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Executive Summary

This is the third report produced by NIWA for NZT@oreviously Transit NZ)
regarding air quality in State Highway tunnels. Thet report ‘Guidelines for the
Management of Air Quality In and Around Road TuarneINew Zealand'teviewed
and recommended air quality guidelines to applyhwinterior of road tunnels, for
which no prior guidelines exist in this country. simmary of these guidelines is
presented below in Tables a and b.

The second repofScoping Assessment of Air Quality in and arounat&SHighway
Tunnels” reviewed available historical data describing cuiality in and around the
Terrace, Mt Victoria, Lyttelton and Homer tunndisextrapolated the available data
describing air quality inside the tunnels to thesaent day based upon the assumption
of reductions in the average emissions per vehadepredicted by the NZ-specific
emission model VEPM. It concluded that there wasis& of the recommended
guidelines being exceeded but that the quality queahtity of data available led to
relatively low confidence in the extrapolated potions.

Subsequently, NZTA commissioned NIWA to conduct gwality monitoring
campaignsinside the Terrace and Mt Victoria tunnels in Wellingtorhis report
presents the findings of that monitoring. The psgof the study is to characterise
current air quality inside the tunnel bores wheedfit passes. This studyoes not
consider air quality external to the tunnels or tisgs to health of tunnel users or
workers, other than the risk of non-compliance wihle recommended air quality
guidelines.

Monitoring of concentrations of the two pollutantevered by the recommended
guidelines - carbon monoxide (CO) and nitrogen idiex(NQ,) — was conducted

within the Terrace tunnel fronf"®eptember 2008 to Dctober 2008 and within the
Mt Victoria tunnel from 28 October 2008 to 18December 2008.

During our monitoring period th&errace tunnel met the NIWA-recommended
guidelines for the public for both CO and NGy a significant margin. The tunnel also
met the more restrictive PIARC (2010) recommendaatib70 ppm of CO. The 8-hour
occupational safety guideline was met, as was the mestrictive PIARC guideline of
20 ppm, albeit by a small margin.

Air Quality Monitoring in the Terrace & Mt Victoritunnels 1
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The jet fans installed in the Terrace Tunnel wenentl to be generally effective in
providing sufficient dilution of air pollutants. Bluating the potential to optimise the
ventilation system was beyond our scope — howdwedata captured could be further
analysed to investigate this. Systematically waasequality was observed in the
Terrace tunnel during northerly winds. This wasgrsiive of the ventilation fans
blowing in the wrong direction — however this didtread to breach of the CO
guidelines. Air quality was substantially improveidce 2003. This was at least partly
due to the increasing numbers of new technologyuaed-emission vehicles
penetrating the vehicle fleet. Considerable pratacirom the effects of air pollution
in the tunnel is provided by the fact that typieaposure times for the public are far
below 15 minutes.

During our monitoring period thklt Victoria tunnel met both the recommended 15
minute CO guideline for public users, and PIARC @@uideline, except during the
period of 7am — 8am local time during which the R 2010 guideline of 70 ppm
was exceeded twice over a 2-month period. Althaihgh30 ppm occupational safety
guideline was not exceeded, this was by a smalfjimgmaximum observed 8-hour
concentration was 24.5 ppm). The more demanding® limit recommended by
PIARC was exceeded 2 % of the time for which dataste The risk of non-
compliance was limited to 8-hour shifts ending w1 pm and 11 pm local time.

The Mt Victoria tunnel met the recommended NfDidelines.

Air quality in the Mt Victoria tunnel was also sustially improved since 2003. This

was again at least partly due to the increasingbmusnof new technology reduced-
emission vehicles penetrating the vehicle fleet.e#hs vehicle users are offered
considerable protection due to journey times uguzding far below 15 minutes, this

protection is reduced for pedestrians, especiathge for whom the journey time may
approach 15 minutes. However, the risk presentesfilisacceptable as long as the
tunnel meets the 15-minute CO guideline.

Concentrations of NQin both tunnels were low compared to both the glines and
worst-case predictions in the Scoping Assessmdmt Was because the dominant
source of NQwas indirect production of NChrough chemical reactions rather than
direct vehicle emission. This chemical pathway negpuozone, which must penetrate
into the tunnel from outside, but which is also ld&gl in the formation of NO Our
data showed that very little ozone penetratedtimaunnel due to its chemical and/or
physical depletion, thus strongly limiting N@oncentrations. We observed rare and
short-lived “chemical events” in which NCrould be rapidly produced inside the
tunnel. This may have been due to the occasionmadtpgion of ozone deep into the

Air Quality Monitoring in the Terrace & Mt Victoritunnels 2



tunnel, which may be more probable in the shorerdce Tunnel, or could be due to
the temporary introduction of reactive chemicalgshsas VOCs. We have insufficient
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data to preferentially support either hypothesis.

Table a: Summary of NIWA'’s recommended guidelinesdr Occupational Safety
for the protection of healthy adults working in a unnel:

Contaminant | Threshold Averaging notes
concentration | time
CcO 200 ppm 15 minutes | equivalent to NZ Workplace Standard
CcO 30 ppm 8 hours widely adopted abroad, PIARC 1995
recommendation
NO; 1 ppm equivalent to NIOSH Recommended Exposure
Limit

Table b: Summary of NIWA’s recommended guidelinesdr all non-occupational

users:
Contaminant | Threshold Averaging notes
concentration | time
CcO 87 ppm 15 minutes | equivalent to WHO ambient guidelinel, widely
adopted in Australia
NO; 1 ppm PIARC proposal

1 WHO guideline is 100 mg th If converted at 25C (as is the convention in at least the EU,
the US, Japan) this is equivalent to 87 ppm. Ifvested at © C, which is the convention in
New Zealand (as recommended by MfE) this is eqaivaio 80 ppm.

Air Quality Monitoring in the Terrace & Mt Victoritunnels 3
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Table c: Summary of peak pollutant concentrations ad guideline compliance in

the tunnels:
guideline Terrace Mt Victoria

Max observed Guideline Max Guideline

exceedence | observed exceedence

Public users:
CO, 87 ppm, 15 minutes 30.1 ppm nil 75 ppm nil
NO2, 1 ppm 0.45 ppm nil 0.16 ppm nil
Occupational safety:
CO, 200 ppm, 15 minutes 30.1 ppm nil 75 ppm nil
CO, 30 ppm, 8 hours 17.9 ppm nil 24.46 ppm nil

Air Quality Monitoring in the Terrace & Mt Victoritunnels 4



—NIWA_—

Taihoro Nukurangi

Abbreviations
AADT annual average daily traffic
ANZS Australia/New Zealand Standards
CO carbon monoxide
HCV heavy commercial vehicle
HGV heavy goods vehicles
LCV light commercial vehicle
NIOSH National Institute for Occupational SafehdaHealth
NO nitric oxide
NO, nitrogen dioxide
NOy oxides of nitrogen (NO + N
NZTER New Zealand Traffic Emission Rates
O; ozone
OH hydroxyl radicals
PIARC Permanent International Association of RGatigresses
ppb parts per billion
ppm parts per million
VEPM Vehicle Emissions Prediction Model
VOCs volatile organic compounds
WHO World Health Organisation

Air Quality Monitoring in the Terrace & Mt Victoritunnels 5
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1. Introduction and scope

1.1 Background

In 2007 Transit New Zealand commissioned NIWA toadep guidelines for the
management of air quality within State Highway rdadnels. This resulted in two
reports, which were delivered to Transit in drafinfi in June 2008:

1. Guidelines for the Management of Air Quality in eardund Road Tunnels in
New Zealand (NIWA report AKL-2008-058)

2. Scoping Assessment of Air Quality in and aroundteStdighway Tunnels
(NIWA report AKL-2008-059)

The Scoping Assessment indicated a large degreencértainty surrounding the
current air quality in both the Mt Victoria and Tate tunnels, and whether their
respective ventilation systems could deliver airaliy meeting the guidelines
recommended in the first report. Detailed assessnevolving experimental
monitoring campaigns for both tunnels was recomradndransit NZ (now NZTA)
accepted the recommendations and commissioned N#gVéonduct the suggested
monitoring campaigns. This report summarises theirigs of the campaigns and
provides an extended detailed assessment.

1.2 Objectives

The objectives of the monitoring described in theport, and the analysis of the
resulting data are:

1. To characterise current air quality (with respectarbon monoxide, CO, and
nitrogen dioxide, N@) inside the Terrace and Mt Victoria tunnels wigispect
to the road tunnel guidelines recommended by NIWA.

2. To interpret the determinants of the current aimliy, such that the
representativeness of the observation period dwmdyliair quality at other
times and in the near future could be assessed.

3. To provide current data to compare with that gaatién 2003 and before (as
presented in the Scoping Assessment) and evaluag¢her changes since
then are consistent with the emission reductioredipted as a result of

Air Quality Monitoring in the Terrace & Mt Victoritunnels 6
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developments in engine and emission control tecigyolnd the penetration
of such technology into the vehicle fleet.

An additional objective which will be addressed i§ practical to do so is:

4. To determine the processes forming N®the tunnel and whether or not it is
likely that each tunnel is subject to internal N¥oduction.

1.3 Scope

The scope of this study includes:

e Air quality with respect to the NIWA-recommendedhmel guidelines for the
protection of members of the public using the tisinegardless of mode,

e Air quality with respect to occupational safetydglines for the protection of
authorised persons working within the tunnels.

The scope of this study does not include:
e Air quality external to the tunnels,
e Health impacts or risks for tunnel users or workers

* Predicted changes to air quality arising from angppsed or hypothetical
changes to the design or operation of the tunnelseir ventilation.

1.4 Report format

The observational campaign described in this reigomore than just a conventional
air quality monitoring project. The analysis andeipretation required are more
detailed than is often the case for air quality itwing, and the guidelines against
which observed air quality is being compared aré the conventional ambient

guidelines, but tunnel-specific and still yet to toemally adopted in this country.

Furthermore, we appreciate that this report maye fmwider readership than is often
the case for technical air quality reports.

As a consequence, this report has a different tstridrom that usually found in
monitoring reports. The chapters are set out soctiegpter 2 presents the key findings

Air Quality Monitoring in the Terrace & Mt Victoritunnels 7
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for NZTA in terms of observed air quality in thentels with respect to guidelines
established in a previous report to NZTA (see apolteeffectively presents an
extended executive summary.

Chapters 3 and 4 present further detail of an agingly technical nature which aims
to extract general conclusions about the presahfwgore air quality in the tunnels.

Chapters 5 and 6 consist of an exploratory anabfsike longer term implications of
meeting air quality guidelines in light of expectedanges to vehicle emissions
(arising from technological and traffic changes).

Chapter 7 presents overall conclusions.

The Technical Annex presents details of the instmisi and methods used to
measure, capture and quality control the obsemvalidata.

1.5 The Terrace tunnel

The Terrace tunnel was opened in 1978 and formsgbdhe Wellington Inner City
Bypass on SH1N in central Wellington. Its locatisrshown in Figure 1. According to
NZTA data, annual average daily traffic (AADT) i@ was 41 031, and traffic
volume has been stable at just over 40 000 sin@8.Ikhe proportion of heavy goods
vehicles (HGVs) is unknown, but anecdotal evidesgggests it is low. The posted
speed limit was originally 100 kni'tbut has recently been reduced to 80 kin h

The tunnel is 460 m long, has a 1:40 gradient astivo northbound lanes and one
southbound lane as shown in figure 2. It is unugudalaving longitudinal ventilation
in a single bi-directional tube. The original desigad two three-lane uni-directional
tubes for which longitudinal ventilation is apprigde but only one tube was
constructed. Consequently, the longitudinal vetitita can be operated in either
direction, in an attempt to aid the prevailing laif. The prevailing airflow is detected
using an anemometer at the southern end of thelkufihe ventilation control system
originally included feedback from three CO sensbus,this system was replaced with
one based on observations of traffic speed and wp®skd as proxies for emissions
and dispersion respectively.

Air Quality Monitoring in the Terrace & Mt Victoritunnels 8
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1.6 The Mt Victoria tunnel

The Mt Victoria Tunnel was opened in 1931. It igdted on the eastern edge of
central Wellington and carries SHIN through Mt Yitd providing access to
Wellington Airport, as well as the suburbs of Kilie, Miramar, Seatoun and Lyall
Bay. AADT in 2006 was 38077, and traffic volume Hseen stable at 36 — 39 000
since monitoring began in 1997. The proportion &\ is approximately 2 %. The
posted speed limit is 50 kmi*hbut congestion regularly reduces speeds wellvbelo
this.

The tunnel is 623 m long, has a 1:100 gradient@msists of a single tube. Within
this tube traffic is bi-directional with a singlarle of traffic in each direction as shown
in figure 3. The tunnel has mechanical transversatikation, with fresh air being
drawn into a parallel duct via a fan house alorg&idth portals and released into the
tunnel bore via slots along its length. Vitiatediaidrawn through slots in the tunnel
ceiling and extracted via vertical exhaust ductee Tans have only a single operating
speed and during the monitoring campaign were nmgnsiaitched on at 6 am local
time and off at 11 pm local time.

Figure 3: Layout of the Mt Victoria tunnel looking west.
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2. Key Results

2.1 Purpose of this chapter

This chapter discusses the first and principal abje of the campaign — to assess
current air quality in the tunnels with respectth® guidelines recommended by
NIWA.

2.2 Recommended air quality guidelines inside road tunels

NIWA recommended to Transit New Zealand (Longéyal, 2008b) that a guideline
be adopted to ensure that any road tunnel is aesafgonment and that a single
traverse of any given tunnel does not give risadeerse acute health effects. The
recommended guideline was that concentrationsrbbcamonoxide do not exceed 87
ppm as a 15-minute moving average at any time. Ehisquivalent to the World
Health Organisation’s guideline for ambient expeSuiThe World Road Congress
(PIARC) has also recommended a guideline for C@0gppm as a 15-minute average
to be in force from 2010. NIWA's review was unalike find any health-based
evidence upon which such a tightening of the C@gjirie could be justified.

