and therefore show less influence to

sources than the other pollutants.

The limited data also do not allow firm conclusions to be

made on the seasonal variation_of hydrocarbon levels.
Monthly and Diurnal Levels

Figure 4.23 shows the monthly mean Total Hydrocafbon levels
at three stations for 1980. There are indications that the Tevels in
the May-September period are lower than those in the cooler months.
The range ofvconcentrations for>the three stations is 2500 + 500 ppb
which is a much less marked variation (between stations as well as

over the year) than that shown by the other pollutants.
Diurnal Variation

Figures 4.24 - 4.27 show diurnal variation»at three stations
for four months. In each case the levels at station f7 remain fairly
constanf throughout each hour of the day for all months. The November
and February plots show that increases in total hydrocarbons at T2 and
T9 occur at ~ 0800 and 1600 hours corresponding to morning and evening
rush hour traffic. These increases are, however, superimposed on very

high total hydrocarbon levels. It could be inferredvthatvthe mobile
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FIGURE 4.23
MONTHLY MEAN TOTAL HYDOCARBONS

AT SELECTED GVRD STATIONS
IN 1980 '
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FIGURE 4.24

DIURNAL VARIATION OF TOTAL HYDROCARBONS
AT SELECTED GVRD STATIONS"
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FIGURE 4.25

- DIURNAL VARIATION "OF TOTAL HYDROCARBONS
AT SELECTED GVRD STATIONS:
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FIGURE 4.26

AT SELECTED GVRD STATIONS-
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FIGURE 4.27

DIURNAL VARIATION OF TOTAL HYDROCARBONS
AT SELECTED GVRD STATIONS
- NOVEMBER 1980
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sources}of reaétive'hydrocarbons constitute a small part of the emission of
total hydrocarbons. The patterns for May and July are different in that the
‘tdtal hydrocarbons actually decrease in the morning rush hour time. ’This
decfease is likely to be due to better mixing and hence dilution of pollu-
vtantsvénce solar heating becomes effective. Peak levels of total hydro-

carbons occur late in the evening starting at ~ 1900 hours.

The available emissions inventory indicate that mobile
sources of volatile organic compounds account for ~ 51% of these
emissions. The emissions inventory data do not have any tempora] or
lspatia] resolution. It is therefore inappropriate to comment on the
differences in the diana] variation of total hydrocarbons at dif-

ferent times of the year or for different locations in terms of

emissions.
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5. OZONE EPISODE ANALYSIS

In order‘to determine the controls on the occurrence of ozone
episodes, we first suggest some definitions, and use them to stratify the
data according to criteria to describe magnitude, spatial extent and per-
sistence of significant ozone levels (Section 5.1). Having defined ozone
episodes, we proceed to examine their temporal (Section 5.2) and spatial
(Section 5.3) distribution. We then return to study some of the finer
features of the diurnal ozone curve, particularly for those cases with
unusual times of maximum ozone concentration (Section 5.4). The chapter

concludes with a summary (Section 5.5).

5.1 Criteria for Ozone Episodes

In order to quantify the severity of the occurence of high
ozone levels, ozone episodes were defined and identified. The criteria

for episodes were designed to describe:

a) a critical exposure level
b) a duration
c) spatial distribution

d) persistence.

The exposure ]eve]_and_duration aspects were incorporated into

the establishment of criteria that define station epfsodes. These criteria

are:
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i) The 1-hour average ozone concentration should be
equal to or‘exceed'82’ppb at a station on a par-

ticular day;

ii)  The ozone concentration should be equal to or
greater than 203ppbifor at least 10 hours (in-
cluding the hour or hours of the maximum level)

for the same station on the same day.

The upper level of 82 ppb was se]écted to‘coihcide with the

current Canadian National maximum acceptable 1 hour level. This level is a

convenient and familiar frame of reference.

The Tower Tevel of 20 ppb was arbitrarily selected and was chosen

to be above 'normal’ or non-episode minimum levels.

Analysis of all the available data showed that these criteria were
satisfied in 237 cases. Since two or more different stations often satis-
fied the criteria on the same day, there were 139 different days - episode

dazs‘- which were identified.

Additional criteria were imposed to define the spatial extent of
epiSodes and also the persiStence over an extended period of time. These

criteria were:
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iii) Station episode conditions should occur at 3 or

more stations on the same day;

iv)  Episodes should persist (at 3 or more stations) for

two or more days.

An areal episode is defined as satisfying criteria iii) and for

a persistent episode, both criteria iii) and iv) are met.

The statistics on the various episodes as defined above are given

in Table 5.1.

5.2 Annual and Seasona] Distribution of Episodes

The monthly occurrence of station episode days over the four
year period is summarized in Table 5.2. Plots of the variation of the
number of occurrences of station episode days by month over time entire
period and for each year are shown in Figures 5.1 and 5.2 respectively. It
should be noted that complete data for 1981 are not avajlable but the un-
available data (mostly September - December 1981) would not significantly

affect the pattern since few station episode days occur in these months.

The data in Table 5.2 and Figures 5.1 and 5.2 clearly indicate
that high ozonerlevels consistently occur most frequently during the six

(6) month period, April to September. Most episode days occur in the months
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July and August. This corresponds to the months with highest temperatures

and greatest amounts of sunshine.

5.3 Spatial Distribution of Episodes

The frequency with which station episodes occurred at the
various stations are tabulated (Table 5.3) and illustrated graphically
in Figuré 5.3. Station T7 shows the highest number of episodes,
followed by T9, T5, T4 and T10. Interestingly, the number df'episodes
at Seymour Dam (40) is also high considefing the linited time for which

data have been available (since 1980).

The 1ocation‘of T7 together with the Tow NO or NOx levels
at this station but high ozone levels must mean that precursors gen-
erated upwind (west) of this station are responsible forvthe high
ozone levels at T7. Similar but less striking situations probably
exist for'stations'TQ, T4 and T5. The relatively ihfrequent occurrence
of ozone episodes at stations T1, T2, T3 and T8 but high concentration
of precursors (NO or NO, and hydrocarbons) clearly indicates that the

precursors are transported away from these stations by westerly flows.

5.4 Features of Diurnal Variation of Ozone Levels

The variation of ozone levels at GVRD stations throughout
the course of a day followed the classic pattern as found e]séwhere

(Stern, 1968). Figures 5.4 and 5.5 illustrate the ozone levels on
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Tab]e 5.3

Numbers of Occurrences of Station Episodes

1678 - 1981
Number of Station
- Episodes

Station (1978 - 1981)

T5 ' ‘19.

16 | | 4

17 - 106

T8 o 3

T10 o 16

™ o 1

40 | 1

T2 e , 4

T3 B | 4

Tl | 1

T4 - | oy

19 | 9

TIA | 0

T12 | 2

Total 237
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»the same day for different stations (Figure 5.4) and on consecutive days

for Station T7 (Figure 5.5). The maximum ozone concentration occurs most
frequently between 1100 and 1800 hours. Occasionally a secondary maximum
occurring late in the evening, 2000 - 2200 hours, is evident. The distri-
bution of the hour at which 04 maximum occur for episode days is illustrated
in Figure 5.6. Most maxima occur between 1300 and 1600 hours, which co-

incides with time of maximum solar intensity/surface heating.

Individual cases for which maximum ozone levels did not occur

between 1100 and 1800 hours are listed in Table 5.4.

The cases were examined individually primarily to determine
whether or not there was any reason to suspect the accuracy of
data and then to attempt explanation. One potential explanation
would be the possibility of long range transport of ozone into the
area. In the first two cases of unusual peak ozone levels, no data
for NO, N02; NOx or HC were available. Both days showed 03 peaks that
were broad and the increase started around noon but an additional

increase occurred after 1600 hours on both days. On those days no

other station showed late 0 maximum values. Station T10 is the most
easterly station (except for T11 and le) and it is likely that the late
maximum is in part the result of transport of oione from the vicinity

of station T9 towards T10. This effect is particularly striking on June 4,
1978. Figures 5.7 and 5.8 show some of the ozone data for June 3 and 4

respectively and illustrate the late peaking of ozone at T10.
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FIGURE 5.4

O0ZONE CONCENTRATIONS
AT SELECTED GVRD STATIONS
ON AN EPISODE DAY JULY 21,1978
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FICURE 5.5

OZONE CONCENTRATIONS
AT STATION T7
ON CONSECUTIVE STATION EPISODE DAYS
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Table 5.4

Ozone Station Episodes With Peculiar Times At hich

Maximum Ozone Concentrations Occur

Date Station HR Max
3 Jun 1978 T10 2000
4 Jun 1978 T10 1900
22 Jul 1978 T4 - 0900
23 Jul 1978 T4 0900
3 Aug 1978 T10 1900
13 Oct 1978 T4 0400
10 Jan 1980 T7 0100
11 Jan 1980 7 2400
19 May 1980 T9 2000
9 Aug 1981 T5 1000
9 Aug 1981 T6 0900
13 Sep 1981 T5 1000
16 Sep 1981 T5 0900
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FIGURE 5.7

OZONE DATA
FOR JUNE 3,1978
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FICURE 5.3

OZONE DATA
FOR JUNE 4,1978
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The ozone maxima for July 22 and 23,1978 occurred at station T5
at 0900. No NO, NO2 or HC data are available at station T5 for those days.
Of both days, at the nearby stations T4 and T6, a similar early peak occurred

only at T5 (0800) on July 22, 1978.

- For August 3, 1978, the late maximum is also at station T10 and
again, no other data for NO, NO2 or HC are available. The maximum at T11

was also late (1800) but this station is over 40 km east of T10.

For 13 October, 1978, a becu]iar maximum in the onné concen-
tration occurred at 0400 for station T4. Another peak also occurred
later in the day at 1200 hours. No data for NO, NO2 or HC are
available and in addition ozone levels at other stations did not show
elevated values at that time of morning (between 0200 and 0700 hours).

The likely cause is instrument malfunction.

On January 10 and 11, 1980, station T7 showed ozone maxima
at 2400 and 0100 respectively. For January 10, somewhat higher than
normal ozone levels were also recorded for station T3, T2 and T10.

A simiTar‘situation on the foilowing day existed where even higher

levels at all stations even T8, T1, T2 and T3-wefe noted between 0100
and 0500 hours. The occurrence of a second maximum in;ozone levels

at night is common as ozone from upper levels replenishes the depleted
Tower levels. The occurrence of a second maximum in ozone levels at

night is sometimes observed-(Kroenig and Ney 1962, Samson, 1978) as

ozone abovéifﬁét&ixéai1§ié§1(§§iapjj§hed in the day) becomes mixed into

the lower level-at night..sThe effect of this mixing will of course
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be less pronounced once the ground level NO concentration is high
since NO rapid]y reacts with ozone. Another possibility would be the

transport of ozone (formed on the previous day) back over the GVRD.

The data for May 19 showed that similar late ozone peaks
occurred at station T9 as well as T7 and T10 - two nearby stations -
whereas at stations T8, T1, T2 and T3 the behaviour was different in

that there were peaks at earlier times.

The pattern of ozone levels on August 9, 1981 is consistent
with the NO data in that the ozone peak begins to decrease as soon as
NO builds up. The ozone levels at station T5 also peaked relatively
early in the ddy (1000 hrs). Station T4 - a nearby station had the
ozone peaking at 1100 hrs while T7 and T10 peaked at 1200 and 1300 hrs
respectively. The progressive late peaking of the ozone levels af
stations are futher inland is consistent with transport of pollutants.
The winds fqr August 9 were light and variable up to 0900. Thereafter
the winds at T8, T6 and T7 were between westerly and southwesterly.
Except for T8 where wind speeds were 7-12 km/hr up to noon, the

wind speeds on that morning were low; 0 - 2 km/hr.

For September 13 and 16, station T5 showed early peaking of
ozone levels while other easterly stations peaked later. The stations
east of T5, namely T8, T1, T2 and T3 had low ozone levels which peaked:

between 1200 and 1400 hours. .
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The foregoing'analysis of 'unusual' times of déy for ozone maxima
is consistent with a predominance of only local formation of ozone. The
effect of sea breeze transport of the ozone and its precursors can probably

account for the cases in which ozone maxima occur at unusual times.

The times at which peak ozone levels occurred at each station were
tabulated and the distribution of these times for stations T2, T4 and T7 is
shown in Figure 5.9. A similar plot for the most easter1y stations T11 and

T12 along with Seymour Dam (40) is given in Figure 5.10.

"The plots in Figure 5.9 suggest that T7 experiences peak ozone
levels slightly later (v 1 hour) than stations T2 and T4. There is very
conclusive evidence, however, that stations T11 and T12 (Abbotsford and
Chilliwack Airports, respectively) experience ozone peaks later in the
afternoon (see Figure 5.10) than the more westerly stations (77, T4, T2, -
etc.). The transport of pollutants from the GVRD area towards these stations
is again suggested. Figure 5.10 also suggests that the ozone peak at
Abbotsford (T11) occurs earlier by v 1 hour than that at Chilliwack. The
distribution of HR (max) for Seymour Dam (40) indicates that the peak ozone
levels occur near 1400 hours and suggeststhat transport of ozone or its pre-

cursors to that station from the GVRD is not a factor.

These features again suggest that transport of ozone and its pre-}
cursors in an easterly direction (with the sea breéze) may be an important
ozone episode characteristic. The return flow (1and‘bree2e) does not appear

to transport significant amounts of ozone (dn the basis of Figures 5.9 and
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5.10). This could be due to the depletion of ozone later each day by NO
emissions. In addition, since the land breeze develops at the shoreline,
pollutants which are transported inland enter the land breeze/mountain

drainage circulation later and then less completely. See also section

6.6.2 for further discussion,

5.5 Summary

The ozone episode analysis was based on 139 "epi§ode days" (de-
fined in Section 5.1) which occurred almost exclusively in the 6-month
period April to September, and with a frequency of about 30 to 40 episode
days per year. Thevhighest number of episodes occurred in the loco-Anmore-
Port Moody area.. Precursors generated upwind (west) of this area were pro-

bably the cause of the high ozone levels.

The diurnal pattern showed a maximum occurring most frequently
between 1300' and 1600 hours.  Occasionally, a second maximum occurred during
the late night hours. These observations are consistent with the daytime
sea breeze circulation and its night-time converse, the land breeze. Alter-
natively, the secondary maximum could be associated with the mixing downward

of ozone from the daytime mixed layer.
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6. METEOROLOGICAL ANALYSIS

The‘meteorological analysis begins with a generalized discussion
of the major wind flows - both synoptic and mesoscale - for the region
(Section 6.1). Station Episode and Persistent Episode concepts are then
reviewed (Section 6.2). Meteorological relationships are then studied, on
the basis of persistent episodes, for the Synoptic scale (Section-6.3) and
the mesoscale (Section 6.4). The overall results of the persistent episode
analysis are discussed in Section 6.5, and specifically under the headings
of diurnal variation (Section 6.5.1), areal distribution (Section 6.5.2),
Tong ‘range transport (Section 6.5.3) and frequency of perSistent episodes
(Section 6.5.4). Meteorological relationships for episode'days (Section-
6.6) are discussed under the headings of temperature (Section 6.6.1) and
wind direction (Section 6.6.2). This discussion is, of necessity, limited
due to the Timited scope of the study. The chapter concludes with a

summary ‘(Section 6.7).
6.1 Synoptic and lMesoscale Flows
Synoptic Scale Flow

Mean sea level pressure mapskfor a thirty year period for the
warm season months show a large anticyclone (high pressure) west of
Vancouver Island and centred at about 150° W longitude. It is a relatively
stationary feature. However, highs do migrate acrosé the continent,
usually along an ESE track. The summer highs tend to be weak (Haurwitz and

Austin, 1944).



- 125 -

Mesoscale Flow

The majar controls on the mesoscale flow are topographic.
The land-sea interface coupled with the Lower Fraser Valley topography
combine to produce coriplex wind natterns, some of which are associated with

high pollution episodes. The most important circulation is the sea breeze.
Sea Breeze

An onshore flow (sea to land) is established near ground
level during the daytime of the warm season when the land temperature
is considerably warmer than the sea temperature. The sea breeze cir-
culation consists of a convection cell which can be visualized as fol-
lows: Warm air rises over the land reducing the air pressure near the
ground. Cool sea air moves in to replace the rising air. A return
flow (land to sea) is established at higher levels. The sea breeze be-
gins on a small scale near the shore a few hours after sunrise, and may
grow in horizontal extent to penetrate some tens of kilometres inland.
It begins to weaken during late afternoon or early evening and is often

replaced by the reverse circulation - the land breeze - at night.

The sea breeze circulation occurs on warm, sunny days when
the large scale or synoptic flow is Tight. A,discdssion of the land/sea
breeze as it specifically relates to the Lower Fraser Valley apbears in

Appendix A,
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Topography

The land over the Greater VanCOuvér area (Figure 6.1) slopes
gradually upward from south to north. However, the rise becomes very rapid
from Burrard In]ef td the top of the ridge of mountains along the North
Shore. Lulu and Sea Islands to the south are almost flat and only a few
metres above sea level. The city proper slopes aradually from the‘Fraser
River on the south upward to the ridge of land between the Fraser and
Burrard Inlet. This height of land varies from about 100 to 150 metres
and contains several Sma]I'crests or peaks, such as Little Mountain and
Burnaby Mountain. To the north of Burrard Inlet, the mantain peaks of the
North Shore rise to heights in excess of one thousand metres, just a few

kilometres from tidewater (Harry and Wright, undated).

6.2 Review of Ozone Episode Criteria

Although it has been described above, the ozone stratification
procedure is repeated here to again underline the distinction between station

episodes and persistent episodes in the analysis.

1.‘ Station episodes were defined for each station as
having at least one hour of ozone > 82 ppb and 10

or more hours of ozone > 20 ppb.
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2. - Areal episodes were defined as occurrences of

station episodes at 3 or more stations on the

same day.

3. Persistent episodes were defined as areal episodes

that persistéd for 2 or more consecutive days.

The anhua] episode statistics appear in the table below.
o 1978 1979 1980 1981  Total

No. of station episodes 62 45 55 75 237

No. of days of station épisodes
(station episode days) 29 30 41 39 139
No. of areal episodes | 7 2 3 9 2]

No. of persistent episodes 2 1 0 2 5

A study of the station episodés proVides a meésure}of the
local ozone .situation in the vicinity of a monitor, while the persistent
ozone episode ana]ySis is concerned with incidents of considerable

duration and areal extent.

6.3 Synoptic Analysis of Persistent Episodes

This section summarizes the synoptic weather for the per- .
sistent episode days. Although strictly not a persistent episode, the
September 6-7 1981 period is included since it illustrates one situation

in which synoptic scale transport may contribute to ozone levels. ‘Another
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example is found on September 15 and 16, 1981. The ozone levels and winds

at 1400 hours on these days are indicated on maps for each.day (see Figures

6.2 - 6.22 and are discussed in Section 6.4.

3 - 5 June 1978

500 mb

850 mb

Surface

Comments

High centred over central B.C. from 31 May be-
came a NE-SW ridgé over southern B.C. on the 4th;
rotated to N-S on the 5th; weakened and moved east-

ward by the 7th.

NW-SE ridge lay central B.C. to midwest U.S. from
2 June to 5 June; on 6 June it was penetrated by
cool air from the NE which effectively split the

ridge into 2 Highs.

Elongated warm anticyclone NW-SE through central
B.C. extended into midwest U.S. until the 4th; on
June 6 it was pushed southward and replaced by

cooler, drier air.

Hot, humid airmass; light pressure gradient at
all levels, sea breeze at surface. June 6 -

moderate westerly flow developing aloft.
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21 - 22 July 1978

500 mb High over Pacific with NE-SW ridge over northern
B.C. on the 20th persisted through the 21st and

weakened on the 22nd.

850 mb High over the Pacific with NE-SW ridge through
northern B.C. on the 20th through the 22nd kept
flow 1ight over GVRD; ridge weakened and was re-

placed by weak N-S trouah on the 23rd.

Surface High over B.C. and Alberta on the 19th elongated
~on the 20th into W-E ridge from southern B.C. to
Lake Superior; persisted to the 21st and was re-
placed by a N-S trough along the Pacific coast on
the 22nd.