NIWA also recommended a guideline of 1 ppm of & dioxide. This is equivalent
to a recommendation from PIARC. It was not possitilestate an appropriate
averaging time for this guideline due to gaps ie #tientific understanding of the
action of this pollutant on the body. The guidelisentended to protect asthmatics,
which may become sensitized through inhalationhef gas, and as a precautionary
measure against delayed or chronic effects oneghétof tunnel users.

These guidelines for tunnel users are summarisédhie 1 below.

NIWA also recommended a guideline fogcupational exposure of 30 ppm of CO, as
an 8 hour average. The World Road Congress (PIARAL) also recommended a
guideline for CO of 20 ppm as an 8-hour averageetin force from 2010. These are
also listed in Table 2.

All guidelines are quoted in units of ppm (i.e.tggver million by volume), as this is
the international convention for road tunnel mamaget. This differs from ambient
air quality standards and guidelines, which areaesged in mass-based units, .

2 WHO guideline is 100 mg th If converted at 25 C this is equivalent to 87 ppm. If
converted at OC (as recommended by MfE in New Zealand) thigjisivelent to 80 ppm.
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m3. Conversion between these units is pollutant-dégenand also dependent upon
the standard temperature and pressure adopkéawever, as this report deals
exclusively with in-tunnel and not ambient concatitns, and the fact that ambient
standards and guidelines do not apply inside raaddis, all concentrations in this
report are expressed in volume-based units (i)@. @pppb).

Table 1: Summary of NIWA’s recommended guidelinesdr all non-occupational users:

Contaminant | Threshold Averaging notes
concentration | time

CcO 87 ppm 15 minutes | equivalent to WHO ambient guideline"’, widely
adopted in Australia

NO; 1 ppm PIARC proposal

Table 2: Summary of NIWA’'s recommended guidelines dr Occupational Safety for the
protection of healthy adults working in a tunnel:

Contaminant | Threshold Averaging notes
concentration | time

CcO 200 ppm 15 minutes | equivalent to NZ Workplace Standard

CcO 30 ppm 8 hours widely adopted abroad, PIARC 1995
recommendation

NO; 1 ppm equivalent to NIOSH Recommended Exposure
Limit

In our recommendations to Transit NZ, we also ndteat more demanding NO
guidelines have been adopted or recommended elsevd®listed below in Table 3.
A discussion as to why such a range of guidelinest s contained in Longlegt al
(2008).

% In New Zealand a standard temperature and pres§@€C and 1 atm are adopted for unit
conversion. At these conditions 1 ppm CO = 1.25mt 1 ppb NO = 1.34 mg th 1 ppm
NO, = 2.05 mg i and 1 ppb @= 2.14ug m?,

4 WHO guideline for CO is 100 mg iIf converted at 25C this is equivalent to 87 ppm. If
converted at OC (as recommended by MfE in New Zealand) thigjisivelent to 80 ppm.
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Table 3: Other road tunnel air quality guidelines for nitrogen dioxide adopted elsewhere:

Threshold concentration Averaging time notes

1 ppm 5 mins Hong Kong

0.4 ppm Unspecified Norway

0.2 ppm 1 hour Sweden, Belgium
0.110r0.10 ppm5 1 hour WHO ambient guidelines
0.5 ppm 20 mins Belgium

0.4 ppm 15 mins France from 2010

2.3 Overview of observations made and omissions

The Technical Annex contains full details of instents deployed, dates, locations
and data processing. In brief, concentrations dbaa monoxide (CO) and nitrogen
dioxide (NQ) were measured continuously inside both tunnels. al¢o conducted
measurements of basic meteorological parametersideutthe Terrace Tunnel's
southern portal and outside the Mt Victoria Tunselvestern exhaust stack.
Additional measurements included wind speed anéctlion inside the Mt Victoria
Tunnel only.

Special traffic observations were not conductedthis campaign. Hourly average
traffic volume data was obtained from NZTA for bothinnels. These data are
incomplete and do not cover the same periods asiounitoring campaign. However,
as discussed in chapter 3, traffic volumes vamelifrom day to day, so we are
confident that these data are representative ahaloconditions in the tunnel during
our campaign. Observations of vehicle fleet compmsiand reduced speeds (as a
result of congestion) are important for interprgti@missions (see chapter 5). The
existing NZTA counters do not provide this inforioat Traffic counting methods
have a reduced reliability and accuracy in suclvimyi conditions. We chose,
therefore, not to install additional counting teclogy. Our original plan was to rely
on manual and in-flow (car-based) observations. él@s, this is highly labour-
intensive and proved not to be logistically feasibithin the time scale and resources
available.

® The guideline is 20fig m®, which is equivalent to 0.11 ppm when converte#%tC, but is
equivalent to 0.1 ppm af @. MfE recommends the latter conversion factor.
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Further parameters of importance include the ojmeradf the tunnel’s ventilation
systems and tunnel closures for maintenance. Wéemdable this information has
been sourced from Fulton Hogan, the contractoratjpey the tunnels.

2.4 Terrace Tunnel

2.4.1Monitoring arrangement

At the Terrace Tunnel air was sampled at a poirt.&tm above road level on the
eastern wall, 230 m into the tunnel from the southmortal and drawn through a duct
to the instruments located in a trailer 60 m saftthe southern portal giving a total
sampling distance of 300 m. Further details ardaioed in the Technical Annex.

2.4.20verview of data

Descriptive statistics for the full monitoring pedi from 9" September 2008 are
provided in Table 4, based dtb minute moving averagesNote that the NQ

analyser’s range (0 — 3 000 ppb) was exceeded Fomihutes on 29 September
2008, resulting in missing data.

Table 4: Descriptive statistics for monitored polldants (15-minute moving averages) in the
Terrace Tunnel.

CO/ppm NO / ppm NO / ppm O3/ ppb
Max 30.1 0.45 3.20° 32.0
Mean 7.6 0.03 0.93 4.8
Median 6.9 0.03 0.83 4.7
Min 0.0 0.00 0.00 -5.4
Interquartile range 3.3-11.1 0.02-0.04 0.35-1.42 3.2-6.2
Guideline for users 87 1’ None None
Guideline for 30° None None none
occupational safety

6 Highest concentration recorded but it would h&veen higher when the analyser

exceeded the set range
! Or 0.4 ppm in France and Norway.
8 As an 8 hour moving average.
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2.4.3Carbon Monoxide

The 15-minute moving average CO concentrationslaogn in Figure 4. The highest
concentration observed was 30.1 ppm. On averagd3heinute CO concentration

was 7.6 ppm. We conclude, that during our monitpperiod the Terrace tunnel met
the recommended 15 minute CO guideline with eagh,a@ncentrations being below

one tenth of the guideline on average and 35 %ettideline in the worst case. The
tunnel also meets the PIARC recommendation of 70 ppCO from 2010.

The maximum 8-hour moving average CO concentrailuserved was 17.9 ppm (see
full time series in Figure 5). Thus, not only wae tNIWA recommended guideline
met during our observation period, but so was tliwendemanding 20 ppm limit
recommended by PIARC (PIARC, 1995, see also Loneglewl, 2008b for more
detail), albeit by a minute margin.

100

90 - PIARC/NIWA guideline: 87 ppm

80 -
PIARC (2010) guideline: 70 ppm

70 feeeeententttenteatttettietieetteatietttentiecttententttcntentatententancnsensancnsentencnsensences
60 -

50 A

CO/ ppm

40 -
30
20
10 -

8-Sep 15-Sep 22-Sep 29-Sep 6-Oct 13-Oct

Figure 4: Observed 15-minute moving average CO coantrations and non-occupational
exposure guideline values.
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PIARC/NIWA guideline: 30 ppm

PIARC (2010) guideline: 20 ppm

O T T T T
8-Sep 15-Sep 22-Sep 29-Sep 6-Oct 13-Oct

Figure 5: Observed 8-hour moving average CO concemtions and occupational guideline
values.

Figure 6 displays the diurnal average range of @@centrations, indicating a
significant degree of day-to-day variability, whigh discussed in more detail in
chapter 3.

35

Y &00 ,bé) &00 (000 @@ '\00@@ QQ@ 000 ,\/@ \3/00 ,b@ Y @@ @@ ,\@ %@ Q@ Q@ ,\/@ ,190 ,b@ QQ@
local time

Figure 6. Diurnal hourly average (of 15-minute moung average) CO concentrations for all data
for the Terrace tunnel (white box shows interquartie range, whiskers show
minimum and maximum, black diamond shows median).
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2.4.4Nitrogen Dioxide

Interpretation of the N©results is dominated by a single event on tH3&ptember
2008 in which 1-minute average concentration peake@.53 ppm at 13:12 NZST.
The event lasted approximately 40 minutes and #ases and probability of
recurrence — are discussed in section 4.6. Thakldisbn of NG concentrations was
highly skewed (the reasons for this are discussedare detail in section 4), such that
the second highest N@oncentrations were half of those observed dutiigyevent,
and the 99 percentile concentration (0.10 ppm) was just uraeguarter of the
maximum.

Terrace Tunnel - NO2

PIARC /NIWAguideline 1.0 ppm

(NO2 ppb)/1000

08 4

06

04 Norway/ France guideline 0.4 ppm

02 4

o TR d L W7 phd i LU " LU WAL Al
'9-Sep-2008 16:04 15-Sep 18-Sep 21-Sep 34-Sep 27-Sep '30-Sep 3-Oct 6-Oct 9-Oct
Terrace Tunnel - NO2 - QA- 1 min fixed ave

Figure 7: Observed 1-minute fixed average N@concentrations and non-occupational exposure
guideline values in the Terrace Tunnel.
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PIARC/NIWA guideline: 1 ppm

0.8

0.6 A

NO, / ppm

Norway/France guideline: 0.4 ppm

Figure 8: Observed 15-minute moving average N concentrations and non-occupational
exposure guideline values in the Terrace Tunnel.

The maximum 1-minute average MDConcentration observed during this event, and
the whole campaign, was just over half of the gindevalue. Consequently, we can
conclude that during the monitoring period, therdee tunnel met the recommended
NO, guideline.

The French, Belgian and Swedish guidelingsee Table 3 above) were exceeded
during the 18 September 2008 event (peak 15-minute moving aeeké®y was 0.45
ppm), but at no other times. The WHO ambient gingel/alue was exceeded four
times (Figure 9) with a peak 1-hour fixed averagmocentration of 0.26 ppm.
However, it must be stressed that these valuesy apmxposurefor a full 1-hour
period, which does not apply to members of theipulding the tunnel.

o Note that the French, Belgian and Swedish guidsliapply to averaging periods of
15, 20 and 60 minutes respectively.
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NO, / ppm

WHO ambient guideline: 0.1 pp

0.1 +
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Figure 9: Observed 1-hour average N@ concentrations in the Terrace Tunnel and non-
occupational exposure guideline values.

2.5 Mt Victoria Tunnel

2.5.1Monitoring arrangement

At the Mt Victoria Tunnel air was sampled from esithe western exhaust stack from
a point 18 m from the top of the stack. The sampledvas drawn through a duct of
total length 100 m to the instruments located inagder located outside the western
exhaust stack building in the grounds of Wellingteast Girls' College. Further

details are contained in the Technical Annex.

2.5.20verview of data

Descriptive statistics for the full monitoring pedli are provided in Table 5, based on
15 minute averages. Note that the CO analysertgeréd — 50 ppm) was exceeded for
24 minutes on the morning of B@ctober 2008, and 44 minutes on the morning of
31" October 2008, resulting in missing data. The ld@alyser’s range (0 — 5 000 ppb)
was also exceeded for 35 minutes on the mornin@dﬂf October 2008, and 48
minutes on the morning of 3Dctober 2008, resulting in missing data.
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Table 5: Descriptive statistics for monitored polldants (15-minute moving averages) in the Mt
Victoria Tunnel.

CO/ ppm NO2 / ppm NO / ppm O3/ ppb
Max 75 0.16 6.1 5.8
Mean 7.9 0.02 0.87 0.9
Median 4.8 0.02 0.56 0.9
Interquartile range 1.6-12.3 0.01-0.04 0.16-14 0.2-15
Guideline for users 87 1 (or 0.4) None none

2.5.3Carbon Monoxide

The time series of 15-minute moving average CO eptrations is shown in Figure
10. The highest 15-minute moving average CO conatom observed was 75 ppm.
On average the 15-minute CO concentration was @er @f magnitude lower. Figure
11 shows the range of observed concentrationsacin @our of the day. It indicates
that all concentrations above 50 ppm were obsedwgthg the period 7am — 8am
local time.

We conclude, that during our monitoring period MeVictoria tunnel met both the

recommended 15 minute CO guideline, and PIARC 2fiifeline, except during the
hour of 7am - 8anocal time during which the PIARC 2010 guideline of 70 pprmswa
exceeded twice.

19 Highest concentration recorded but it may havenbiégher when the analyser exceeded the
set range
™ Highest concentration recorded but it may havenbiégher when the analyser exceeded the
set range
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Figure 10: Observed 15-minute moving average CO coantrations and non-occupational
exposure guideline values in the Mt Victoria tunnel
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Figure 11: Diurnal hourly average of 15-minute CO oncentrations for each hour of the day
local time (white box shows interquartile range and whiskershow minimum and
maximum) and non-occupational exposure guideline Vaes in the Mt Victoria
tunnel.

The maximum 8-hour CO concentration observed waé gdm. Thus, although the
30 ppm guideline was not exceeded, this was byadl snargin. The more demanding
20 ppm limit recommended by PIARC (PIARC, 1995, als® Longleyet al, 2008b
for more detail), was exceeded 2 % of the timeafioich data exist.
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Figure 12: Observed 8-hour average CO concentratianandoccupational guideline values in the
Mt Victoria tunnel.