Comments Very light pressure gradient; sea breeze; end of
episode accompanied by moderate westerly flow aloft

(23rd).

1:- 2 June 1979

500 mb N-S ridge off Pacific coast for several days moved
over the coastal region on the 1lst, over the Al-

berta border on the 2nd, thence flattened out.



850 mb

Surface

Comments
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NE-SW ridge through central B.C. on the 31st be-
came very broad high pressure region covering
western Canada and U.S. on the 1st and most of the

U.S. by the 2nd.

High over Vancouver Island on the 30th stretched
into a broad high pressure system covering western
Canada on the 31st, then slid down into the U.S.
midwest by the 2nd.

Light pressure gradient at surface; end of episode
signalled by end of sea breeze circulation accom-

panied by moderate westerly flow aloft.

5-6, 8-10 August, 1981

500 mb

850 mb

Low just south of Alaska; ridging over southern
B.C. on the 5th; ridging intensified and broadened
to cover the Prairies on the 6th and 7th; persisted

to the 11th when it weakened.

Low south of Alaska; NE-SW ridging over southern

B.C. on the 4th drifted northwestward to allow

‘large high to form over B.C., Alberta and north

west U.S. By the 7th it became a broad NW-SE ridge

and by the llth it had weakened and flattened out.



Surface

Cbmments

- 132 -

NE-SW synoptic scale ridge over Vancouver Island

on the 4th swung to a NW-SE orientation over cen-

‘tral B.C. extending down to the Gulf of Mexico on

the 6th; squeezed by a devé]oping California low

on the 10th.

Light"pressure'gradient; sea breeze; end of episode
signalled by weakéning ridge moving eastward and

failure of sea breeze to develop;

6 - 7 September 1981

500 mb

850 mb
Surface

Comments

Ridging a]ong}Paéific coast on the 5th intensified
on the 6th with a high off the California coast;
moved to Alberta border on the 7th putting B.C.

into a moderate SW flow.

Broad ridge NE-SW over southern B.C. became high
centred over Utah on the 7th putting GVRD into
light S flow. | |

High pressure dominated W. Canada with GVRD

in a light return flow.

A "back of the high" incident with trajectory
from the SE and associated with sea breeze; end
of episode as approaching low to the NW brought

moderate SW winds.
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The synoptic analysis has related ozone epiéodes to 2 meteorological
phenomena on different scales: i) to the anticyclone on the synoptic scale
and ii) to the sea breeze on the mesoscale. In the next section, we look

at some mesoscale features of wind and ozone concentrations.

6.4 Mesoscale Analysis

The mesoscale was studied by using large scale (1:400,000) maps
and plotting all available ozone concentration and wind observation data at
particular times of interest. Specifically, this was done for 1400 Pacific
Std. Time (corresponding to thé peak of the diurnal concentration plots -
see, for example, Figure 5.6) for each of the persistent episode days as well
as for some other days of interest. Figures 6.2 - 6.22 show these maps. The
isop]eths>are largely speculative due to the paucity of data, and are drawn
only to allow some inference regarding the qualitative shape of affected

areas. Concentration units are ppb.

The persistent ozone episode maps will be discussed below. The
additional maps are included to illustrate specific points. Figure 6.8 for
the day following an episode, shows that when the sea breeze failed to de-

velop, the affected area shrank and concentrations rapidly dropped.

Figure 6.21 shows that a slow moving high pressure system does
not guarantee an ozone episode. On October 3, an elongated High stagnated

over southern B.C. ~The 850 mb map showed a NW-SE ridge over the area and
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the 500 mb map indicated a high over northern California with ridging north to
B.C.; but it was not until the 5th that a sea breeze could develop. October

"~ 5 was consequently a station episode day (see Figure 6.22).

It appears that the ability to predict ozone episodes is contin-

gent upon a proper understanding and successful prediction of sea breezes.

6.5 Results of Persistent Episode Analvsis

A study of the persistent ozone episodes indicates their close re-
lationship to the sea breeze phénomenon. The typical episode occurs under
the influence of a slow moving system of high pressure manifest not only at
ground level but at the 850 mb and 500 mb surfaces as well (see Section
6.3). The inland maximum temperature (Abbotsford Airport) generally reaches
at least 30°C during the episode (see Table 6.1) and the davtime onshore winds

are generally perpendicular to the major coastline (Figures 6.2 - 6.22).

The episode generally ends with a drop in temperature, often
associated with cloud, as the High weakens or drifts east-southeastward,
winds pick up in speed and thé sea breeze circulation is destroyed. The
end of thevepisode.is often signalled by the establishment of a moderate

westerly flow aloft (500 mb).
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Tatle 6.1

Maximum Daily Temperatures During and After Persistent Ozone Episodes

T max CoaT*

1978 June

1979 June

1981  Aug

w
[12]
o

o+

p— .

O — oW
o w

~ >

[ -
NOYOYW OO N
w
fu—y

*AT indicates the drop in temperature associated with the end of the episode.
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6.5.1 Diurnal Variations of Ozone Concentration

The typical diurnal variation is illustrated in Tables 6.2 and 6.3
for StationT7 during and immediately following the persistent episodes of
June 1978 (Figures 6.2 - 6.5) and August 1981 (Figures 6.11 - 6.16) respec-

tively. These tables demonstrate some features of a persistent episode.

1. Ozone concentrations follow a diurnal cycle with the
maximum normally occurring within a few hours of noon

and the minimum in the early morning hours.

2. During a persistent episode, the daily mean first in-

creases, then drops as the episode wanes.

3. During a persistent episode the number of hourly ex-
ceedances of the one hour maximum acceptable level of

82 ppb is normally 9 or less.
6.5.2 Areal Distribution of Ozone Concentrations

Attempts were made to contour ozone concentrations (at 40 ppb
intervals) for the ozone episode days of Fijures 6.2 - 6.22. The affected
area often appears elongated in a northeast-southwest direction almost per-
pendicular to the Pacific coastline. Maximum concentrations almost invari-
ably occur in the Ioco- Anmore-Port Moody area, about 20 km downw1nd of the

downtown area during a sea breeze flow.
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Table 6.2

Some Parameters Associated with a Persistent (zone Eniscce in June 1978
for Station T7

- Daily

Time 03 (ppb) Mean EPN* t max#
1978  June 3 0100 . 2 |

0700 ~18 :
1300 98 50 5 1400
1900 o 55

June 4 0100 24
0700 31 :
1300 151 59 7 1300
1900 44

June 5 0100 28
0700 : 22 .
1300 133 53 5 1500
1900 38

June 6 : 0100 17
0700 33
1300 97 48 6 1400
1900 - 48

June 7 0100 20
0700 28
1300 42 31 0 1700
1900 43 '

*EPN is no. of hours with [03] > 82 ppb

#t max is the time of the maximum concentration
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Table 6.3

Some Parameters Associated with a Persistent Ozone Episode in August 1981

for Station T7

Daily
Time 03 (ppb) Mean
1981 Aug 5 0100 10
0700 7
1300 104 47
1900 55
Aug 6 0100 27
0700 14
1300 148 62
1900 71
Aug 7 0100 25
0700 15
1300 166 67
1900 81
Aug 8 0100 26
. 0700 15
1300 143 64
1900 49
Aug 9 0100 19
0700 14
1300 198 66
1900 56
Aug 10 0100 23
. 0700 17
1300 124 60
1900 61
Aug 11 0100 30
0700 17
1300 64 38
1900 25

*EPN is no. of hours with [03] > 82 ppb

#t max is the time of the maximum concentration

EPN*

————

t max

1400

1100

1200

1100

1200

1200

1400



- 160 -

The location of the maximum may relate to the following factors:
1. The highest preCursor emissions are west of this location.

2. The topography (see Figure‘6.1) acts to contain and
entrap the heavily polluted air south of the Coastal

.Mountains.

Typically, as aﬁ episode proceeds, dai]y ozone chcentratiohs rise
and the affected area (>80 ppb) expands as far, on occasion, as T1ll or
Abbotsford (e.g. 95 ppb on July 22, 1978 - see Figure 5.17). Towards the
end of the episode, as the anticyclone weakens or drifts eastward,‘the con-
tours shrink. The episode eventually dies out where it had begun, in the

Ioco-Anmore-Port Moody area.
6.5.3 Long Range Transport

From this preliminary study, it appears that long range transport
of ozone and ozone precursors from outside the Lower Fraser Valley is not
a contributing factor to ozone episodes in GVRD. Synoptic scale transport
is géneral1y not important as the episodes are,contemporaneous with stag-

nating high pressure systems implying little Or no large scale motion of air.

As stated above, however, south-east trajectories (from western

U.S.) are occasionally associated with episode days as on September 6-7

1981 (Figures 6.17 - 6.18) and September 15-16, 1981 (Figures 6.19 - 6.20).
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These cases are associated with "back of the high" (centre of the High east .

or south-east of Vancouver).
6.5.4 Frequency of Persistent Ozone Episodes

Lynch and Emslie (1972) have estimated that the sea breeze - land
breeze cycle occurs on as many as 50-60% of the days of the warm season.
Most of these occurrences do not coincide with a persistent ozone episode
as consecutive days of the cycle, typical of a stagnating high pressure situ-
ation, are required. The number of stagnating anticyclones is highly variable
from year to year but appears to lie in the range 1 - 3 per year for the per-
sistent ozone episode period - June to September (based on an examination of
synoptic maps for 1977 - 1981). This range may also reflect an expected
frequency of persistent episodes but wide fluctuations from year to year should
also be anticipated. The range is consistent with the number of observed
- persistent episodes in the period 1978 - 1981 (1.5 per year) but is probably
conservative since, as has been noted in Section 6.4, a slow-moving High does

not guarantee an ozone episode.
6.6 Meteorological Relationships for Episode Days

The meteoro]ogica] relationships discussed above have been gleaned
from a study of the persistent ozone episodeé.v These relationships are now
partia}]y generalized to the episode days during the period of study}(1978 -
1981). The analysis is of necessity not comprehensive due to the 1imited

scope of this study.
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6.6.1 Temperature

The importance of high temperature can be seen by noting that 85%
of the hours with inland (Abbotsford Airport) temperatures greater than 30°¢C

during the study period occurred on episode days.

Although most episode days had higher than:normal tempratures, 6%
of'episode days (in winter and early spring) occurred with temperatures

below 15°C.

Generally, the more severe episodes, both in terms of ozone con-
centration and duration, corresponded to higher temperatures. The end of
persistent episodes was often accompanied by a significant temperature drop

(see Table 6.1).

August 1981 had én unusually high number of hours with'tempekatures
exceeding 30°C (see, for example, Table 6.1) compared to a normal value
(based on 1957 - 1966) of 12 hours.  This was reflected in an unusual situ-

ation in which 5 of 6 consecutive days had areal episode conditions.
6.6.2 Wind Direction

The wind directional frequencies shown in Table 6.4 for daylight
hours and Table 6.5 for night-tihe hours are based on the station episode
days (for definition, see Section 6.2) for the period 1978-81. The Tables

reflect the local day (sea breeze) and night (land breeze) wind regimes.
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The sea breeze flow is apparent in the wind directions of Table
6.4. Over 40% of the daylight hours at Station T2 had winds in the 30°

sector centred on 330°.

For the UBC station (See Figure 4.1), the sea breeze is reflected
in a wider range of wind directions due to the peninsular nature of its lo-
cation. Fifty-five percent of the daylight hours recorded winds in the 60°

sector centred on 270°.

The wind patterns are more complex at stations further inland. At
Station T7, 24% of the winds during station episode days were calm, whi]e’
another 42% lay in the 30°}sector centred on 230°. At Statioh T4, 16% of the
winds were calm and 23% lay in the 40° sector centred on 255°. ‘(Over 40% of
the winds were in the sector 180° to 2700). The most frequent daytime wind
directions for station episode days provide information on the most probable

orientation of the sea breeze front.

The offshore (land to sea) breeze will be seen in the high frequency
of easterly winds at Stations T2 and UBC in Table 6.5. A 5.2% occurrence of
290° winds at UBC Tikely reflects some cases of particularly well organized

sea breeze circulations which persisted into the evening hours.

~ The night-time winds at Stations T4 and T7 are controlled by a
drainage flow of air from higher to lower elevations (see Figure 6.1).
At Station T4, this flow is primarily north-northeasterly while at Station

T7 is mainly northeasterly.
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Table €.4

“ind Directions Asscciated vith Station cpisode Days - Daytime Hours

This table displays wind directional frequencies in excess of 5%.
Days consist of the hours 06-18. Based on data from 1978-1981.

Days -
Station Direction Frequency Total
() (%) . - %)
T2 340 - 12.8
| 330 o124 40.9
| 320 5.7
T4 _ .calm 16.4 )
240 7.2
250 6.0 } 39.0
270 5.2 '
(260 4.,2)
T7 calm 23.5 |
230 - 23.0 :
240 10.3 65.5
220 8.7
UBC - » : 290 10.9 )
280 10.2
300 7.8
250 7.2
240 7.0 ! 59.7
260 6.0
270 5.6
5.0

calm



Table 6.5

Wind Directions Associated with Station Episodé Nights

This table displays wind directional frequehcies in excess of 5%.
Nights consist of the hours 18-06. Based on data from 1978-1981.

Nights
Station Direction Frequency Total
(0) (%) \ (%)
T2 calm . 12.5
. 090 ; 11.6
080 10.4 | 48.6
100 7.5
110 6.6 |
T4 calm 42,5
010 7.8
020 7.7 63.0
200 5.0
17 calm 36.7 |
' 050 20.0
040 13.4  81.6
060 11.5
. ' calm 16.4 )
UBC | 100 10.3
090 9.7 L 475
110 5.9
290 5.2
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There is a high frequncy of calm winds at night, particularly at

the stations further inland (T4 and T7).

6.7 Summarx

The meteorological analysis has determined that slow nioving anti-
cyclones and sea breeze circulations are ihtimate]y connected to the occur-
rence of persistent ozone episodes. However, the occurrence of a slow
moving High does not guarantee a persistent episode, and the ability to
accurately predict persistent episodes is contingent on an increased under-

standing of the GVRD sea breeze circulation.

The diurnal variation and areal distribution of concentrations

confirm the sea breeze connection.

From a trajectory study, long range transport does not appear to
be a factor in persistent episodes, which require stagnation conditions, but

may occasionally be associated with the less severe episode days.

Based on the measured a{r quality in the period 1977-1981, and on
the estimated frequency of occurrence of the meteorological controls, a per-

sistent episode can be expected, on the average, once or twice per year.

The set of episode days had higher than normal max i mum daily tem-

peratures and frequent onshore daytime surface winds. The nights fo]]owinh
enisode days had a high frequency of offshore winds. These findinas are
consistent with the seabreeze/orzone episide link.
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A ATMOSPHERIC CHEMISTRY OF OZONE AND REVIEW OF MODELS

7.1  Atmospheric Chemistry of Ozone

The chemical transformations taking place in the polluted
urban atmosphere leading to the production of ozone have been exten-
sively discussed in the literature (see, for example, Derwent and

Hov, 1980). They may be briefly summarized as follows.

- The major route for production of ozone in the troposphere

is via the photolysis of NO2

N0, + hy s N + 0 (3p) | (1)
followed by

0 (7P) + 0, + M- =0, + M . (2)

where M will generally be N, or 0,.

The oxides of nitrogen are also involved in the major removal

pathway for 0, which is

ke C »
3. .
NO +. 03 — ;Noz + 02 (3)
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It is often possible for a stationary state to be reached in ozone
concentration i.e. the concentration does not change appreciably with

time. If this is the case, it can be shown that

k] [N02]‘

—— (4)
ky [NO]

[0,] =

where the rate constant kj;dépends on the solar intensity, and k3 is

a function of temperature.

The limits of applicability of equation 4 remain to be
explored (Calvert, 1976), but even under conditions where it is not
quantitatively correct, it will remain true that an increase in the

ratio of NO, to NO will result in enhanced levels of ozone.

Oxides of nitrogen are emitted by a number of}Sources, both
stationary and mobile. The predominant form is nitric oxide, NO.
This is rapidiy (1-2 hours) oxidized to nitrogen dioxide, NO,, by
ozone (03), the hydroperoxy radical (HOZ) and various alkylperoxy

radicals (R02), all of which are present in polluted air.

Atmospheric species which are capable of accelerating the
oxidation of NO to NO, are thus of importance in determining the production
of ozone. Most important among these species are the free radicals HO2

(hydroperoxy) and RO, (alkyrperoxy, e.q. CH302'etc.). Their importance
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is magnified by their ability to take part in chain reactions, in
which relatively low concentrations of the free radical will bring

about the conversion of large amounts of NO. For example

NO + NO, — NO, + OH _ (5)
OH + CO —> Co, + H (6)
H +0, + M—>HO, + M (7)

where all three reactions are rapid, and the net effgct is oxidation
of one molecule of NO, with regeneration of the hydroperoxy radical..

Similar chains occur for R02.

The peroxy radicals.are readily formed in an atmosphere con-
taining reactivevhydrocargons, particularly from alkenes. Aldehydes are
even more rapidly converted to peroxy radicals, as these reactions all
have a photochemical basis. Thus elevated ozone levels are expected to
result when there are elevated levels of sz, reactive hydrocarbons and

sunlight.

In the absence of reactive hydrocarbon species, one molecule
of ozone will oxidize one molecule of nitric oxide, and the resul ting
molecule of nitrogen dioxide may photolysé to recreate one molecule of

ozone. In other words, very little happens.
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The addition of reactive hydrocarbons makes a dramatic dif-
ference, however, since these will react, particularly with ozone and
hydroxyl radicals which are always present, albeit possibly in very
small amounts. The products of reaction are“HO2 and RO,, each 6f
which can lead to the production of a 1arge'humber (typically -~ 500 -

Stedman, 1982) of NO2 molecules, and thus 03 molecules.

As was dicussed in Section 3 the reactvity of hydrocafbon
species varies very wide]y. The relative constancy of the ambient hydro-
carbon levels in Vancouver suggests that a re]ative]y large proportion
of the atmospheric hydrocarbons there is non-reactive. If this were
not so the large diurnal variation of NOx and 03 would resu]t in
relatively large variation in hydrocarbon 1eve]s._ Information on the
temporal and spatial variability of emissions and measurments of ambient

reactive hydrocarbons would allow for more detailed discussion.

The diurnal variation of ozone and its:precursors NOQ;NOZ and
total hydrocarbons are presented in Figures 7.1, 7.2 and 7.3 in order
to illustrate the ozone-precursor relationships and to rationalize the

air quality at selected 5tat10n5f, Sunshine data for Vancouver Interna-
tional Airport (VIA) are also plotted. |

The two months selected are those which had the largest
(August 1981) and smallest number of episodes (January 1981 being one
example). The station with the highest iﬁcidence_of episodes was T7
and the other two stations selected for which there are total hydro-
carbons data, T4 and T2 are locations that may represeht‘the central and

western areas of the Burrard Inlet.



- 171 -

FIGURE 7.1 DIURNAL VARIATION OF MEAN O3, NO,NO, AND TOTAL HYDROCARBON LEVELS
AT STATION T2, JANUARY AND AUGUST 1981.
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FIGURE 7.3 DIURNAL VARIATION OF MEAN O;, NO, NO; AND TOTAL HYDROCARBON LEVELS
AT STATION T7, JANUARY AND AUGUST 1981.
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FIGURE 73 DIURNAL VARIATION OF MEAN O; NO, NO; AND TOTAL HYDROCARBON LEVELS
AT STATION T7, JANUARY AND AUGUST 1989.
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The ozone levels are consistently lower in January than in
August for each station (See Table 7.1). The hours of sunshine are
also less. In contrast the NO and HC levels are higher in January than
in August. The NO2 1e9els show similar monthly mean levels at T2 and T4
' while ét T7 the N02 1eve1 is_hjgher’in January‘than in August 1981. The

monthly variation of these parameters were discussed in section 4.

The diurnal variation of NO, NOZ’ HC and 03 follow the classical

| pattern for photochemitél smog production (Sterﬁ 1968). The NO and HC
levels péak in the morning hours at times consistent with mobi]é sources

for these po]]utanté. The NO2 peak occurs later, consistent with the

time needed for oxidation of NO. As this 6Xidation occurs NO is depleted
and NO2 increases. The N02 also is depeleted as other reactions between

N02, NO and other species occur (forming species such as peroxyalkylnitrates,

nitric acid etc,). Ozone of course increases as the photolysis of NO2

together with reactions in equations 2-and 3 take place.