Figure 13 shows that exceedences of the 8-houmreljuédoccurred for 8-hour shifts
ending between 1pm and 11 pm local time.
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Figure 13: Diurnal average of 8-hour CO concentratns for 8-hour periods ending at each hour
of the day local time (white box shows interquartile range and whiskersshow
minimum and maximum) and occupational guideline values in the Mt Victoria
tunnel.
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2.5.4Nitrogen Dioxide

The following analysis is based on the API instratecated in the trailer outside the

exhaust stack, sampling through a long inlet plaoetthe exhaust duct. It should be

noted that the analyser was initially set to mea®®, over the range 0 — 5 ppm. Due

to over-ranging occurring (see Technical Annexdetails) the range was reset to 0 —
8 ppm on 31 October 2008.

The maximum N@ concentration observed was 0.01 ppm as a 1 heed fiverage,
0.16 ppm as a 15-minute moving average and 0.24gspal minute average. These
values are all considerably lower than the 1 ppidejune.

12

PIARC/NIWA guideline: 1 ppm

1.0

0.8 1

0.6

NO, / ppm

Norway/France guideline: 0.4 ppm
04 I L L L LR LR T T L LR R R T T T T TR P PP PR PR PP R PR

0.2 4

0.0 - 9 " ; ; ’ i
20-Oct 27-Oct 03-Nov 10-Nov 17-Nov 24-Nov 01-Dec 08-Dec 15-Dec

Figure 14: Observed 15-minute moving average NQOconcentrations in the Mt Victoria tunnel
and non-occupational exposure guideline values. (Native values have been
removed from this chart for clarity. See section 4 for further discussion).

In our recommendations to Transit, we also noteat timore demanding NO
guidelines have been adopted or recommended elsevdwelisted in Table 3.

None of these guidelines were exceeded duringdh®aign. The closest approach to
an exceedence was a 1-hour average of 0.098 pp&Ga on the 7 November 2008,
which is marginally below the WHO ambient guidelin@lue of 0.1 ppnf (Figure

2 The WHO guideline is 20Qg mi®, which is equivalent to 0.1 ppm at 0°C and 1 atr25°C
it is equivalent to 0.11 ppm.

Air Quality Monitoring in the Terrace & Mt Victoritunnels 23



—NIWVA_—

Taihoro Nukurangi

15). However, it must be stressed that these vapply toexposurefor a full 1-hour
period, which does not apply to members of theipulsing the tunnel.

0.3

0.25 -

Belgium/Sweden guideline: 0.2 ppm

0.05 -

19-Oct 29-Oct 08-Nov 18-Nov 28-Nov 08-Dec 18-Dec

Figure 15: Observed 1-hour fixed average N©concentrations in the Mt Victoria tunnel and
corresponding non-occupational exposure guidelineajues.

2.6 Summary

During our monitoring period the Terrace tunnel mhet recommended 15 minute CO
guideline with ease. The tunnel also met the PIARCL0) recommendation of 70
ppm of CO. The 8-hour occupational safety guidelveess met, as was the more
restrictive PIARC guideline of 20 ppm, albeit bysmall margin. The maximum 1-
minute average NQOconcentration observed over the whole campaigss, just over
half of the guideline value of 0.11 ppm. Conseglyente can conclude that during
the monitoring period, the Terrace tunnel met #tommended NOguideline.

During our monitoring period the Mt Victoria tunnelet both the recommended 15
minute CO guideline, and PIARC 2010 guideline, @xaduring the hour of 7am -

8am local time during which the PIARC 2010 guideliof 70 ppm was exceeded
twice. Although the 30 ppm guideline was not exeekdhis was by a small margin.
The more demanding 20 ppm limit recommended by RlARs exceeded 2 % of the
time for which data exist. The Mt Victoria tunnelemthe recommended NO
guidelines.
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3. Key determinants of tunnel air quality

3.1 Purpose of this chapter

This chapter discusses the second objective ofctmapaign — to interpret the
determinants of current air quality, as outlinedhe previous chapter. We consider
here the “physical” determinants — i.e. the intdeeic of variation in vehicle
emissions, the tunnel ventilation system and eatemnds. This is primarily achieved
by further analysis of carbon monoxide (CO) condiuns.

In the case of nitrogen dioxide (MOconcentrations are likely to be additionally
determined by chemical reactions and dependent tiooncentrations of reactants.
This is dealt with in the subsequent chapter.

3.2 Terrace tunnel

3.2.1Influence of variation in traffic volume

Hourly average traffic data has been made availablas by NZTA for 8 whole,
single weeks spread evenly over the peridfi Agb 2006 to "3 Nov 2008 (Figure 16).
Data are not available during our monitoring peribde closest available data in time
is for the week 28Oct — 3 Nov 2008. Figure 17 shows the diurnal average desek
traffic volume for this week, and the range of dataall weekdays for which we have
data. It indicates that there is low day-to-dayiatayn. Traffic volume is seen to peak
during the period 7 am — 9 am and 4 pm — 6 pm lto& on weekdays with a less
pronounced mid-day peak at weekends.
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Figure 16: Diurnal hourly average traffic volume inthe Terrace Tunnel over 8 one-week periods
covering 2006 — 2008 (see text above). Data prowidiey NZTA.
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Figure 17: Diurnal average weekday traffic volume dér the week 28 Oct — 3° Nov 2008 (black
line) and “historic” (see text) weekday traffic voume in the Terrace Tunnel (box
and whiskers — box indicates interquartile range, Wiskers indicate 3" and 95"
percentiles).

The weekend peak volumes and the morning weekdaly yalumes are very similar
at ~ 3 000 hout, as shown in Figure 16. The evening peak volumiriger. The
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NZTA data reveals that this is due to the direclasymmetry in the flow with larger
northbound flows in general and especially on wegkevenings (Figure 18). This
can be directly related to there being two nortimablanes and only one southbound.
This is potentially significant for air quality a®rthbound traffic is more likely to be
accelerating and reaching higher speeds than smunhkbtraffic, especially during
peak times when southbound traffic may experienceuimpg from the Willis
Street/Vivian Street intersection.
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Figure 18: Diurnal hourly average traffic volume inthe Terrace Tunnel on weekdays for all data
available, segregated by direction. Data providedyoNZTA.

Very broadly, concentrations of CO followed vawais in traffic flow, as shown in
Figure 19 for weekdays. Figure 6 (in section 2.48)ws the diurnal average CO
concentration for all data including an indicatiof variability. It also shows the
maximum 1-minute concentration observed througlloeitwhole campaign for each
hour of the day. Together these figures show thathighest peak concentrations
occurred during the morning peak traffic hours. ldger, the increased traffic volume
in the evening peak did not lead to correspondihggin CO concentrations. This may
be due to the higher traffic speeds and less ctinges the evening compared to the
morning. We also note (below) that the jet fanseaaperating more frequently during
the evening than the morning traffic peak. It mdgoabe seen that some high
concentrations were observed in the evening dfeeevening traffic peak, which may
also be a result of either changes in traffic pagtgvolume, fleet split and speeds)
and/or jet fan operation (see below).
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Figure 19: Diurnal hourly average of 15-minute movng average CO concentrations and hourly
average traffic volume in the Terrace Tunnel on wedaays only. Traffic data
(from 28™ Oct — 3% Nov 2008 inclusive) provided by NZTA.

3.2.2Influence of jet fan operation

The operation of the Terrace Tunnel's jet fans dan observed in the CO
concentration time series. The fans are autombticahtrolled by combined traffic
speed monitoring (via infra-red detection above ohée northbound lanes and the
southbound lane) and wind monitoring. Detectionlaf traffic speed in either
direction — implying high traffic volumes — combahevith low wind speeds will
trigger the fans. The default fan direction (sedddt no wind is detected in the tunnel)
is set to operate in the southbound direction te tadvantage of the prevailing
northerly winds in Wellington. Figure 20 shows atample of the effect of the fans
switching on and off during Sunday ™ &eptember 2008. On this day the fans were
mostly switched off, but when they were switchedtlsm CO concentration typically
halved in under 10 minutes.
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Figure 20. An extract from the time series of 1-minte average CO concentrations (Sunday 14
September 2008) illustrating the effect of jet farperation.

The logs provided to us by Fulton Hogan indicatat thuring our monitoring
campaign the jet fans were operational 25 % otithe. The two days with the lowest
average wind speed (1 Beptember and £3September) were also the days with the
highest duration of fan operation (37 % and 52 %peetively). However, other than
this, patterns in the jet fan operation were difficto discern in the absence of
corroborating traffic speed data. On average, @he fvere least likely to be operating
during the hours of 5 am to 7 am local time anarBtp midnight local time, and most
likely to be operating during the traffic peak heFigure 21). It may be noted that
fans were more frequently operating during the engetraffic peak period than the
morning traffic peak. This, plus the reduced farration between the evening traffic
peak and midnight, may provide an explanation ef ¢brrespondingly reduced and
increased CO concentrations, relative to traffitunees, described in section 3.2.1
above.
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Figure 21: Average proportion of each hour of the dy during which jet fans in the Terrace
Tunnel were operating.

The relationships between fan operation, externadvspeed and direction were
insufficiently clear for us to draw further conadluss at this point. This prevents us
from speculating as to whether the operation of jgtefans could be optimised.
However, the dataset we have acquired may revetdllefuinformation on this matter
if studied in further detail.

3.2.3Influence of external winds

Closer analysis revealed that wind direction wasnajor determinant of CO
concentrations, with northerly winds leading to @emirations almost twice as high as
southerly winds (see Figure 22). It must be noted wind direction here relates to
wind direction observed at NIWA’s monitoring statioutside the southern portal, not
inside the tunnel, and that the monitoring site whsltered in most directions, but
especially to the north.
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Figure 22: Diurnal mean CO concentrations (hourly &erage of 1 minute averages) for all data
in the Terrace tunnel, segregated as a function oivind direction (measured
outside the southern portal).

As we were unable to collect wind data from witthe tunnel we cannot confidently
assess whether this was due to a generally lowed wpeed in northerly flow. It
could, however, be due to the ventilation fans atbeg in the “wrong” direction, i.e.
against the predominant natural wind directioneathan in the same direction. This
has been a general fault previously identified with Terrace tunnel (see Scoping
Assessment for more details).

We further consider the effects of recent changdsaific flow in the Terrace tunnel
in chapter 5 below.

3.3 Mt Victoria tunnel

At first inspection CO concentrations displayed iarmhl cycle which bears some
similarities to the diurnal cycle in traffic volumElourly average traffic data has been
made available to us by NZTA for the week of 29dpteémber — 5th October 2008
(i.e. up to 2 weeks before monitoring began ofi @@tober), and for the whole of
2007. These data reveal very little day-to-day ataon, as shown by the analysis
presented in Figure 23 for the 2007 data. Figuretddvs the diurnally averaged total
traffic volume for the week in September (to Oc®t2908 and the whole of 2007 for
comparison. Traffic volume is seen to peak durmgperiod 7 am — 9 am and 4 pm —
6 pm local time on weekdays with a less pronouno&day peak at weekends. The
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peak volumes on weekdays (morning and evening)oandeekends (afternoon) are
very similar. The 2007 data reveals no significsedsonal trend during the equivalent
monitoring period of mid-October to mid-December.
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Figure 23: Diurnal hourly average weekday traffic wlume (2007) in the Mt Victoria Tunnel
showing interquartile range (boxes) and 8 and 93" percentiles (whiskers).
Public holidays excluded.
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Figure 24. Diurnal average traffic volume in the MtVictoria Tunnel (data provided by NZTA)
for the week 29" September — & October 2008, and the whole of 2007.
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Figure 25 shows the diurnal average of 15 minuteingpaverage CO concentrations
and hourly average traffic volume for weekdays omdystrong correlation can be
seen, except during the 7 am — 8 am (local timekpk may also be noted that this
excessive CO peak is not seen during the evendfiictpeak. Such behaviour could
be indicative of an increase in congestion (leadingcreased CO emissions) which
is likely during the morning pedk A small increase in the ratio of CO to trafficyna
also be seen in the evening traffic peak, althdbghpeak (in terms of traffic volume)
is somewhat more distributed over a longer duratmad may be less prone to
congestion and relatively increased CO emissiomdortlnately, we were unable to
capture traffic speed data to verify whether speedse generally lower in the

morning.
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Figure 25: Diurnal hourly average CO (from 15-minut moving averages) and traffic volume
(from 1-hour averages) in the Mt Victoria Tunnel fa weekdays only.

Despite the extra length of the Mt Victoria tunreeld the smaller cross-sectional area
of its bore, we still found that external windsym®d a significant role in determining
air quality in the centre of the tunnel. We havenpared wind speed and direction
measured in the tunnel mid-point with that measuredcurrently at Wellington
Airport (meteorological data recorded at the exhateck was strongly influenced by
local topography and unlikely to be representat¥evinds in the area in general).
During our observational campaign the wind diractiat the Airport was either

13 Emissions of CO are known to be very sensitivdotw speed driving for most

vehicles. For a range of typical fleet compositiothe VEPM model predicts a doubling of
average CO emissions if average speed is halved Zfbto 10 km 1.
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northerly (71 % of the time) or southerly (24 %thé time). This split is broadly
consistent with the long-term climatic norm withrimerlies being approximately
twice as common as southerlies at this locatioe @eso Longleyet al, 2008c).
Southerly winds were observed on approximately bla#fil days at the Airport, whilst
northerly winds were observed at some point onlyearery day. Southerly winds
were more common during daylight hours and weresggly associated with lower
wind speeds.