The build up of NO and HC in the late eQening again occurs
since sources generate these emissions and also because the photolysis
of N02 and subsequent ozone formation does not occur. Therefore, the
depletion of NO by 03 is less effective. This general pattern is clearly

shown in August 1981 (Figures 7.1, 7.2, 7.3).

In case of January 1981 for stations T2 and T4 the pattern for

NO and HC is similar except that the levels are higher. Station T7 shows
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Table 7.1

Diurnal variation of selected parameters for

January and August 1981

Monthly mean (ppb)

Paramter

NO
NO

HC

Month January 158] August 1981
Station T2 T4 T7 T2 T4 T7
4.93 1.85 14.51 14.05 16.66 37.61
177.4 84.79 18.72 36.25 17.94 7.73
23.9 28.17 27.75 26.97 26.47 13.54
3209 3633 3030 1981 2782 2296
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somewhat different behaviour in that though there is an increase

in NO and HC levels in the morning 0800-1000 and also a lag in the rise
of N02, the peaks for all these species occur 1ater in the day. One 4
explanation for this may be that since photochemical activity is low, the
dep]étion of NO and N02 does not occur as extensively and also the
transport of these specieS‘(NO, NO,, HC) from upwind sites contributes

significantly to the levels at 17.

Another feature of Figures 7.1-7.3 is the relative variation
in HC levels. The diurnal variation is superimposed on a relatively high
background level that must essentially consist of accumulated non-reactive
species. The diurnal variation is therefore in part due to emissions,

the reaction of reactive hydrocarbon species and of course dispersion.

| The patterns of diurnal variation of NO ahd HC are very
similar. (See Figures 7.1, 7.2 and 7.3) The behaviour of NO, also
follows the pattern. The simi]arity-in the diurnal variation of NO,
NOX and HC is also illustrated from plots of data for February 1980
(Figures 4.14, 4.19 and 4.24) May 1980 (Figures 4.15, 4.20 and 4.25)
and November 1980 (Figures 4,17, 4.22 and 4.27). Strong suppoft for
concluding that these species come from a common source comes from
examination of the emissions inventory data which shows that’mobi]e

sources contribute the greatest fractions of VOC and also NO, emissions.

The foregoing analysis adequately demonstrates the relation-

ships between ozone and its precursors, and is consistent with the
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limited information on'emissions. More detailed information on the
spatial, temporal and chemical resolution (into reactiveband nonreactive
hydrocarbons) of the emission data would allow for more detailed analysis.
The superimposition of the meteorological factors that are important in
ensuring the development of episodes (see Section 6) will therefore

characterize the occurrence of ozone episodes in the study area.

7.2 Review of llodels

7.2.1 Introduction

Once it has been established that unacceptable oxidant levels
can occur in an area, it is desirable to understand the conditions that
give rise to such occurrences. The development of suitable models for
forecasting or predictive purposes is necessary for rational determination
of likely adverse air quality conditions, for formulating control strate-

gies and to estimate the likely effectiveness of these strategies.

Oxidant control strategies which have been formulated have been
based on models that have aT]owed the prediction of ambient ozone levels
from preqursbr emission levels, meteoro]ogica] parametersahd'from topo-
graphical considgrafions. A variety of models have been formu]ated;in
Europe ahd'Nokth America (Hbv and'Derwent, 1981; de Mandel, et al., 1979)
The models vary greatTy in complexity, vé1idity and cost. The comp]exity
is determined by the extent to which athOpherié chemical reaction kinetics
and the spatial and temporal resolution of air quality and meteorological

parameters are included.
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An assessment of the su1tab111ty and applicability of a part1cu]ar
model to the GVRD is premature and beyond the scope of this prOJect A
thorough review of potent1a1]y useful models is requ1red Such a review
should be cogn1zant of the avallable A1r_Qqa11ty, Meteorological and Emis-
sions inventofy data as well as the 1ikelihood and cost effectiveness of

~acquiring additional data fok'mode] inputs.

The following discourse on photochemical models is clearly not
meant to be a comprehensive review of models but will mereiy hi§h1ight
the features of two models that are based on different methodologies or
approaches. The examples will illustrate some of the necessary model in-
puts and will indicate the level of complexity and effort needed to test

these models.

It is possibTe to approach the modelling of urban air quality

from two completely different points of view: -

i) Empirically, employing regression techniques on historical
data to relate the concentration of the required species to

“an appropriate set of parameters.

ii) By setting up a more or less detailed mathematical model,
incorporating treatment of the various physical and chemical

processes affecting the air mass involved.

Both methods have been employed in a number of situations, and some ex-

amples are discussed below.
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7.2.2 =mpirical Jodeiiing

This corresponds to modelling in the sense used by statisticians.
It should be noted that setting up a model based on a reasonable set of
parameters, which is capable of responding to a wide range of conditions,

requires detailed knowledge of the chemistry and physics of the situation.

Prior et al (1981) adopted a statistical approach in predicting
the maximum daily ozone concentration in St. Louis. The data base consisted
of hourly average ozone concentrations, averaged spatially over 11.moni-
toring sites covering a 400 square kilometre area. This data base was
large enough that the model could be derived using half of the data, then

verified against the other half.

The parameters chosen as possible predictors for the maximum
ozone concentration were

- 6 to 9 a.m. average wind speed

predicted daily maximum temperature

9 a.m. ozone concentration

6 to 9 a.m, NOx conqentration

- 9 a.m. solar intensity
Because the ultimate aim of their work was to achieve a predictive capa-
bility, all parameter values were chosen to be available at 9 a.m. or
earlier, thus explaining the choice of predicted, rather than measured,
makimum temperature. In practice it was found that use of the measured

temperature made no significant change to the model.



The first two parameters (wind spéed and femperature) were chosen
to provide a measure of the meteorology of the situation, e.g. atmospheric
turbulence and mixing, mixing height, etc. The third parameter (9 a.m.
ozone concentration) allows for the occurence of multi-day episodes, with
high ozone levels from one day persisting to the’next, while the last two
(NOx concentration and sq]ér intensity) ref1ect the known photochemical

basis for ozone production.

A multiple linear regression was performed between daily maxi-
mym ozone concentration as the dependent variable and the five parameters
Tisted above. It was found that the 9 a.m. ozone concentration was the
best single predictor, while the predicted maximum tempefatUre was second
best. Surprising at first was the observation that the addition of 6 to
9 a.m. N0x concentration and 9 a.m. solar intensity to the multiple re-
gression did not improve the prediction. This feature arises because the
9 a.m. ozone concentration incorporates the effect of these two parameters,
as was confirmed by the strong correlation between 9 a.m. ‘ozone concen-
tration and 6 to 9 a.m. NOx concentration and 9 a.m. solar intensity.

The latter two parameters were therefore dropped from the model.

Analysis of the residuals (measured minus predicted maximum ozone
concentration) revealed that there was no significant dependence on sur-
face wind direction, but that there was an effect due to long range trans--
port. This occurs when a high pressure area exists cépab]e of feeding in
polluted air from the industrial areas of the eastern;United States, or
.when a prolonged period of stagnation (ten days or more) allows accumula-

tion of pollutants in any area.
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When these effects were ineluded, and the model tuned by inclu-
sion of squared terms in each of‘the three predictors, it was found that
the standard deviation of the fit between the model and the data was
approximately 11 ppb, approaching that of the measurements. Further, the
6 days from the data set on which.the U.S. National Ambient Air Quality
Standard of 120 ppb was exceeded were correctly predicted, with no misses

and no false alarms.

A somewhat different approach to developing a predictor set was
used by Aron (1981). He described two models applicable to the Los Angeles
basin. Model I is based on data available prior to 7 a.m., while model II
requires data available prior to noon (all times are Pacific Standard

Time).

Model I relates the maximum ozonevconcentration in the Los Angeles
basin to the temperature measured at the International Airport at 5:30 a.m.
at various levels (1000, 900 and 850 mb) and also to the inversion base
temperature measured at the same time and location. Additive, cyclically
varying terms for day of week (highest on Friday and Saturday) and month
of year (highestkin March and Apri]) account respectively for temporal

variation of such factors as emissions and photochemical activity.

Model I1 includes similar terms for day and month, and for tem-
peratures at different levels (950 mb at 5:30 a.m. and noon, 850 mb at
noon) and}has extra terms in the>maximum ozone concentration measuredvon
the previous day, and vakious pressure gradients between Los Angeles Inter-

national Airport, Las Vegas, San Diego, San Bernadino, Victorville and
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Dagget. The latter terms account for transport effects within the L.A.

basin,

‘The estimated standard deviations are 49 and 36 ppb for models

I and 11 respective1y. These values are approximately four times as large

as thoSé'bend'by Prior et al (1981) for the St. Louis area. However,

the maximum ozone levels in theAarEa are also approximately four times as
large, so the performance of the two sets of models is apbroximately equi-
valent. It should be noted that the Los Angeles Basin models are used
predictively. Model I provides an initial pfédictibn’of'the daily maxi-
mum QzOné concentration, while Model II is used to provide subsequent con-

firmation or revision.

The two sets of models described above are typical examples of
the empirical approach to air quality model. Although they appear to be
based on different sets of predictors, they actually relate to the same

underlying physics and chemistry.

‘Neither piece of work attempts to,pkovide spatial resolution
within the area being modelled. Indeed; there is considerable justifica-
‘tion fbr‘thebpbint of view that elevated ozone concentration is an area
wide phenomehon; ‘For examp1é, Cox and Clark (1981), applying factor anal-
ysis to ozone data for the eastern United States, deduced that there were
essentially four areas, within .each of which ozone concentrations tended

to vary in concert.
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The basic advantages and disadvantages of the empirical approach
are essentially independent of the particular application. The principal
advantage is that this type of model is simple and cheap to use. Indeed,
once the model coefficients have been derived using historical data, it

can readily be run on a hand calculator.

The chief disadvantage is that there is no way to guarantee the
validity of the model outside the range of the data used in its deriva-
tion. In particular, this drastically limits the applicability of empiri-
cal models in assessing control strategies, since these, of necessity, in-

volve estimating the effect of reducing some emissions below current levels.