Within the tunnel, we found wind speed was inseéreito external winds up to a
threshold wind speed. When northerly winds werevbig at the Airport we found
that this threshold wind speed was of the order @ m §'. When southerly winds
were blowing we found no clear threshold, i.e. imé¢ wind speeds appeared to be
unaffected by external winds (although externaldsinwere generally lighter). The
consequence of this was that internal wind speess generally held below 3 rit's
The only exception to this, i.e. periods when wiatisve 3 m'$were observed in the
tunnel, was when northerly winds over ~5 frugere observed at the Airport, although
such high external winds did nativayslead to increased air flow in the tunnel.

Thus, in summary, wind speed inside the tunnel gexserally low, as indicated in
Table 6. CO concentrations were quite acutely deégetnupon this internal wind
speed, and the peak CO concentrations observée in+ 8 am period local time (see
above) all occurred at times when internal (aneérew) wind speed was particularly
low. During the periods of favourable external wind dispersion of pollutants (high
northerlies) CO concentrations were significantyduced. For example, extended
periods of high northerly winds were observed awer period 15 — 17" November
2008 during which time 15-minute moving average @€aked at 18 ppm and was
mostly below 10 ppm (Figure 26 below).

Table 6: Basic statistics for wind speed measuredside the Mt Victoria tunnel

Median wind speed 12ms*
Mean wind speed 1.6ms*
Interquartile range wind speed 06-23ms*
90" percentile wind speed 3.6ms™*
99" percentile wind speed 58ms™”

These observations are somewhat different from pgreglictions of a numerical
modelling exercise undertaken by NIWA in 2008 (Rkwe Popinet, 2008). This
modelling (based on predicted pressure gradiemssacdhe tunnel due to external
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winds) suggested external northerly winds shouldimduce flow in the tunnel (we
observed induced westerly flow in high winds), bo&t external southerly winds
could induce an easterly flow in the tunnel. Altgbhuour data confirmed the latter
point, the flow was very light.
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Figure 26: Concentrations of CO in the Mt Victoria Tunnel and wind speedU (for northerlies
only), at Wellington Airport in November 2008 and arly December 2008. Note
how periods of high winds coincided with periods ofeduced CO.

Most of the time, however, the effect of externateorology on air flow in the tunnel
was minimal or could not be distinguished. The tpiseffect” of moving vehicles
cannot be ruled out, but is likely to be minor daethe bi-directional nature of the
traffic flow. Wind speeds within road tunnels arengrally kept below 10 mi*sfor
purposes of safety, although lower limits are ofipplied to bi-directional tunnels. In
the Mt Victoria tunnel the transverse nature of ¥katilation system means that low
wind speeds do not necessarily imply poor ventifatas the principal means of
ventilation is vertically, not along the tunnel boHowever, our results show that
meteorologically-driven along-bore winds strongbgiat ventilation of the tunnel in a
limited set of conditions.

The Mt Victoria Tunnel’s ventilation fans operateoae speed only, during the hours
of 6 am to 11 pm local time. There was no discéenitmpact of the switching of the
fans. At 6 am traffic volume was low and no corgistdip in concentrations was
observed. At 11 pm, we also did not observe anistant rise in concentrations as
ventilation was reduced. We therefore conclude thattiming of the ventilation
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switch was not responsible for the peak concentmatbbserved between 7 am and 8
am local time, nor their sudden reduction betweam&nd 9 am.

3.4 Summary

Variation in traffic volume was found to be a magtaterminant of air quality in the
tunnels (as represented by CO concentrationsheerrace tunnel worse air quality
in northerly winds is suggestive of inappropriage@tion of the ventilation system —
however this did not lead to breaches of the C@ajines. The jet fans were found to
significantly reduce concentrations when they weperational. In the Mt Victoria
tunnel high northerly winds external to the tunaieled the tunnel’s ventilation system
by inducing an additional wind along the tunneléadowever, in most conditions
external winds were ineffective for tunnel ventdat and some of the highest CO
concentrations in the Mt Victoria Tunnel coincidedth the lowest external wind
speeds.
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4. Physical and chemical determinants of concentratio of
NO,

4.1 Purpose of this chapter

In this chapter we review what can be deduced folrservational data about the
relative roles of physical determinants (such agilion) and chemical reactions on
the levels of NQ@in road tunnels in general, and the Wellingtomgla in particular.
This section in necessarily incomplete at this estag understanding these processes
would require far more detailed observation thas wmctical for this campaign.

4.2 Sources of NQ in a road tunnel

Whereas carbon monoxide in a road tunnel arisetysobm direct vehicle emissions,
nitrogen dioxide is a reactive substance whicha tinnel, is expected to arise from
three main sources:

1. Background (mostly traffic) sources external totilvanel,
2. Primary emissions from traffic, particularly diesehicles, in the tunnel.

3. Chemical oxidation of the nitric oxide (NO) and a&ble organic compounds
(VOCs) present in vehicle exhausts, requiring aianx (ozone, hydroxyl
radicals and/or oxygen),

Primary emissions of oxides of nitrogen (NN®@om vehicles are predominantly in the
form of NO (nitric oxide) rather than NOThe proportion of NQemitted directly in
the form of NQ varies substantially between vehicles, but in § Wt is poorly
understood, especially for the New Zealand fléas tonventionally assumed to be of
the order 2 — 5 % on average (based on studiesasutthose by Hilliard & Wheeler,
1979). However, studies principally from Europe itade that certain types of
vehicles under certain operating conditions cant eipito 50 % of NQ as NQ —
particularly Euro Ill and Euro IV diesel vehiclesith the highest values for diesels
with catalysed particulate filters). The averagecfion of NQ emitted as N@
amongst the New Zealand fleet is currently unknolvis likely to be less than 10 %
but if European trends in diesel vehicle usagefatewed here we may expect the
fraction to be increasing (see Longletyal, 2008a).

Air Quality Monitoring in the Terrace & Mt Victoritunnels 37



—NIWVA_—

Taihoro Nukurangi

In the ambient roadside atmosphere,NMOntributes a small percentage (typically 5 —
20 %) of NQ. The principle source of NOn the urban atmosphere is generally the
oxidation of NO and/or VOCs. These processes aneialy dependent upon the
presence of an oxidant, with ozone®eing the most important.;@s usually ever-
present in the troposphere (although varying oydand seasonal scales), but is
rapidly depleted by the oxidation of NO to N®o that this reaction slows as O
becomes scarce. Thus it is normally observed thedside levels of Qare reduced
and NQ increased compared to non-roadside or non-urkias. sSithe tunnel portals
are effectively roadside sites and the air entethrgg tunnels (whether through the
main bore or separate inlet ducts) will contain Haene levels of Qand NQ as
outside the tunnel.

It is to be expected that high levels of NO in addunnel, which will be far in excess
of the available ozone, will rapidly deplete avhitaozone from the portals inwards.
Production of ozone (from oxygen) requires sunligind we may also assume that
ozone is not generated and replaced within thendasd of a tunnel. As well as
depletion in contact with NO, ozone also readilpakits to surfaces. Therefore key
questions for N@levels in road tunnels therefore are:

* how far into the tunnel does ozone from the outgdeetrate before it is
depleted?

e can transverse ventilation systems (in which fraishs delivered at multiple
points deep inside the tunnel via a separate ait, hous minimising contact
with NO) deliver ozone throughout the tunnel thasnpitting NG production
along the full length?

The presence of volatile organic compounds (VOQsyiges an extra chemical
pathway to N@ production but also requires a more powerful oxida hydroxyl
radicals (OH). VOCs will be rapidly oxidised in atmosphere containing OH and
NO producing N@ in a process that is not dependent (at least thjiyjeapon Q.**
VOCs and NO are abundant in vehicle exhaust. Whketsis certain is the availability
of OH in any given road tunnel and the significantehis source of N@relative to
the other sources.

Hydroxyl radicals (OH) have a very short atmosphéféetime. In a road tunnel there
are potentially two major sources of OH: externadl anternal. We may expect that
external OH will be depleted more rapidly than az@md this will effectively limit

14

and Q.

In the open air, during daytime, the action ailght converts the Ngback into NO
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this NO, production mechanism to the portal area only. &hmre a few potential

internal sources - the most significant is likety be the reaction of ozone with
unsaturated VOCSs, such as alkenes and dienes. @hegeesent in vehicle exhausts,
but this mechanism is also dependent upon perwtrafi ozone into the tunnel. In

summary, it is suspected that vehicles may prodloeeeagent to oxidise their own
emissions if ozone is present to initiate the pseceTo our knowledge no

measurements of OH have been performed in a roadekuto evaluate the

significance or otherwise of these postulated meishas.

The weakest oxidant is oxygen JONO can be directly oxidised by oxygen to
produce N@. However, this reaction requires high concentratiof NO to be
significant. Such concentrations are present in \tBhicle tailpipe and perhaps
immediately behind it. There have been reportsttiiatreaction may be significant in
road tunnels with persistently high NO concentraiand poor ventilation (Indrehus
& Vassbotn, 2001, see also discussion in Longtegl.,2008b).

A few other chemical pathways may be responsibteN®@, production (and N©
removal) in a road tunnel but there are no knowasueements to confirm them and
remain speculative (e.g. those involving organicopg nitrates and the nitrate
radical).

4.3 Detailed analysis of NQ in the Wellington tunnels

Data from both tunnels indicate two possible chainiegimes — one describing long-
term average or “normal” levels of N@nd one describing short-term “chemical
events” leading to peaks, and potential guidelixeeedences. The conditions
controlling these regimes are likely to be diffdrand will be discussed separately.

Our analysis is based largely on data from theabertunnel. NQdata as measured
by the API instrument in the Mt Victoria tunnel inded a large humber of negative
data points. This affects 16 % of the valid data Ndve been unable to determine the
cause of this phenomenon. Calibration errors cagidmounted as the instrument was
calibrated and checked on-site at the beginning emd of the campaign, and
subsequently at NIWA. We have been unable to ifleatiy “chemical” reason (such
as cross-sensitivity or interference from otherssaices) for these anomalies.

4.4 “Normal” patterns of NO ,

The average diurnal cycle of N@ both tunnels shows higher daytime concentration
compared to nightime, in common with CO (Figures&28). However, unlike CO,
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concentrations of NOtended to have a less distinct morning peak wigvaged
concentrations persisting into early afternoon werage. Inspection of the time-series
also shows that NOconcentrations were not as closely linked to icgbatterns as
CO. This is to be expected and represents additiodiaect chemical sources of NO
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Figure 27: Diurnal average (local time) CO and NQin the Terrace tunnel.
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Figure 28: Diurnal average (local time) CO and NQ@in the Mt Victoria tunnel.
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45 Processes controlling “normal” NG,

Concentrations of NO in both tunnels were strormgigrelated with CO (R= 0.86 in
the Terrace tunnel,’R= 0.96 in the Mt Victoria tunnel), as might be egfed due to
the common in-tunnel traffic source, and conceinat of NO exhibited a similar
diurnal pattern to CO.

In the Terrace tunnel, after the morning traffi@aleNO was much higher in northerly
winds compared to southerly winds in the same vweawas apparent for CO (Figure
22). However, a similar influence of wind directioras not apparent for NOThis
lack of correlation between NO and N@ suggestive of most of the N@ the
tunnel being held in the form of NO rather thamigetonverted to N@ and a relative
lack of in-tunnel NQ production.
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Figure 29. Plot of hourly fixed average NQ versus NO concentrations in the Terrace tunnel,
segregated by time of day (“daytime” =10 am to 5m inclusive).

A plot of NO, versus NO (Figure 29) reinforces this hypothegis.very low
concentrations of NO (as occurs at night with lowissions) N@ concentrations
varied from approximately 0 to 0.02 ppm. At thesees the tunnel air acted much
like ambient air, as may be expected in the redatibsence of vehicles and limited
ozone depletion. When traffic volume increasedhe tlaytime (and late evening)
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increases in NO above around 0.1 ppm led to muetientorresponding increases in
NO,, consistent with production being limited by dejole of available oxidant
(ozone and probably OH) needed to convert NO to. Nibe influence of ozone
availability is hinted at by segregating the dagaime of day. For any given level of
NO there is a range of observed Nédncentrations, although that range is higher in
the “daytime” period (10 am to 5 pm), during whi@ime ozone concentrations were
elevated (Figure 30).

35

Figure 30: Diurnal average ozone concentrations (hwoly fixed averages of 15 minute moving
average concentrations) in the Terrace tunnel (boghows interquartile range and
whiskers show minimum and maximum).

The influence of background concentrations (i.etemral to the tunnel), direct
emission of N@ and other N@ production mechanisms can be inspected by
comparing concentrations measured in the tunndl thié nearest available external
ambient measurements. These measurements wereairthge'Corner V” monitoring
site and hourly concentrations of NO and Nfave been provided courtesy of Greater
Wellington Regional Council.

The Corner V site is at the corner of Vivian Straetl Victoria Street, 300 m SSE of
the Terrace tunnel’s southern portal, and alongSidé. This dataset is not perfect as
it is known to be affected by recirculation duettstreet canyon location. It is also
less representative of background concentratiotigeatinnel in northerly winds (as it
is downwind, not upwind of the tunnel). Nevertheleit does allow us to identify
some informative trends.
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The simultaneous 1-hour average NsOncentrations at Corner V and in the Terrace
Tunnel are shown in Figure 31.
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Figure 31: Simultaneous 1-hour fixed average N©concentrations at the Terrace Tunnel and at
the Corner V monitoring station (data provided by GWRC).

We have subtracted the hourly average Corner V ammations from the
simultaneous hourly average concentrations measiurethe Terrace tunnel to
estimate the concentrations arising solely fromssians within the tunnel. We have
done this regardless of wind direction on the agdiom that Corner V represents an
upper band of likely ambient concentrations in @nt/ellington and is thus broadly
representative of air entering through the nortlpemal as well as the southern portal.
In doing this we assume that we have determinecesimate for the pollutant
concentration arising from emissions in the turomdy.