7.2.3 Numerical Simulation

Computer based numerical simulation of air quality requires, in

principle at Teast, that the following processes be treated

- emission of pollutant species, notably S0,, NOX and

hydrocarbons
- advection and dispersion of these species
- chemical transformation

- deposition
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Widely varying levels of sophistication have been brought to bear on the

treatment of these processes.

At the simplest end of the scale, the air parce].over the region
of interest is assﬁmed to be contained in a box, within which the emitted
pollutants are uniformly and instantaneously mixed. This approach,
which eliminates the need for specifying advection and dispersion and
which requires only a knbwTedgevof emission rates with no Sbatia] resolu-
tion, has been followed bvaerweni & Hov (1980). They modél]ed air

quality in London under a number of emission scenarios.

The simplifications achieved by assuming a well-mixed box
generally carry the price that day to day variatioﬁs due to meteoko]ogical
effects are not considered,‘sb‘that the temhbra] resolution is low. Ob-
viously there is"ﬁo épatia]‘reso]ution within the box. Such models are

thus most useful for determining long term average cohcentrations.

Increasihg the number of boxes within the area of interest allows
improvement in the spatial reso]utioh, while it is also pdssib]e for advec-

tion of a set of boxes to be followed.

The result is a trajectory model, which wou]d typica11y be
applied in asSessing air quality downwind of point Oor area sources.
Such a model would thus be applicable to the study of the effects of Van-
couver emissions on the Fraser River Valley. A typita] example of such
a model is given by Lurman et al (1982). This model, known as PLMSTAR,

features a moving "wall of cells", thus providing lateral and vertical
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resolution. The wall of cells remains of constant size while undergoing
advection by the mean wind. Diffusion between cells allows for plume
expansion, while chemical reaction is treated within the cells. This
model appears to combine the best features of several reactive plume
models, and incorporates refinements in several areas. It has apparently

not yet been applied in modelling an actual source, or group of sources.

Further increases in the number of boxes result in Eulerian

or grid models., Two examples of this type will be considered.

Swan and Lee (1980) applied a two dimensional gridded model in
the San Francisco Bay area. They used a 60 x 60 grid, with grid dimen-
sions corresponding to 1 arcmin (approximately 1.5 x 1.75 km). Each
"square" was assumed to support a column of air, equal in height to the

boundary layer height, within which mixing was uniform.

The meteorological boundary conditions for the model were ob-
tained by a doﬁb]e nesting procedure. The model was run first with a
grid square dimension of 20 arcmin, thus covering the whole of California
and Nevada. The results from this run were saved on the appropriate in-
terior area, and used as boundary conditions for a run with grid square
dimension of 5 arcmin. Results from the second run were similarly applied

as boundary conditions for the final run.

It is currently recognised that consideration of the vertical
structure of the atmosphere is important (see, for example, Lamb, 1982).

An example of a three-dimensional gridded model is IMPACT (Sklarew et al,
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1977; Sklarew and Mirabella, 1979; Sklarew and Henderson, 1979). This
model is composed of five submodels, which treat the important processes
j.e. wind field development, pollutant transport, diffusivity field |
development, plume rise calculation and chemical transformation. Typical
grid dimensions used in the model range from 100 m horizontally and 50 m

vertically to 2 km horizontally and 100 m vertically. =

Common to all of the numerical models discussed above, regardless
of the degree of simplification of advection and dispersion, is a module
: sihu]ating complex photochemistry. 1Thus Derwent and Hov (1980) considered
some 280 reactions of 85 species, Swan and Lee (1980) included 35 reactions
of 25‘spe¢ies, and IMPACT allows a range of optioné, featuring up to 60
reactions of 20 species. Cleariy, sophistication of the afmospheric phy-
~ sics is accomplished at the cost of some simplification of the chemistry,
otherwise the computational costs rapidly beéome unmanageable. It is cur-
reht]y suggested that intégration of the chemical rate equations occupies

80% or more of the computer time required by large Eulerian models (Lamb,

1982).

The need for complex chemical rate components in numerical
models arises because of the high1y non-linear relationships between nit-
rogen oxides, oione, hydrocarbons and the various reactive intermediates
produced as a result of photoéhemical'action on these species. The sitda-
tion is aggravated by the wide range of hydrocarbons typically emitted

into the urban environment, and is discussed in more detail below.

From a mathematical point of view, the result is a large set of

coupled differential equations, featuring widely varying time constants.
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Such sets of equations are computationally expensive to solve. Consequen-
tly active research is currently aimed at the development of improved
numerical methods, and at simplifying and rationalising the chemical

mechanisms without causing loss of accuracy.
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8.  SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

8.1 Summary and Conclusions

The foregoing éna]ysis of the air quality, meteorological and
emissions inventory data for the GVRD has allowed several conclusions to be
drawn. The anaiysis has addressed most aspects of the air quality and met-
eorology related to ozone episodes in the GVRD and Lower Fraser Valley.
Those areas that require more in-depth analysis will be indicated and recom-
mendations for pursuing additional aspects of the oxidants study in the GVRD
and Lower Fraser Valley are given in Section 8.2. The major conclusions of

this study are summarized below.
8.1.1 Data Base

The designated air quality and meteorological data for the GVRD
have been aréhived and magnetic tapes containing the archive have been pro-
vided. The documentation (Code Book) for the Archive has been included in
this report. The archive will allow any additional data analysis required
to be done efficiently Recommendations for the continued updating of the

Archive have been made (see Section 8.2).

Analysis of the emissions inventory, air qué]ity and meteoroloqical
data, along with synoptic weather maps for the area and other climatological
information, have allowed the identification and characterization of ozone

episodes.
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8.1.2 Emissions Inventory

The available emissions inventory data for the GVRD have beeh
summarized. Gasoline powered vehicles constituie the major sources of vola-
tile organic carbon and nitrogen oxides emissions (historically and for 1985
projections). Projections for 1985 emissions levels were prepared. These
projections are subject to considerable uncertainty but suggest that by
1985 there would be a decrease of 16% (compared to 1976 levels) of volatile
organic carbon (VOC) emissions but an increase of 25% in total nitrogen oxides
(NOX) emissions. Thié leads to the continued decrease in the VOC/NOx ratio.
The relative amounts of reactive hydrocarbons and nitrogen oxides can sig-
nificantly affect the formation of ozoné,and other secondary pollutants
(Dimitriades 1977). Before inferring the likely impact that the change in
the relative amounts of VOC and NOx may have on ozone levels in the GVRD,
it would be prudent to obtain more reliable estimates of these emissions,
together with spatial, temporal and chemical resolution of the emissions in-
ventory data. The VOC emissions were classified into seven reactivity clas-
sifications including non reactive methane and unidentified compounds (or
those with unknown reaétivity). The 1976 data indicate that methane and
the non reactive VOC and the unidentified classes constitute = 27% of the
emissions and therefore suggests that the reactive VOC are the predominant

type in VOC emissions.

The large uncertainties in accuracy, the lack of spatial and tem-
poral resolution of the emissions inventory as well as the absence of infor-

mation on the actual levels of reactive classes of hydrocarbons are
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deficiencies of the emissions inventory information and the air quality data
base. The extent to which these deficiencies should be redressed should be

determined with due consideration of oxidant control modelling requirements.

8.1.3 Data Ana]ysis
 Air Quality

Air quality data"(03, NO, NO,, NOx and HC) for the four year period
1978 - 1981 were analyzed. There were indications of an increase in ozone
levels at some monitoring stations over this period. No conclusive trends in

the other parameters were discernible.

Ozone levels at several stations in the GVRD frequént]y exceed the
National Maximum Acceptable 1 hour level of 82 ppb. The objective for the
annual mean ozone concentratfon is also exceeded at sbme stations. For NOZ’
only one excéedance of the l.hour maximum acceptab]e level was recorded in

the four year period 1978 - 1981.

The precursor pollutants NO, NO, and Hydrocarbons are generated
locally and under favourable meteorological conditions, contribute to

very high ozone levels.

Ozone levels were higher in the spring and summer months than in

the winter fa11 months. The converse is true for the nitrogen oxides (NO,

N02 or NOX). Total hydrocarbons levels wefe generally high throughout the
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year but superimposed on these high levels were seasonal variations - higher

in winter and fall months than in spring and summer.

The diurnal variations of ozone and its precursors are similar to
those found elsewhere. Peak ozone levels occur most often at about 1400 hours
for most stations except at Abbotsford and Chi]]iwack where peak levels occur
2 - 3 hours later. Total hydrocarbons levels femain high throughout the day
but a relatively small diurnal variation (indicative of morning and evening
peak emissions) is superimposed on this. The diurnal patterns for NO and
total hydrocarbons are similar and indicate a common source, namely mobile
combustion sources. This conclusion is supported by emissions inventory data,
which show that gasoline powered vehic]és are the major source of VOC and

NOX.

Ozone Episodes

Criteria for defining ozone episodes were developed. These criteria
allowed the identification of station episodes, area episodes and persistent

area episodes.

Episode conditions as defined occurred between April and September

each year with most episodes occurring in July and August.

Persistent episode conditions were always associated with a stag-

nant anticyclone system over the region.
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There is no indication that long range transport of ozone or its

precursors is a contributing factor to ozone episodes in the GVRD.

Persistent épisodes were‘associated with the land/sea breeze
circulation which determines the mesosca]e‘transport'Of ozone and its
‘precursors. The analysis of the frequencies df ihe‘wind directions for
episode Qaylfght and night hoﬁrs, the tendency for episodes to occur
when inland temperatures are higher than normal and the spatial distribution
of ozohe ]évels and wind data , all support the importance of the sea/land

breeze phenomenon in ozone episodes.

| In the single instance (July 21/22, 1978) where a persistent
episode coincided with the availability of more detailed meteorological
data (minisonde studies), some detail of sea breeze structure were
derived. The attendant conditions of a low mixed layer depth and low

wind speeds favoured the buildup of ozone levels.

Thé mesoscale transport by the sea breeze’front results in down-
wind areas being affected by ozone and other secondary pollutants generated
in the GVRD. The occurrence of peak ozone concentrations at T11 and T12
(Abbotsford and Chilliwack) suggests that these stations show the effects
of the sea breeze transpdrt.r More detailed analysis of the sea breeze a
dynamics is needed to determine the extent to which these.stations and

other Lower Fraser Valley areas are affected by mesoscale transport.



The effects of the return flow (land breezes) on the transﬁort of
ozone back over the GVRD have not been strongly evi&ent. It is likely that
the high levels of nitric oxide together with inefficient reentrainment of
the polluted air mass in drainage flows and land breeze at night are suf-

ficient to mask the observation of elevated ozone levels later in the evenings.
8.1.4 Review of Photochemical Models

A brief examiﬁation of two types of approaches to modelling for
predictiQe purposes was made. One specific application of each type of ap-
proach was presented to indicate the range of model inputs which are needed.
A more thorough review of modelling requirements for eventually determining

oxidant control strategies is needed.

8.2 Recommendations

The cbnc]ysions detailed in the previous section clearly indicate
that ozone episodes (as defined) in the GVRD occur freqﬁent]y and are likely
to continue. In éddition, transport of polluted air towards\the Fraser
Valley is a matter of concern. The ultimate objective should be to determine
the nature and extent of oxidant control strategies that will allow accept-
~able (in‘economic and environmental terms) oxidant levels to be established
in the GVRD as well as in the potentially susceptible downwind receptor
area'in the Fraser Valley. The following recommendations will address

these objectives.
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The analysis of the data as it relates to ozone episodes
was limited and the following types of additional data-énalysis may be
done to obtain more detailed understanding of the factors affecting

ozone formation:

1. Examine empirical relationships between ozone and
parameters including NO, N02, hydrocarbons, wind speed,
wind direction, solar radiation, previous day's. precursor

. concentrations, temperature and mixed 1éyer depth.

2.  More detailed analysis of the wind data to determine
Tocal and regional wind fields and to allow the selection
of suitable sites for short term intensive meteorological

studies.

We recommend the conduct of short term detailed meteorological
studies in conditions that have been shown inrthis study to be conducive
to ozone episode ,ocCurrencé. These studies should include theuspatial
three dimensional and time dependency Of,cfrculation systems, the ‘speed
ahd structure of local fronts, and the interaction of the regional flow
with slope and tributary winds. The dynamics and variability of the

mixed layer depth should. of course. be included.

During such intensive studies, the routine air quality monit- -
oring should be augmented by aircraft and mobile ground sampling to obtain

three dimensional pollutant data.
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In order to obtain a better assessment of the spatial distribution
of ozone levels in the GVRD and to better characterize the mesoscale trans-
port of pollutants, additional stations are recommended. These additiona)

stations should be sited in the following areas:

1. Delta District Municipality

2. Cloverdale (East Surrey)
3. Aldergove (East Langley)
4. Mission City

5. webstefs Corners

6. Sheridan Hill area

Stations in the Cloverdale, Aldergrove and Mission City areas would supple-
ment the existing stations at Abbotsford and Chilliwack in better charac-

terizing the transport of pollutants towards the Fraser Valley.

~ These additional stations may be established by relocating at
least two existing stations. For example station T10 may be moved to the
Sheridan Hill area, statién T5 (or T4) and possibly T8 might also be de-
ployed elsewhere. However, the siting of the stations in the Burrard In-
let may have been intended to obfain information on specific point sources
iﬁ the area. Information on point sources and‘an assessment of éir qual-

ity in relation to specific point sources were not within the scope of
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work for this project. The requirements for site-specific coverage would
need to be considered in deciding whether or not relocation of stations is
desirable. It should be stressed that the establishment of the additional
stations should be undertaken aS one component of an overall rationalization

of all air quality (and meteorological) monitoring objectives.

General recommendations for continually updating and if desirable
extending the Archive were outlined in Chapter 2. ‘The continued updating of
the GVRD Archive will allow efficient air quality assessment studies to be
made as required from time to time. Since data originéfe from different
networks, the comparability and uniformity of the data, in terms of the
station siting requirements, quality assurance, quality control and data vali-

dation procedures, should be an immediate objective.

The emissions inventory information for the GVRD lacks spafia],
temporal and chemical resolution. In addition, the aCcuracy of the existing
informationléduld be improved to provide more precise estimates.of existing
data. Before more detailed emissions inventory data are acquired, a thorough
assessment of the mode].inputs (of which emissions inventories may be one)

for contro] strategies should be undertaken.

An in-depth review of control strategies and the mode11ing require-
ments for these strategies should be undertaken to determine which approach
will best serve the peculiar needs of the GVRD given the complex topography
and existing data. This study would represent the key element in determining

the future courses of action.
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APPENDIX A

LAND/SEA BREEZE CIRCULATION OF THE LOWER
FRASER VALLEY OF B.C.

Al. MESOSCALE CONTROLS

Al.1 Relation to macro- and synoptic events

Ideally a land/sea breeze circulation can occur on any day of

- the year but necessary conditions include (Lyons, 1975):
. very Tight gradient winds (usually a high pressure system)
. strong solar radiation (usually <60% middle and high cloud cover)
. daytime air temperatures inland greater than water surface value.
These requirements c]ear]y‘favour the warmer portion of the year in
Vancouver and this is verified in the analysis of diurnal wind shifts
produced by Emslie (1968) using data from the Lion's Gate Bridge for
the period 1961-67 (Table 1):

Table Al. Percentage frequency of diurnal wind shift
by months (Emslie, 1968).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
21 36 54 50 65 63 62 - 59 58 34 21 9

Although these data point to an easily recognizable and reasonable -
intra-annualecyc]e it should be noted that the synoptic conditions

of any one year will cause significant deviations from such a pattern.
Similarly changes on even longer time scales may be important.
Fukaishi (1979) has shown that long-term changes in the frequency

of synoptic weather regimes (especia]ly anticyclonic) can account
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for observed trends in fog frequency in Vancouver. There may well

“be an impact on land-sea breeze frequencies.

Al1.2 Spatial local controTs

‘The land/sea breeze sircu]ation in the Lower Ffaser Valley is
complicated by the presence of mountain/valley topography and the
urbanized érea,of Greater Vancouver. Both topography andyurbanized
land use Can modify existing airflow characteristics and generate
their de local breeze systems uﬁder the same conditions whiéh

favour 1and/séa winds.

Al.2.1 Topography - normally it is expected that sea breezes are

aligned normal to the coastline early in the day, later they come
increasingly under the influence of the Coriolis force and end up
flowing more parallel to the coast. There is little evidence of
this in Vancouver because of the channelling influence of the Fraser
Valley on the near surface airflow. The general argument regarding
the interaction between the mountain/valley and anabatic/katabatic -
winds of the valleywith the land/sea breeze has been outlined by Hay
and Oke (1976). Intuition further suggests that the tributary valleys
off the main Fraser Valley must also provide secondary channelways
to and from the main system (e.g. Capilano, Lynn and Seymour Rivers,
Indian Arm, Coquitlam,Stave, Pitt and Harrison Lakes). In generai
such topographic wind systems act in concert réther than oppose the

land/sea breeze tendencies. The most obvious augmentation is provided
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by cold air outflows at night and on a larger scale in winter (Hoos
and Packman, 1974). The bottleneck shape of the valley as it opens
onto the delta may also be important. This will presumably lead

to convergence and uplift in the sea breeze and divergence and

subsidence in the land breeze.

Al.2.2 Urbanization - the presence of Greater Vancouver must modify

certain characteristics of the land/sea breeze system. For example
the greater surface roughness of fhe city is likely to produce
additional frictional retardation of the near-surface winds and

may disrhpt the passage of land/use breeze fronts as has been observed
in New York (Bornstein and Johnson, 1977 and Bornstein et al. 1978).
The increased turbulence also appears to mask evidence of sea breeze
frontal passage (Kalanda et al. 1980; Oke et al. 1982). The heat
island of the city also provides a complication due to the development
of thermal internal boundary layers in the sea inflow, and land outflow,
layers as illustrated in Fig. 4. Conversely it should be noted that
the strength of the wind system is an important control on the

depth of the urban mixed layer (heat island) via its ability to

advect heat downwind (Steyn and Oke, 1982). The interaction

between the land/sea breeze strength and the depth of the mixed
layer is very significant to the build-up of pollutants since

together they define the crucial 'ventilation factor' used in air
pollution box models (Pasquill, 1974). Finally it is important to

recognize the existence of an urban/country breeze system due to
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the horiiontal pressure field generated by the heat island. Recent
work in St. Louis suggests the urban circulation is best developed
by day because although the heat island is smaller static stability
favours circulatory motion more than at night (Shreffler, 1978).

If such winds exist in Vancouver they will add a vector component
to the existing flow travelling from the upwind edge of the city

to fhe-centre bdt wi]]loppose'flow out of the city downwind of the

centre.

A2. SURFACE NETWORK INFORMATION

A2.1 Background

Although the land/sea breeze circulation of the Vancouver-Lower
Fraser Valley region is well recognized andbis allowed for in weather
forecasting for the region,detailed information regarding its
characteristics is sparse so that recent reviews of the climate of
the area by Hoos and Packman (1974) and Hay and Oke (1976) draw frdm
a very limited number of studies. The most quoted studies are those
by Emslie (1968, 1971) based on 6 years of data from the Lion's Gate
Bridge and Emslie (1973) based on a 1% year record from Vanier Park.
There is little of no information in'published form regarding the
spatial and temporal nature of the land/sea breeze system for stations
away from the coast. In relation to air pollution transport the
lack of data concerning the speed and location of the sea breeze

front is particularly unfortunate.
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A2.2 Statistical characteristics

The available information suggests the land/sea breeze
ciréu]ation to be a frequent occurrence at the coast (Table Al,
Fig.Al and A2). The typical pattern involves onset at the coast
at about 0900 PST in the summer (later in the spring and fall).

The westerly flow strengthens into the afternoon keaching maximum
values of 16-24 km h".I (Hoos and Packman, 1974). The duration

of the sea breeze is greatest in the summer lasting 10-12 h on

the coast. The easterly land breeze replaces the daytime flow

at about sunset in all seasons (around 2000 PST in June - August).
Nocturnal flows is typically about 5-13 km h']. The highest
frequency of calm periods are found in the morning before the wind
shift and in the evening just after it (Fig.A3). General experience
holds that the sea breeze commonly reaches Abbotsford in the afternoon
and indirect evidence suggests it may penetrate at least as far as
Chilliwack (Shgeft and Tennis, 1975) which is about 60 km from the
nearest coast and 80 km from Vancouver.