Figure 32 shows the relationship between,@d NO arising from the tunnel only,
with a polynomial best-fit curve. The relative flass of this curve indicates that
below approximately 1 ppm of NO, there is no siigaifit production of N@inside
the tunnel in excess of what would happen alongSk# in the absence of the tunnel.
However, above 1 ppm of NO, extra N@oes begin to appear. That this extra
production appears to be related to the NO conatoity, and the data fit a curve more
than a straight line, are indicative that this &xproduction is related more to
secondary chemical reactions rather than directgom of NQ from diesel vehicles,
although these data are not conclusive. Extra pi@duction above 1 ppm of NO is
consistent with an increasing role for the oxidatiof volatile organic pollutants
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within the tunnel due to the ozone-initiated infiehproduction of oxidant as a by-
product of VOC emissions. However, these resultsndbrule out a role for the
oxidation of NO by oxygen.
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Figure 32. Plot of estimated levels of hourly avege NO, and NO related to emissions within the
tunnel only (i.e. background concentrations subtraied), with best-fit polynomial
curve.

The generally lower level of NOn the Mt Victoria tunnel compared to the Terrace
tunnel (the opposite pattern to the directly-erdit0O and NO), along with the lower
level of ozone observed in Mt Victoria suggestst tbaone availability was the
dominating factor determining NQ@evels. The Mt Victoria tunnel’s bore has a snralle
cross-sectional area, generally has a higher webmhsity and is ~50 % longer. These
factors all lead us to expect the faster depletibnzone with length at Mt Victoria.
That both Q and NQ levels at Mt Victoria were lower than at the Tegdsee tables
4 and 5) confirms these expectations, but alsa#tds that the transverse ventilation
system at Mt Victoria is not effective in delivegirsufficient fresh oxidant to the
depths of the tunnel to stimulate N@roduction.

In summary, during our monitoring campaign, the gi@ant process controlling NO
in the tunnel was the suppression of N@oduction through “natural” ozone (and
OH) depletion and adequate ventilation (reduciragtant concentrations and the time
available for reactions to progress). Additional N€burces — background, direct
emissions from diesel vehicles and reactions iriuglOH and Q- were all found to
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be of minor significance during our monitoring caigm. Much higher levels of
diesel traffic or reduced ventilation could makesé processes more significant.

16 Peaksin NQ

The Terrace Tunnel was generally affected by bpiedks in NQ whereas the Mt
Victoria Tunnel was not. Relative to CO, BNfiad a much more skewed distribution in
the Terrace Tunnel. For CO, peak 1-minute conciofrm were, on average,
approximately 2.8 times higher than the median,foutNO,, the ratio was 5 times
higher during hours of significant traffic levelSO concentrations did not exceed 5
times the median at any stage. However,, d@ncentrations exceeded 5 times the
median 0.5% of the time (approx. 4 hours) and t@si the median for approximately
30 minutes.

The skewed distribution of N(peaks in the Terrace Tunnel is illustrated in Feg8.
Whereas N@was below 0.1 ppm 98.4 % of the time, it reach&dpgpm three times
and 0.5 ppm once (based on 1-minute average dBf@ye are at least 7 more
occasions when N{briefly and rapidly rose then returned to “normalNe identified
these “episodes” by calculating the change in luteéimverage NOconcentrations
over 10-minute periods. The statistical distribntaf this measure is highly skewed
with a 10-minute increase of 0.1 ppm or more béiigily atypical (affecting 0.1 %
of all data) and associated with correspondinglypiaal peaks in concentration (1-
minute average concentrations above 0.15 ppm)hi&spisodic behaviour appears to
manifest in rapid and potentially unpredictableréases in NQwe seek to analyse
their nature in more detail.

The most dramatic event occurred around the midfdtee day on the f0September
2008 (see Figure 33). N@oncentrations jumped almost ten-fold from 0.0B5npp
0.45 ppm in 23 minutes. Concentrations returnedv@.15 ppm 47 minutes after the
peak. During this period there was no significahar@ge in wind speed, wind
direction, temperature or solar radiation; nor Wase any significant change in CO
or NO concentrations. However, there was a largmuls&aneous and temporally
correlated jump in ozone levels. This suggestsahaief and large increase in ozone
availability occurred in the tunnel (due to atmaspd processes external to the
tunnel) leading to a boost in NO to Bl©onversion lasting as long as the excess
oxidant lasted. Greater Wellington Regional Courtnl not operate a permanent
0zone monitoring station, so it has not been ptessid corroborate the existence of
temporarily elevated levels of ozone outside tmméls.
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Reference to the Terrace Tunnel's jet fans oparaligs reveals an “anomalous”
entry for this day. The log automatically recortie times when the fans start and
stop. On the 10 September 2008, the log records the fans stopgiifigd5 am. The
next entry reports an additional “stop” at 12:40t associated with a preceeding
“start” At this time the “event” is just about ttast — NQ levels are still “normal” but

a rise in ozone has already begun (see FigureT8®).sudden large rise in levels of
both pollutants begins at 12:53. It is clearly jpemt to consider whether operations
associated with the jet fans and the spike in Bi@ Q are related.
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Figure 33: Detail of the NG production event on 18' September 2008 in the Terrace Tunnel.
The dotted line marks the time of the anomalous “stp” record in the jet fan logs.

We sought an explanation of the anomalous fan ldgydrom Fulton Hogan, who
told us that the appearance of two consecutivep”stecords could be due to a
hardware fault, a software error or a manual sfopgmanual stop may occur for
sprinkler testing, a smoke alarm, or other systestirig. However, there were no such
planned tests or activities on"™8eptember 2008. There were also no permits issued
for access to the roadway or roof space on this. dat

A possible alternative explanation of this evertheo than excess ozone penetrating
from outside the tunnel, is the presence of a ldghcentration of VOCs which
became oxidiseth situleading to the conversion of NO to M@ithout the depletion
of ozone. In such a scenario, ozone levels codd towards ambient levels and
Figure 33 seems to suggest that this may have hagpé&lowever, there are no data
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to corroborate this hypothesis at this time, intigdno records of paint and/or
solvents being used in the tunnel.

Another event occurred on the morning 8f@ctober 2008. Again an approximately
ten-fold increase in NOoccurred within 10 minutes, with the whole eveswsting
about half an hour. A similar and concurrent episode in ozone also occurred. On
26" September 2008, also, a smaller but equally repalin NQ was accompanied
by the same rise in Hfollowed by a slower decay over approximatelyf laal hour.
However, neither of these events was accompaniehpysimilarly “anomalous” fan
log entry, or any change in jet fan operation.

In general every episode occurred within the pe8i@® am to 2:30 pm. There was no
clear relationship with wind speed, and no sigaificchange in solar radiation, but
episodes did seem to occur in northerly winds ¢aigh with a small sample we
cannot conclude whether this was indicative of negal process or cause, or was
purely coincidental). That the peaks in Néincided with peaks in Dbut neither
NO nor CO, is indicative that the peaks were notsed by gross exhaust emission.
The observed behaviour could conceivably be calised sudden tunnel closure
following a busy period when the removal of trafficuld permit ozone to penetrate
the tunnel reacting with NO to produce excess,Nddbwever, we have no record of
any such closure during the periods we observesktheaks.

That such episodes were generally not observeaeifvit Victoria Tunnel is likely to
reflect the reduced penetration of external oxidatiat the depths of this longer tunnel.
If the events in the Terrace Tunnel were due tdehaorary release of VOCs, we can
only speculate that the effects in the Mt Victoriznnel might be less pronounced due
to the lower levels of ozone which are requirethttiate the VOC oxidation reactions
which lead to temporary peaks in NO

4.7 Summary

Data from the Wellington tunnels strongly suggelts chemical production of NO

in the tunnels (from vehicle emissions of NO) wasrgly suppressed due to the
rapid depletion of ozone. Ozone levels were lowtrsg to zero) in the Mt Victoria
Tunnel probably due to its greater length and highensity of traffic, despite its
transverse ventilation which injects ambient aimgl the tunnel’s length. In this way,
both tunnels were mostly self-regulating in ternfsN©D,. The Terrace Tunnel's
shorter length may have made the occasional pé¢ioatet ozone more likely, leading
to rare and short-lived “chemical events” in whidi®, could be rapidly produced
inside the tunnel. These events may alternativalyelbeen caused by the temporary
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release of highly concentrated VOCs into the tunalkdhough we have found no data
to corroborate this.

In the Wellington tunnels, direct emissions of Nié@m vehicles did not appear to be
a major source of NQOconcentrations. This may be a reflection of tHatrgely low
proportion of diesel vehicles, and especially Euho and IV compliant (and
equivalent) diesels using these two tunnels. Othemical production mechanisms,
including the self-catalysing oxidation of volatdeganic compounds, or the oxidation
of NO with oxygen, were also relatively minor det@mants, suggesting that
limitation of oxidant in the tunnel was the domibarocess affecting NQevels.
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5. Long-term trends and forecasting

5.1 Purpose of this chapter

This chapter discusses the third objective of tlnmaign — to compare the
observational data with that gathered in 2003 asfdrb (as presented in the Scoping
Assessment) and to evaluate whether changes direte are consistent with the
emission reductions predicted as a result of deweémts in engine and emission
control technology and the penetration of suchrieldgy into the vehicle fleet. Our

purpose here is not to make predictions of futuregaality in the tunnels, but to

indicate whether such predictiorould be made using the Vehicle Emissions
Prediction Model (VEPM).

5.2 Context and limitations of this analysis

This analysis is inherently limited. Our goal is itovestigate whether VEPM can
adequately describe emissions from the vehiclé fiseng the tunnels. We intend to
achieve this by testing VEPM'’s ability to reproduttee patterns of variation in
emissions arising from variations in traffic fleebmposition and speed, validated
against observations. It is therefore dependent upere actually being significant
variations in these factors and in having suffitienletailed data describing those
variations. Unfortunately we were unable to captuebicle speed information and
have only limited data regarding variations in fleet mix. Additionally, we do not
expect large variations in fleet composition eithvithin each tunnel or between these
two tunnels (as they form nearby sections of tlees&tate Highway).

It is our intention to follow up this campaign witbture campaigns in other road
tunnels with significantly different traffic fleatompositions and speeds. This will
greatly enhance the potential power of this anglyand as such we present the
following analysis as an exploratory introduction.

5.3 Correlation between observations and emission modilg

The Vehicle Emissions Prediction Model (VEPM) wasleased in 2008 and
represents a substantial improvement over the gieg&lew Zealand emission model
(NZTER). VEPM predicts fleet-average emission festequivalent to the average
emissions per km driven over representative driviypgjes) based upon a percentage
breakdown of the fleet (e.g. petrol/diesel, car/IBRV, etc) and average driving
speed.
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As noted in section 2.3 above, we did not collemitinuous observations of traffic
speed during the campaign. We have therefore iigatst the results from using four
different traffic fleet split scenarios on estindhmissions based on

1. brief manual observations of traffic in the tunnéfsom which we also
derived estimated average speeds),

2. observations of fleet split made at five locatiamsGreater Wellington for a
previous NIWA research campaign (Bluett & Dey, 2006

3. the default fleet splits provided as part of thePKE package and derived
from the Ministry of Transport fleet database aratiet,

4. a combination of 1 and 3 above.

Based on our observations, for calculations witiPWEwe set the average speed to 70
km h* (Terrace) and 45 kmi'h(Mt Victoria).

The full list of input parameters and emission nilinkg results are shown in the
Technical Annex (chapter 10). Table 7 summarises gredicted values for the
NO,/CO emission ratio.

Research conducted by NIWA (within a programme &thdy the Foundation for
Research, Science & Technology, FRST, unpublishedinge of writing) have
indicated that these results have a low sensittaitgrror for an average speed in the
60 — 80 km H range, but an increased sensitivity at lower speedch as those
observed in the Mt Victoria tunnel. The same redeardicates that errors in the fleet
split may lead to significant errors in the Némission factor.

Although our observational data cannot be useditectlly verify these emission
factors, some indirect validation can be achieveddnsidering the ratio N@CO.
The ratio in these emission factors should corredpto the ratio in their
concentrations within the tunnel when expressegims of mass (i.aig m°) if the
concentrations are large compared to the non-tucmakibution (which they are in
our case)There is more than one approach to converting bsereed NO and NO
concentrations (in ppb) to NGn pg m® and further details (and implications of the
choice of method) are provided in chapter 10. Tolowing analysis is based upon
the conventional approach of expressing[d®NQ.
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Table 7: Mean vehicle emission factors predicted fdhe tunnels by VEPM (v3.0)

Fleet scenario NO_X/CO emission
ratio
Terrace 1 0.16
2 0.16
3 0.19
4 0.20
Mt Victoria | 1 0.14
2 0.12
3 0.14
4 0.18

As shown in Table 7 for the Terrace tunnel VEPMdmts inter-peak N@CO ratios

of 0.16 — 0.20. On average, the MOO mass concentration ratio observed in the
tunnel was 0.21. However, this ratio varies didgnals would be expected if the fleet
split or average speeds (or proportion of coldtsyan the tunnel also vary diurnally.
Figure 34 shows this average variation and indsctitat during the inter-peak period
(10 am to 3 pm local time) the average ratio iss0Ratios calculated using an
alternative method (see chapter 10) more closetgspond to the values predicted by
VEPM.

For the Mt Victoria tunnel VEPM predicts inter-peblk,/CO ratios of 0.12 — 0.18.
On average, the NECO mass concentration ratio observed in the tumma 0.19,
with inter-peak average of 0.21 (see Figure 35)s Tépresents values 8 % lower on
average than for the Terrace Tunnel (14 % in theripeak period). VEPM predicts
ratios 9 — 26 % lower for the Mt Victoria Tunnelngpared to the Terrace Tunnel. The
lower ratios predicted by VEPM for the Mt Victorfainnel compared to the Terrace
Tunnel arise due to higher CO emissions from a metml/car-biased fleet, plus both
higher CO emissions and lower N@missions due to the lower average speed. Thus,
the comparative patternsin our observations agree with those predicteérission
modelling.

This simple analysis should be treated with causisnit is based on a number of
assumptions and incorporates several uncertaink@stly, our limited traffic
observations may be inaccurate or unrepresentaBeeondly, VEPM, like many
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emission models, is designed to predict the aveeagissions of the whole national
fleet over a wide range of driving conditions. dtnot explicitly designed to predict
emissions of a limited fleet on a single stretchiazfd. Many micro-scale features are
known to affect emissions quite strongly which aoé captured by VEPM. In the case
of the tunnels these include gradient, but esggcsahooth versus stop-start driving.
Anecdotally we expect driving in the Terrace turioebe relatively smooth (generally
smooth acceleration for northbound traffic and tkyatéion or coasting for
southbound). In contrast we expect driving in thé Wictoria tunnel to be more
characterised by vehicle interactions indicative aaingested or near-congested
conditions. This kind of driving is known to be asmted with higher CO emissions
than smooth driving at the same speed.

0.3

o
N
a1

o
N

diurnal average NOx/CO by mass
o 2
= 3]

o

o

a
,

T T T
0:00 6:00 12:00 18:00 0:00

Figure 34: Observed diurnal average NQCO mass concentration ratio in the Terrace tunnel.
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Figure 35: Observed diurnal average NQCO mass concentration ratio in the Mt Victoria
tunnel.
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5.4 Comparison with Screening Assessment carried out iearly 2008

This report follows a Scoping Assessment conduttedNIWA and delivered to
Transit NZ in draft form in 2008. That report inded a review of previous
observations of CO, NO and N@nside the Terrace and Mt Victoria tunnels. The
most recent data for both tunnels were from 2008.ektrapolated the results to 2008
based on predicted improving trends in vehicle sions due to adoption of cleaner
vehicles into the NZ fleet, but also assuming nangfes to fleet mix, speeds, traffic
volume or congestion. In the Scoping Assessmemt diRirapolation was based on
trends predicted by both the NZTER and VEPM emissimdels. We have now re-
run the emission modelling using VEPM version 3@ &ased on the same traffic
scenarios as discussed above. Full details arédaain chapter 10. In brief, we now
conclude that VEPM predicts reductions in CO and, N@issions of 28 % in the
period 2003 — 2008. Tables 7 and 8 summarise the imdicative data from 2003
(from MWH, 2003a,b, also reported in Longley al, 2008c), the extrapolated
estimates for 2008 and the data from the 2008 mong campaign.
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Table 8: Indicative statistics for the Terrace tunrel from the 2003 observations, estimations for
2008 based on extrapolation of 2003 data (from Scimyg Assessment) and
observations from 2008 monitoring. Percentages inrckets are reduction since

2003.

2003 2008 estimated 2008 observed
Max observed CO / ppm 135 97 30.1 (-78 %)
Typical morning peak CO / ppm | ~ 60 43 14.3 (-76 %)
Typical inter-peak™ CO / ppm ~30 ~22 9 (-70 %)
Mean CO over 24 hrs / ppm 26 19 7.6 (-71 %)

Table 9: Indicative statistics for the Mt Victoria Tunnel from the 2003 observations, estimations
for 2008 based on extrapolation of 2003 data (fronscoping Assessment) and
observations from 2008 monitoring. Percentages inrckets are reduction since

2003.

2003 2008 estimated 2008 observed
Max observed CO / ppm 91 66 75 (-18 %)
Typical morning peak CO / ppm | ~ 50 ~ 36 20 (-60 %)
Typical inter-peak™® CO / ppm ~20 ~14 12 (-40 %)
Mean CO over 24 hrs / ppm 14.8 10.7 7.9 (-47 %)

In the Scoping Assessment we predicted a reducti@®O concentrations of the order
of 28 % between 2003 and 2008 as a result of téagical changes alone. This is less
that what we generally observed in the Mt VictoFiannel (40 — 60 % for average
measures), and reductions were even greater iheitrace Tunnel (70 — 80 %).

There are a number of factors which need to beidered when interpreting these
reductions:

* Reliability of the 2003 data as noted in the Scoping Assessment, the 2003
data were relatively poorly described. It was alsaptured using an
electrochemical technique which does not comphhwZ Standards and is
known to be less accurate than the technique ms2@08.

'3 Inter-peak is 10 am to 3 pm local time inclusive.
18 Inter-peak is 10 am to 3 pm local time inclusive.
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« Changes in traffic volume Transit NZ traffic count data indicate no
significant change in traffic volumes for eithemmel in either direction
between 2003 and 2008.

« Changes in traffic fleet we have no data on the fleet mix using the tunel
We also have no anecdotal evidence of any notdalege in the nature of the
fleet. However, our sensitivity study using VEPMéssection 10.2) indicates
that the predicted reductions have a low sengititot fleet split within the
ranges of likely change.

* Accuracy of the emission model extrapolationthe predicted concentrations
for 2008 were based on changes in average vehits®ns only as a result
of penetration of lower-emission vehicles into fleet, as predicted by two
emission models. There are uncertainties associatéd accuracy of the
emission models VEPM and NZTER.

« Changes in congestionwe have no data concerning congestion in the
tunnels. Congestion is significant because condest& speed driving can
lead to elevated per-km emissions of CO. The Sgppgiasessment cites
historical anecdotal evidence of regular congestomturring inside the
Terrace tunnel at peak times. However, since thepetion of the Inner Ring
Road, we have collected further anecdotal evidéhat this congestion has
been substantially reduced in the tunnel itselthmmabsence of more rigorous
data we hypothesise that this could be a substamributing factor to the
reduction in concentrations of CO within the Teerdannel. We have no
similar evidence of a change in congestion in theMittoria tunnel. This
could potentially contribute to the greater reduttin CO concentrations in
the Terrace Tunnel.

» Operation of the ventilation system as noted in the Scoping Assessment,
the Terrace tunnel has had historic problems wilppropriate operation of
the ventilation system. The system is based upnogitiadinal jet fans which
are intended to assist the “natural” air flow ire ttunnel. l.e. if there is a
northerly wind blowing through the tunnel, the fan#i blow in this direction.
However, detection of the natural airflow is teaatly difficult, and it has
been previously reported that the fans can somstibee operating in the
wrong direction, thereby reducing the ventilatidficacy. The system is also
designed to operate over three settings. This higewed by having 6, 3 or
none of the 6 banks of fans operating. We have a@ drom the 2003
campaign which is able to verify whether the fansravoperating in the
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correct direction, nor which setting was being uaedhich times. However,
for the 2008 campaign we were advised by the eergiresponsible for the
system that the intermediate setting (3 out of§¥a&ould not be operated due
to a system fault. At the time when 3 fans showdgehbeen operating, the
system was set to operate all 6 fans. Thus, théersysvas effectively
operating at “maximum” more often than it was deei to. This may have
reduced the in-tunnel pollutant concentrationstingdato what may have been
found had the intermediate setting been operational

5.5 Summary

We found that the N@CO ratio predicted by the emission model VEPM wiagilar

to that observed in the Terrace tunnel, based oy linited vehicle fleet and speed
data observed during daytime hours. VEPM broadlyaguced the same comparative
patterns between the two tunnels. These obsergagive us limited confidence in our
ability to make predictions about future trendsngsVEPM. This analysis will be
greatly enhanced if data becomes available fronerotbad tunnels with different
speeds and/or fleet mixes.

Our observations broadly confirm reductions in Cahaentrations over the last 5
years of at least the magnitude predicted by thésom model VEPM due to

developments in engine and emission control tedgyoand the penetration of such
technology into the vehicle fleet (i.e. 28 %). Hoee we also observed an additional
reduction totalling 40 — 60 % in the Mt Victoria inel and 71 — 78 % in the Mt

Victoria Tunnel over this period. Several reasoagehbeen postulated, particularly
changes in ventilation operation, changes in cdadetaffic flow and inaccurate

historical data.
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6. Implications

6.1 Emission trends and future air quality in the tunnds

We have noted how the apparent improvement inuality in the Mt Victoria tunnel
over recent years is consistent with the trendsehicle emissions as described by the
emission model VEPM. These trends are linked toelging penetration of vehicles
compliant with recent emission standards due tbhnelogical advances. These trends
are continuing. In the absence of any change tdlgbesplit (i.e. diesel/petrol split or
proportions of different vehicle class, e.g. clight-goods and heavy goods vehicles),
VEPM predicts that CO emissions will fall by anatiwo thirds on average over the
next decade in the New Zealand vehicle fleet, caagh@o 2008. Beyond ten years,
further reductions in emissions will be smaller.dRetions in NQ emissions are
predicted to be smaller but still significant (5060 % over the next ten years).
Increases in congestion (and/or decreases in eebpded) are generally believed to
lead to increases in CO emissions and possiblyllsmeeductions in NQemissions
(depending upon fleet mix).

These predictions must be interpreted with caree YiEPM emissions model is
currently unvalidated in New Zealand and its predis of the future are based on a
wide range of assumptions about the rate of adopitigport and state of maintenance
of new technology vehicles, and the rate of remaablder vehicles. Emission
factors for newer technology vehicles are not adl weantified and subject to
significant uncertainty. As such, the predictiofi$/&PM should be seen as plausible
rather than reliable.

Lower CO emissions should lead directly to lower Gidcentrations in the tunnels.
The effect of reduced N@missions on N@concentrations is less clear. Our analysis
of the Wellington tunnels has indicated that ozawailability, rather than NO
emissions, is the dominant control on Nédncentrations. We have found that direct
emission of NQ in the form of NQ currently plays a minor role in NO
concentrations. However, VEPM does not predictallildO, emissions. Evidence
from abroad has indicated trends of increasingctliO, emissions, associated with
increasing use of diesels. If such trends occidaéw Zealand, it is plausible that NO
concentrations could rise in road tunnels, indepatigy of the ozone-limited
secondary production mechanism.

These preliminary conclusions should be revisifetthé ventilation system of either
Wellington tunnel were to be changed.
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6.2 Exposure of tunnel users

The recommended carbon monoxide guidelines aredhgsen exposure limits. This
means that they specify the maximum allowable cotnagon that a person should be
exposed to over a given period without any riskadferse acute health effects. For
members of the public, the given period is 15 m@eutA shorter exposure period
implies a reduced risk.

The posted speed limit in the Mt Victoria tunnebBkm H*. Travelling at this speed
a vehicle should remain inside the tunnel for 4e¢bsds. However, congestion in and
around the tunnel has been reported since at188& and actual speeds in the tunnel
can be much lower, and hence exposure times céonper. At an average 10 knith
the journey time is 224 seconds (approx. 4 minutégjicating that exposure
durations are well below the 15-minute averagingopeapplied in the CO guideline
recommended by NIWA for use in road tunnels.

Pedestrians and cyclists are permitted to use theVigtoria tunnel. Pedestrian
journey times are typically less than 10 minutes,dould extend towards 15 minutes
for some users. Cyclists are likely to have a hidireathing rate and breathe more
deeply. However, our calculations indicate thas fkimore than compensated for by
the reduced exposure time due to a faster tramsiigh the tunnel (see Longleyal,
2008c for more details). Thus, “slow” pedestriaggresent the group of users most at
risk from the effects of carbon monoxide in thenteln However, they are adequately
protected as long as their journey time remainswdl5 minutes, and the 15-minute
CO guideline is met within the tunnel.

The Terrace tunnel is only two thirds of the lengththe Mt Victoria tunnel, and

average speeds are higher. Consequently journesstim the Terrace tunnel are
generally much shorter. Pedestrians and cyclists et permitted in the tunnel.
Therefore it is highly unlikely that any membertbé public is exposed to pollutants
within the tunnel for 15 minutes. This simple facbvides considerable protection to
users from the hazard to health presented by Hedslef air pollution observed.
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7. Conclusions from the monitoring programme

During our monitoring period th&errace tunnel met the recommended 15 minute
CO guideline with ease. The tunnel also met theR&1A2010) recommendation of 70
ppm of CO. The 8-hour occupational safety guidelves met, as was the more
restrictive PIARC guideline of 20 ppm, albeit byrénute margin. The maximum 1-
minute average N£concentration observed during the whole campaigs st over
half of the guideline value. Consequently, we canctude that during the monitoring
period, the Terrace tunnel met the recommendegdu@eline.

Variation in traffic volume was found to be a magtaterminant of air quality in the
Terrace tunnel (as represented by CO concentrtigvisrse air quality in northerly
winds is suggestive of inappropriate operatiorhefventilation system — however this
did not lead to a breach of the CO guidelines. quiality has substantially improved
since 2003. This was at least partly due to theeaming numbers of new technology
reduced-emission vehicles penetrating the vehiekt.fAdditional improvement may
have been due to improvements in traffic flow, @liph the observed improvements
may be an artefact of the fans being operatedltadpacity more often or inaccurate
historical data. Considerable protection from tfieats of air pollution in the tunnel is
provided by the fact that exposure times for thigliplare far below 15 minutes.

During our monitoring period the Mt Victoria Tunnglet both the recommended 15
minute CO guideline for public users. During thei@e of 7am - 8am local time the
PIARC 2010 guideline of 70 ppm was exceeded twiger aa 2-month period.
Although the 30 ppm occupational safety guidelireswot exceeded, this was by a
small margin. The more demanding 20 ppm limit recmnded by PIARC was
exceeded 2 % of the time for which data exist. Ai$leof non-compliance was limited
to 8-hour shifts ending between 1 pm and 11 pml kooe.

In the Mt Victoria tunnel high northerly winds extel to the tunnel aided the tunnel’s
ventilation system by inducing an additional windrg the tunnel bore. However, in
most conditions external winds were ineffectivetiomnel ventilation and some of the
highest CO concentrations in the tunnel coincideth ihe lowest external wind

speeds.

The Mt Victoria tunnel met the recommended NfDidelines.