Wind roses for stations in Greater Vancouver readily confirm
the effect of the topography in channelling flow (Hay and Oke, 1976).
The published data however do not reveal any information specifically
of help in land/sea breeze considerations except to show that certain

lTocations are capable of providing marked shelter (especially the

Port Moody Basin).
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A3. VERTICAL PROFILE INFORMATION

A3.1 Background

Surface information can represent only a small part of the nature
of a three-dimensional system such as a land/sea breeze circulation.
However the vertical probing necessary to fill in the picture is
not a part of most observation networks. In Vancouver some information
might be gleaned from the airport pilot balloon soundings but nothing
has been published. Apart from some occasional minisonde balloon
flights by AES and BC Hydro personnel the only available study is
that by the UBC Geography Department as part of an urban meteorology
project in July - August 1978. The details of the methods and
instrumentation are given in Steyn and Oke (1982). Despite .
the shortness of record and restriction to a single site these data
are used here to characterize some aspects of the vertical structure
of the Vancouver land/sea breeze system. Appropriate caution should

be exercised.

A3.2 Vancouver (Sunset) statistics

The observations relate to a site in south central Vancouver
well within the built-up area. Depending on wind direction the
site has a fetch of about 8-10 km from the coast during sea breeze
inflow. Fig.A4 presents a schematic of thé'anticipated land/sea
breeze circulation in the area based on the consensus of Keen and
Lyons (1968) and includes the form of thermal internal boundary
layers due to the discontinuities existing at the coast and urban/

rural boundaries (see also Oke, 1982).



A10

a) SEA BREEZE

oy £ ;@2)

3
( Return ' :
p/— Flow (R) Zg ;\
U : \
. ™ C
* Iy ' ____
o Inflow (S) i -
s L L
\ : .;.,/ : i uS } ) . ’
—_— i
L~ - . ‘ P
T ] ) v U, ) )
ol e / 7 7777 2
‘ : ...Sunset Site » ) :
b) LAND BREEZE
I . Return
ug Flow (R)

N
x

-
Ugny Outflow (S)
s S T —— — \'<.n_——— i
- * — .
. \ O N
o000 g o0 n ofl (1.0 0 1) ;

AALNANINNINS A
Georgia Strait . Vancouver _ Fraser Valley

Figure A4. Schematic illustration of the flow in land and sea breeze
' cells in the vicinity of Vancouver and their relation to
thermal internal boundary layers (——).



A1l

The following general points emerge:
. the strength of the sea breeze inflow (averaged over the depth
ZS) is weak. The average speed is about 8 km h-] with maxima of
14 kn b,
. the direction of the sea breeze is consistent with the orientation
of the coast (typically 240-260°).
. the depth of the inflow is approximately double that of the urban
thermal boundary (mixed) layer. Since the main 03 production is
likely to be limited to the mixed layer (see Section 4) the
characteristics of the sea breeze inflow layer are the most important
in relation to downwind impacts.
. the sea breeze return flow layer (zR) is of similar strength to
the inflow and is oriented parallel to the North Shore mountains
(typically 80-100°).
. the land breeie characteristics were less well sampled but it
appears the §peed is in agreement with the surface statistics and
is aligned parallel with the mountains. The depth may be augmented

by flow from tributary valleys of the Fraser system.

4.  METEOROLOGIC CHARACTERISTICS OF THE PERSISTENT OZONE EPISODE
21/22 JuLy, 1978

4.1 Introductioh

This persistent ozone episode occurred on two days of the
urban meteorology project undertaken in South Vancouver. From
the data gathered during this project and from the GVRD network

data it is possible to characterize fairly completely the meso-
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meteorologic conditions prevai]ing'over the Lower Fraser Va]]ey
during these two days and to provide some insight into the
atmospheric dynamics that contribute to there being an air pollution

episode.

4.2 Surface layer conditions

Under the influence of the prevailing Synoptic_conditions
(cloudless skies and very weak pressure gradiénts), the surface
layer over suburban Vancouver exhibited dramatic diurnal changes
in stability. The surface layer turbulent sensiblie heat flux (as
measured by eddy correlation techniques,'Steyn, 1980) on both
days was slightly negative (towards the surface) or near zero
at night, became positive soon after sunrise and rose to a maximum

2

of roughly 250 W m “ before dropping back to its nighttime values

around sunset.  This heat flux behaviour in conjunction with low

1 at 10 m during the day with poorly

wind speeds (roughly 2.0 m's~
defined minima at sunrise and sunset) resulted in a stable surface
layer at night, a highly unstable one during the day and vefy short
transitions between these two states. |

A result of this variation of atmospheric stability will be
that all poT]utants emitted at or near the surface during the day
will very quickly be mixed upward to the base of the capping
inversion and will be advected over the region in a layer whose

~depth is defined by the height of this inversion. Pollutants

emitted at night will suffer only minimal spread in the vertical
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until shortly after sunrise when they will be fumigated to be

mixed with both primary and secondary pollutants from the previous
days' emissions. The crucial variables in this topic are thus the
mixed layer depth and its variability, the regional wind field and

the emission and transformation patterns.

4.3 Mixed layer variability and ozone concentration

A major objective of the Vancouver urban meteorology study
(Steyn, 1980) was an understanding of the variability of the mixed
layer depth. Table A2gives hourly average mixed layer depths
extracted from that study for the two days in queStion, together
with the ozone’concentrations from station T7 of the GVRD network
(Anmore School).

The mixed layer depth is not constant across the region due
to advective topographic and surface effects (Steyn, 1980; Steyn
and Oke, 1982). An estimate of the mixed layer depth at the
monitoring site can be derived from:

X
=7
%7 Jx %is

S

where the subscripts 7 and s refér to site T7 and the Vancouver
study site, Zi being the mixed layer depth and x the advective
distance from the effective shoreline (Steyn and Oke, 1982). For
the daytime wind directions encountered during the days given in

Table A2 (roughly 180° to 250°) this results in the mixed layer
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depth at station T7 being‘between 7% (180°) and 55% (250°) greater
than that at the Vancouver study site. This rough analysis assumes
that the mixed layer follows the regional mean topography for the
low relative relief parts of the Lower Fraser Valley.

An examination of the wind-speed and - direction pfofi]es for
the these days indicates that the depth of thevsea-breeie inflow
layer is much deeper than the mixed layer depth. This fact leads
to the conclusion that the only effect of the sea breeze flow upon
the air pol]utioﬁ episode is td force a particular wind field (that
associated with the sea-breeze phenomenon) to be associated with
the episode in thﬁé case (and presumably many others).

From Table A2, the major temporal variability in ozone
concentration at station T7 reflects very strong diurnal influences.
It may be hypothesized'that this Variabi]ity.is due to secondary
(photochemical) sources withiﬁ the mixed layer, and that the spatial
patterns are’a productkof advection and dilution within the mixed
layer. Such an hypothesis could beltested by application of a
fairly detailed advective/variable source model to the region.

Such a model in its simplest (crudest) form may be similar to
that used by Jensen and Petersen (1979). This was based on an

equation of the form:

B (x(x) 7% 2, (x)de) = 1% QA + 1% Quix + Tizg(x) (¢, - x(x) (1)

where é%—is the advective derivative, x a vertically averaged ozone
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concentration, x the downwind distance, Qv a volume source of ozone,
QS an area source of ozone and u the mean wind speed.
~ The effective operation of such a model would require knowledge

of:

a) The spatial and temporal variability of the mixed layer depth.

b) The spatial and temporal variability of the mean wind field

(speed and direction).

c) Temporal variability of source and sink strengths for ozone.

d) The regional background ozone levels (Xo)‘
Given the above information, the model would need considerable
computing power for its implementation but should as a return be
able to cast light on the sources of regional elevated ozone levels

and the meteorologic conditions which accompany episodes.



Al6

Table A2 Mixed layer depth, wind speed and direction at BCHPA
Mainwaving Substation: 21/22 July, 1978. (hourly
averages for hour ending). (N.B. times may vary by
1 h 19 min or 19 min). -

Anmore

LAT! Zi(m) Gﬁ(ms’l) EE(day) ~%éggs: #7
July 21 0100 52 0.75 103 19
2 s 2.0 50 17
3 s 1.9 14 14
A s 2.7 10 n
. s 2.3 10 10
6 30 1.1 29 13
710 1.8 36 33
g 275 1.5 151 39
g 410 2.0 174 62
10 450 2.3 159 79
11 460 2.6 - 96
12 u’ 2.7 210 125
13 450 2.6 21 159
14 390 2.2 228 173
5 300 2.3 239 173
6 110 2.8 240 140
17 85 2.6 248 98
18 70 2.9 255 96
19 s 2.2 240 9%
20 s 1.7 345 20
21 S 1.6 5 31
27 s 0.7 159 35
23 s 1.0 3N 33
24 S 1.8 45 34




Al7

Table A2 (cont'd)

LAT! z T (ms™1) em(day) 'gggg;? #7
(m) " (ppb)

July 22 0100 s 1.3 93 36
2 s 1.8 69 41

3 s 2.5 6 36

4 s 2.5 9 34

5 s 2.0 13 31

6 55 1.0 337 23

7 105 1.0 265 42

8 185 0.7 108 74

9 250 1.8 206 98

10 250 2.2 237 134

no 225 2.6 245 123

12 u 3.0 249 106

13 u 2.6 237 10

14 315 3.0 247 99
15 290 2.5 251 91
16 305 2.4 248 7

17 260 2.1 360 58

18 u 1.6 288 47

19 s 2.8 264 39

20 s 1.4 247 5

21 s 1.9 324 14

22 s 2.3 5 20

23 s 2.0 271 23
24 s 2.3 316 -

! Local Apparent Time is used in the Vancouver Urban Meteorology

study the local standard time of the network data is 19 minutes
later at this time of the year.

s indicates a surface based temperature inversion.
u indicates an undefined mixed layer depth (usually due to poor

signal returns from the acoustic sounder, and no minisonde flight
at that time.
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