Air quality in the Mt Victoria tunnel has substaily improved since 2003. This was
at least partly due to the increasing numbers @f technology reduced-emission
vehicles penetrating the vehicle fleet. Whereasclehsers are offered considerable
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protection due to journey times usually being felolw 15 minutes, this protection is
reduced for pedestrians, especially those for wti@rjourney time may approach 15
minutes. However, the risk presented is still atagle as long as the tunnel meets the
15-minute CO guideline.

Data from the Wellington tunnels strongly suggést themical production of NGn
the tunnels (from vehicle emissions of NO) wasrsihp suppressed due to the rapid
depletion of ozone. Ozone levels were lower (claseero) in the Mt Victoria tunnel
probably due to its greater length and higher derudi traffic, despite its transverse
ventilation which injects ambient air along the nighs length. In this way, both
tunnels were mostly self-regulating in terms of N@he Terrace tunnel’s shorter
length may have made the occasional penetratiogzaie more likely, leading to rare
and short-lived “chemical events” in which B@ould be rapidly produced inside the
tunnel.

In the Wellington tunnels, direct emissions of Ni€@m vehicles did not appear to be
a major source of NOconcentrations. This may be a reflection of tHatresly low
proportion of diesel vehicles, and especially EuHo and IV compliant (and
equivalent) diesels using these two tunnels. Othemical production mechanisms,
including the self-catalysing oxidation of volatdeganic compounds, or the oxidation
of NO with oxygen, were also relatively minor detémants, suggesting that
limitation of oxidant in the tunnel was the domiharocess affecting NQOevels.
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Technical Annex

8. Sampling Methods

The following sub-sections describe the methods egdipment used during the
monitoring of pollutants and meteorology in therBee and Mt Victoria tunnels.

8.1 Instrument deployment

Our approach to this campaign was to deploy thetmosurate instrumentation

available. Thus, we chose instrumentation whicHdtcbe compliant with appropriate

Australia/New Zealand Standards. These standagisreeregular on-site calibration

using gas cylinders. Such cylinders cannot be p@mesd inside most State Highway
tunnels. The analysers selected require operating icontrolled environment to

maintain a constant temperature and humidity. &cieal terms we achieve this using
a purpose-built trailer. These requirements melaat monitoring directly inside the

tunnels was not a practical option for these aeatys

Where possible we followed the appropriate Ausifblew Zealand Standard. The
main deviations were:

® sampling tube length and material,
® calibration frequency,
® detection range of the analyser.

Our solution was to deploy a long sampling tube itite tunnel to draw air to the
trailer, which was located outside the tunnel.

At the Terrace tunnel, the trailer was locatedhat ‘‘Ghuznee stub” 60 m outside the
southern portal as shown in the photo in FigureT3& inlet point was located 230 m
inside the tunnel (from the southern end) mounted&m height on the eastern wall
as shown in the photo. The total length of tubirag 800 m.
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Figure 36: The air quality trailer at the southern portal of the Terrace Tunnel.

Figure 37: The sampling point near the mid-point otthe Terrace Tunnel.
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At the Mt Victoria tunnel the trailer was locatedtside the western exhaust stack in
the grounds of Wellington East Girls College, whtlse sampling tube was lowered
18 m into the western exhaust duct, making a saalpling length of 100 m. The next
photos show the tubing inside the fanhouse antbtfagion of the trailer.

Figure 38: The interior of the Mt Victoria Tunnel western exhaust stack building showing the
top of the exhaust vent (below left) and the samplg duct passing from the duct
along the wall to the trailer at the exterior of the building.
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Figure 39: The air quality trailer in the grounds of Wellington East Girls' College, adjacent to
the western exhaust stack of the Mt Victoria Tunnel

In addition to this sampling, a sonic anemometes atached to a bracket hanging
over the roadway approximately 2 m down from thaf.ro

8.2 Carbon Monoxide (CO)

An APl Model 300 CO analyser was used to monitor. CBis unit continuously
measures the concentrations of CO in ambient aicdigcting a sample of air and
then passing a beam of infrared light through thege. The amount of infrared
energy absorbed by the gas sample is measuredhanBeer-Lambert law used to
calculate the CO concentration. The APl Model 308lgser can measure CO in the
range of 0 to 1 000 ppm, although the range foramb by the Australian Standard is
for 0 to 50 ppm only. The precision of the analysdy.5% of the reading.

In the Terrace Tunnel the range was set at 0 tp@0, while at the Mt Victoria
Tunnel the range was initially set at 0 to 50 pprhibhad to be changed to 0 to 100
ppm on 3% October 2008 as the 50 ppm range was exceededadteacy of the
data (taking into account the analyser and théeion system) is + 1ppm when the
range is 0 to 50 ppm and * 2 ppm when the rangedwad 00 ppm.

8.3 Nitrogen Dioxide (NO,

An APl Model 200 NQ analyser was used to calculate NDhis unit continuously
measures the concentrations of NO and, l[dd calculates the concentration of NO
by using the equation NG NO,- NO. The measurements are taken by collecting a
sample of ambient air, which is introduced intooaone reaction chamber. The NO in
that sample is reacted with ozone to produce.N@ht is released as a product of this
reaction in a process known as chemiluminescenige.amount of light released is
proportional to the number of NO molecules thatehmst been converted from NO to
NO..

The sample is then passed through a molybdenumedanwvhere all the NQis
converted to (or back to) NO. The sample is rethiceed into the ozone reaction
chamber, where again the NO reacts with ozone ¢talyme NQ and light. The
difference in the amount of light released betw#enfirst and second pass through
the reaction chamber is proportional to the amo@iNO, in the original sample. The
API Model 200 analyser can measure ,N®@the range of 0 to 20 000 ppb, although
the range for approval to the Australian Standaréor 0 to 10 000 ppb only. The
precision of the analyser is 0.5% of the reading.
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In the Terrace Tunnel the range was set at 0 t6Bppb, although this value was
exceeded over 15 minutes on™29eptember 2008. At the Mt Victoria Tunnel the
range was initially set at 0 to 5 000 ppb but i habe changed to 0 to 8 000 ppb (on
31* October 2008) as the 5 000 ppb range was exceibdee times (covering 83
minutes). The accuracy of the data (taking intooaot the analyser and the
calibration system) is + 110 ppb when the randetis 3000 ppb, + 180 ppb when the
range is 0 to 5000 ppb and + 300 ppb when the revage0 to 8000ppb.

8.4 Ozone (Q)

An API Model 400 ozone analyser was used to monimone. Ambient air is
continuously sampled using a pump unit. Ozone aunagons are calculated from
the absorption of ultra-violet light at 254 nanorestwavelength. The absorption is
measured using a UV detector. An ozone-removingbdar is used to provide a zero
reference intensity. The concentration is calcdlateing the Beer-Lambert equation.
The API Model 400 analyser can measure ozone irrdhge of O to 10 000 ppb,
although the range for approval to the Australitan8ard is for 0 to 1 000 ppb only.
The precision of the analyser is 0.5% of the re@din

In the Terrace Tunnel and Mt Victoria Tunnel thaga was set at 0 to 500 ppb. The
accuracy of the data (taking into account the aalpnd the calibration system) is +
15 ppb when the range is 0 to 500 ppb,

8.5 Meteorological Data

Weather, particularly wind speed and direction, laasery strong influence on
contaminant dispersion and concentrations, andowitimeteorological data the air
quality data is almost impossible to interpret. Theeteorological parameters
monitored from the trailer at both sites were wapged and direction, air temperature,
relative humidity and solar radiation. At bothesithe sensors were at a height of 6m
above the ground. The sensors used in the tiades:

e wind speed - Vector A101M anemometer (m/s to 0.1)

* wind direction - Vector W200P wind vane (°T to & 2°
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e air temperature — Vaisala 50Y air temp /RH sen¥ortd + 5%)

« relative humidity - Vaisala 50Y air temp /RH senq@tRH to + 5%).

» Solar radiation - Licor LI200SZ pyranometer

8.6 Sampling from within the tunnel

The inlet was made up of 50 m long sections of fgoade tubing to reduce the
possibility of contaminants coming out of the tubiand affecting the sample. A
paper filter was attached to the tunnel end to revany large particles as shown in
the photo on the next page. This type of filteused on our zero air generators for
this purpose. The tubing was attached to the waté Terrace tunnel and allowed to
fall naturally in the Mt Vic Tunnel

Once inside the trailer the sample inlet went tgroa T junction with the main flow
being sucked through with a large pump mountecherbench and the secondary flow
going to the analyser sampling manifold. Thisteysalso had a bypass flow to
eliminate the possibility of back flow. To chedkd, a pressure gauge was installed
into the glass sampling manifold and the positivespure was checked to ensure it
was sufficient for the purpose.

Figure 40: the sampling manifold inside the air quéty trailer.
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The air sample for the analysers was sucked bycangepump though a glass
sampling manifold. This manifold is the same ors&difor normal ambient air
sampling. The analysers can then take off theuired flows from this manifold.

*m******q

B
-

Figure 41: The gas inlet connections to the analyseinside the air quality trailer.

To check the validity of using such a long samplinigt, checks were done on the
flow rate and the concentration. The potentialéswas that the concentration of the
pollutant would drop as a result of the lengthiietin the tube.

To test the concentrations, checks were done wsirtgjent air as the flow rate being
used was too high for the use of a known gas betitaple. On the day selected
(February 25), the wind was blowing from across an area of mguand thus was

not being affected by a nearby road. Data had bmggged from this location for a

number of weeks. The background concentration asvision the display of the

analyser was around 6 ppb for ozone and -0.3 pprefitoon monoxide.

We then connected up a short length of the tubi2gnt) and allowed the analysers to
sample the air until both the ozone and CO displesre stable. The concentrations
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did not change significantly. This same procedues repeated for 100 m of the
tubing (as used at Mt Victoria) and 300 m of thieirtg (as used at Terrace) and the
concentrations did not change significantly at &angth. The concentrations varied
between 5 and 7 ppb for ozone and -0.2 and -0.3fppearbon monoxide which was
within the naturally occurring conditions on thatyd Graphs of the stable data at each
setup were recorded. This confirmed that the lewdtthe tubing did not effect the
concentration recorded on the analyser.

The flow rate in the tube at both the 100 m and B0@ngths was checked and was
stable throughout the five minute sampling peria] was well within the expected
range.
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9. Data Management

9.1 Data Logging and monitoring

The raw data from the CO, N@nd Q analysers, as well as from the meteorological
sensors in the trailer were recorded on CampbellCC#ata loggers. The air quality
raw data were logged as one minute and ten minugeages based on 3 second
samples. The meteorological raw data were loggasha minute, ten minute and one
hour averages also based on 3 second sampling.

The data were downloaded from the loggers viap®ne telemetry and checked on
each working day to ensure the data was comingdri@oked realistic.

Data from the sonic anemometer could only be doaddd manually during a site
visit into the tunnel. These data were logged rasnatantaneous sample recorded
every two minutes which is the minimum resolutiarsgible for this logger.

9.2 Nitrogen Dioxide (NO,)

The analyser was calibrated at the start and emgdf installation and intermediary
checks were done when required.

Data for nitrogen dioxide were calculated from tme minute data. The data were
graphed and checked for errors. Any invalid daszewremoved and a comment
included in the metadata file to explain why thegrevtaken out. Fifteen minute
moving average and one hour fixed average data vatcelated from the 1 minute
data.

9.3 Carbon Monoxide (CO)

The analyser was calibrated at the start and emgdf installation and intermediary
checks were done when required.

Data for carbon monoxide were calculated from the minute data. The data were
graphed and checked for errors. Any invalid dasgemremoved and a comment
included in the metadata file to explain why thegrav taken out. Fifteen minute
moving average and one hour fixed and 8-hour mosireyages were calculated from
the 1 minute data.
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9.4 Ozone Data (Q)

The analyser was calibrated at the start and emdf installation and intermediary
checks were done when required.

Data for ozone were calculated from the one midata. The data were graphed and
checked for errors. Any invalid data were remoaad a comment included in the

metadata file to explain why they were taken deifteen minute moving average and

one hour fixed average data were calculated fraritminute data.

9.5 Meteorological Data

The sensors were calibrated before the programantedf and checked at the start of
each installation with any offsets applied to tlagadogger programme. A final check
was made at the end of the installation to be asemicheck for any drift.

The data were graphed and checked for errors. iralid data were removed and a
comment included in the metadata file to explairywiey were taken out. Fifteen
minute moving average data was calculated from dhe minute data (vector
averaging for wind direction). The one hour dathased on 3 sec sampling.

9.6 Removal of data points during tunnel maintenance olsures

The Mt Victoria tunnel was closed to traffic on thights of 910", 1d"11" and
11"/12" November 2008 between 10 pm and 4:30 am. Duriegetiperiods very low
concentrations were interrupted by very high “sptkaffecting CO, NO and NO
This is consistent with the maintenance scheduliewshows painting (during which
ventilation fans are operated to aid drying) arehuoing involving slow moving diesel
vehicles operating in the tunnel. As neither therapon of the fans at night, nor the
slow moving maintenance traffic represent typicahditions in the tunnel, all data
during these periods have been removed from thesetised to produce the analysis
discussed in this report.

There were no closures of the Terrace Tunnel duhiegnonitoring campaign.
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9.7 Data coverage and quality

9.7.1Terrace Tunnel

Air quality and meteorological data became avadgbdm 9" September 2008. From
that point monitoring continued until 410ctober 2008 (10 October 2008 for CO

and Q).

Table 10: Data capture rates for the Terrace Tunnel

Carbon dioxide, CO 97 %
Nitrogen dioxide, NO» 97 %
Nitric oxide, NO 98 %
Ozone, O3 97 %

The following tables show the data that has bepmoved

Instrument & Site History Summary

Site: Terrace Tunnel

Pollutant: CO

Instrument Description:  API Model 300

Owner: NIWA

Start Date Finish Date Data Event
affected ?
(y/n)

19/08/2008 n Analyser API M300 serial no 421
installed.

21/08/2008 Calibration check

21/08/2008 14:42 Data logging begins — not sampling
tunnel air

25/08/2008 11:55 n Site visit

08/09/2008 11:45 | 08/09/2008 13:37 Calibration and investigation of air
sampling problems — found leak in the
system

09/09/2008 16:03 y VALID DATA BEGINS

15/09/2008 13:28 | 16/09/2008 11:09 y Site visit — fault with the sample intake
tubing when lever was knocked.

16/09/2008 11:17 n Site visit

24/09/2008 03:47 | 24/09/2008 03:47 y Missing data due to telemetry fault

25/09/2008 07:50 | 25/09/2008 07:50 y Missing data due to telemetry fault

03/10/2008 13:00 n Site visit

10/10/2008 10:38 y VALID DATA ENDS

10/10/2008 10:38 n Final calibration begins

12/10/2008 20:35 n Analyser turned off
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Instrument & Site History Summary

Site: Terrace Tunnel

Pollutant: Ozone

Instrument Description:  API Model 400

Owner: NIWA

Start Date Finish Date Data Event
affected ?
(y/n)

19/08/2008 n Analyser API M300 serial no 1440
installed.

21/08/2008 n Calibration check

21/08/2008 16:04 y Data logging begins — not sampling
tunnel air

25/08/2008 11:58 Site visit

08/09/2008 11:45 Investigation of air sampling problems
— found leak in the system

09/09/2008 16:27 y VALID DATA BEGINS

15/09/2008 13:27 | 16/09/2008 17:00 y Site visit — fault with the sample intake
tubing when lever was knocked.

16/09/2008 11:25 n Site visit

24/09/2008 03:47 | 24/09/2008 03:47 y Missing data due to telemetry fault

25/09/2008 07:50 | 25/09/2008 07:50 y Missing data due to telemetry fault

03/10/2008 13:03 n Site visit

10/10/2008 07:14 % VALID DATA ENDS

10/10/2008 07:15 n Final calibration begins

12/10/2008 20:38 n Analyser turned off
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Instrument & Site History Summary

Site: Terrace Tunnel

Pollutant: Nitrogen oxides

Instrument Description:  API Model 200
Owner: NIWA
Start Date Finish Date Data Event
affected ?
(y/n)
19/08/2008 n Analyser APl M200 serial no
756installed.
22/08/2008 n Calibration check
22/08/2008 14:38 y Data logging begins — not sampling
tunnel air
25/08/2008 12:01 Site visit
08/09/2008 11:45 Investigation of air sampling problems
— found leak in the system
09/09/2008 16:04 y VALID DATA BEGINS
15/09/2008 13:29 | 16/09/2008 11:09 y Site visit — fault with the sample intake
tubing when lever was knocked.
16/09/2008 11:27 n Site visit
24/09/2008 03:47 | 24/09/2008 03:47 y Missing data due to telemetry fault
25/09/2008 07:50 | 25/09/2008 07:50 y Missing data due to telemetry fault
29/09/2008 10:19 | 29/09/2008 10:21 y Over-ranged analyser (>3000 ppb)
29/09/2008 10:47 | 29/09/2008 11:00 y Over-ranged analyser (>3000 ppb)
03/10/2008 13:05 n Site visit
11/10/2008 08:23 y VALID DATA ENDS
11/10/2008 08:23 n Final calibration begins
12/10/2008 20:40 n Analyser turned off
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Instrument & Site History Summary

Site: Terrace Tunnel

Pollutant: Meteorological

Instrument Description:  various

Owner: NIWA

Start Date Finish Date Data Event
affected ?
(y/n)

20/08/2008 n Sensors in use:
Wind speed - Vector A101M
Wind Direction - Vector W200P
Air Temp / Relative Humidity -
Vaisala 50Y

20/08/2008 14:00 | 20/08/2008 16:00 y Calibration

20/08/2008 16:01 y VALID DATA BEGINS - for 10 min
and 1 hr data

24/08/2008 11:17 y New program loaded - VALID DATA
BEGINS — for 1 min data

12/10/2008 07:20 y VALID DATA ENDS. Calibration of
sensors then equipment removed.

9.7.2Mt Victoria Tunnel

Quality assured monitoring data are available fraff October 2008 until 18
December 2008. The data capture rates are showabie 10.

Table 10: Data capture rates for the Mt Victoria Tunnel

Carbon dioxide, CO 99 %
Nitrogen dioxide, NO» 97.5 %
Nitric oxide, NO 98.7 %
Ozone, O3 94 %

The following tables show the data that has bepmoved
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Instrument & Site History Summary

Site: Mt Vic Tunnel

Pollutant: CO

Instrument Description:  API Model 300

Owner: NIWA

Start Date Finish Date Data Event
affected ?
(y/m)

16/10/2008 n Analyser s/n 421 installed. — logging
ambient air

20/10/2008 13:45 n Sampling air from inside the tunnel
begins

20/10/2008 13:45 y VALID DATA BEGINS

21/10/2008 08:41 | 21/10/2008 10:32 y Calibration check

30/10/2008 06:43 | 30/10/2008 07:07 y Over-ranged analyser (>50 ppm)

31/10/2008 06:17 | 31/10/2008 06:35 y Over-ranged analyser (>50 ppm)

31/10/2008 06:39 | 31/10/2008 07:05 y Over-ranged analyser (>50 ppm)

31/10/2008 10:29 | 31/10/2008 10:43 y Range on analyser changed from 0 to
50ppm to 0 to 100 ppm

06/11/2008 08:32 | 06/11/2008 12:48 y Calibration carried out before analyser
421 is replaced. Analyser s/n 1483
installed and calibrated

05/12/2008 11:49 | 05/12/2008 13:43 y Telemetry fault

16/12/2008 13:44 | 16/12/2008 15:29 y Final calibration carried out

18/12/2008 11:24 % VALID DATA ENDS

Instrument & Site History Summary

Site: Mt Vic Tunnel

Pollutant: Ozone

Instrument Description:  API Model 400

Owner: NIWA

Start Date Finish Date Data Event
affected ?
(y/n)

16/10/2008 n Analyser API M300 serial no 1440
installed.

20/10/2008 13:45 n Data logging begins — sampling tunnel
air

20/10/2008 13:48 y VALID DATA BEGINS

21/10/2008 10:32 | 21/10/2008 12:39 y Calibration

31/10/2008 10:29 | 03/11/2008 10:30 y New program loaded on 315 but there
was an error in it which affected the
ozone only.

06/11/2008 08:31 | 06/11/2008 12:48 y Site visit for CO analyser replacement
caused faulty data on ozone and NOXx
analysers.

05/12/2008 11:49 | 05/12/2008 13:43 y Telemetry fault

18/12/2008 08:40 y VALID DATA ENDS. Final calibration

and analyser turned off
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Instrument & Site History Summary

Site: Mt Vic Tunnel

Pollutant: Nitrogen oxides

Instrument Description:  API Model 200
Owner: NIWA
Start Date Finish Date Data Event
affected ?
(y/m)
17/10/2008 n Analyser s/n 756 installed. — logging
ambient air
20/10/2008 13:45 n Sampling air from inside the tunnel
begins
20/10/2008 14:11 y VALID DATA BEGINS
22/10/2008 08:07 | 22/10/2008 12:11 y Calibration check
30/10/2008 06:06 | 30/10/2008 06:12 y Over-ranged analyser (>5000 ppb)
30/10/2008 06:36 | 30/10/2008 07:05 y Over-ranged analyser (>5000 ppb)
31/10/2008 06:16 | 31/10/2008 07:04 y Over-ranged analyser (>5000 ppb)
31/10/2008 10:29 | 31/10/2008 10:43 y Range on analyser changed from 0O to
5000 ppb to 0 to 8000 ppb.
06/11/2008 08:32 | 06/11/2008 12:48 y Site visit to replace CO - data
affected.
09/11/2008 22:07 | 09/11/2008 22:10 y Over-ranged analyser (>8000 ppb)
05/12/2008 11:49 | 05/12/2008 13:43 y Telemetry fault
17/12/2008 07:40 | 17/12/2008 13:43 y Final calibration carried out
18/12/2008 11:21 y VALID DATA ENDS

Instrument & Site History Summary

Site: Mt Vic Tunnel

Pollutant: Meteorological

Instrument Description:  various
Owner: NIWA
Start Date Finish Date Data Event
affected ?
(y/n)
17/10/2008 n Sensors in use:
Wind speed - Vector A101M
Wind Direction - Vector W200P
Air Temp / Relative Humidity -
Vaisala 50Y
17/10/2008 09:00 17/10/2008 10:50 y Calibration
17/10/2008 13:01 y VALID DATA BEGINS - for 1 min, 10
min and 1 hr data
18/12/2008 09:24 y VALID DATA ENDS. Calibration of

sensors then equipment removed.
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9.8 Data Plots

9.9.1 Terrace Tunnel

Terrace Tunnel - CO

254

20+

154
10+
5

CO ppm

10-Sep-2008  '13-Sep "16-Sep "19-Sep
Terace Tunnel - CO -QA - 15 min moving ave

22-Sep

25-Sep

28-Sep "1-Oct "4-Oct "7-0ct

Figure 42: 15-minute moving-average CO Concentratias in the Terrace Tunnel.
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Figure 43: 15-minute moving-average NO Concentratias in the Terrace Tunnel.
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Figure 44: 15-minute moving-average N@Concentrations in the Terrace Tunnel.
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Figure 45: 15-minute moving-average @Concentrations in the Terrace Tunnel.
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Terrace Tunnel - Wind Speed
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Figure 46: 15-minute moving-average wind speed oute the Terrace Tunnel southern portal.
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Figure 47: 15-minute moving-average wind directionoutside the Terrace Tunnel southern
portal.
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Terrace Tunnel - Air Temperature
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Figure 48: 15-minute moving-average air temperatureoutside the Terrace Tunnel southern
portal.
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Figure 49: 15-minute moving-average relative humidy outside the Terrace Tunnel southern
portal.
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1000 T errace Tunnel - Solar Radiation
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Figure 50: 15-minute moving-average solar radiationoutside the Terrace Tunnel southern
portal.
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9.9.2 Mt Victoria Tunnel

77T Mt Victoria Tunnel - CO

70+

604

50

404

CO ppm

30+

20

m | |
IRAURATHY i

'23-Oct-2008 2-Nov 12-Nov 22-Nov 2-Dec 12-Dec
— Mt Vic - WEGC - CO - QA - 15 min moving ave

Figure 51: 15-minute moving-average CO concentratits in the Mt Victoria Tunnel.
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Figure 52: 15-minute moving-average NO concentratits in the Mt Victoria Tunnel.
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Figure 53: 15-minute moving-average N@concentrations in the Mt Victoria Tunnel.
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Figure 54: 15-minute moving-average @concentrations in the Mt Victoria Tunnel.
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Mt Victoria Tunnel - wind speed
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Figure 55: 15-minute moving-average wind speed ahé Mt Victoria Tunnel western exhaust
stack.
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Figure 56: 15-minute moving-average wind directiorat the Mt Victoria Tunnel western exhaust
stack.
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Mt Victoria Tunnel - air temperature
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Figure 57: 15-minute moving-average air temperatureat the Mt Victoria Tunnel western
exhaust stack.
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Figure 58: 15-minute moving-average relative humidy at the Mt Victoria Tunnel western
exhaust stack.
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Mt Victoria Tunnel - solar radiation

1200 4

1000 4

800 -

Solar Rad w/m2

600 -

400 -

200 -

o

23-Oct-2008 "2-Nov "12-Nov 22-Nov "2-Dec "12-Dec
Mt Vic - WEGC - SolarRad - QA - 15 min movin

Figure 59: 15-minute moving-average solar radiatiorat the Mt Victoria Tunnel western exhaust
stack.
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10. Emission Modelling Details

10.1Traffic scenarios

VEPM version 3.0 was used to model emission fadimrdoth tunnels based on 4
traffic scenarios. As noted in section 2.3 above, aid not collect continuous
observations of traffic speed during the campalye have, however, undertaken
brief observations of traffic speed and flow in thanels, the data are summarised in
Table 11. Speeds were derived from drive-througts/éen 10 am and 1pm on"20
September 2008. Fleet splits were derived from wiagiens on the afternoon of %2
June 2008 and the morning of 23une 2008.

Table 11. Traffic characteristics of the tunnels baed on brief observations during 2008.

Terrace Mt Victoria

Common vehicle speeds / | 55 -80 35-55

-1
km h
% cars 81 93
% LCVs 14 6
% HCVs 5 1
% buses <1 <1

Based on these observations, for calculations MiEERM we set the average speed to
70 km h* (Terrace) and 45 km’h(Mt Victoria). In the absence of more specificefie
split data (e.g. split between petrol and diesdlicles and smaller and larger HCVS)
we have tested four separate split scenarios:

1. used the Wellington-wide fleet split observed dgriviWA's remote sensing
campaigh®.

2. adopted the general split in table 11 but assurtiezhies were petrol, and all
other vehicles were diesel powered,

ol During inter-peak periods, i.e. outside of mornamgl evening traffic peaks.

18 Observations of 7283 vehicles across 5 sites #atdr Wellington conducted in 2006. Full
details in Bluett & Dey, 2007.
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3. adopted the general split in table 11, but fursmit into fuel type and HCV
size using the VEPM default proportions for 2008,

4. used the VEPM default split for 2008 and ignoredahservations,

A further parameter in VEPM is the ambient tempeeat We have set this to the
campaign meaambient temperature of 12C for the Terrace Tunnel and 1@ for
the Mt Victoria Tunnet?

The full list of input parameters and model resates given in tables 13 and 14.

10.2Calculation of NO,/CO ratios

Two methods for converting observed NO and,NOncentrations (in ppb) to NO
concentrations (ipg m®) were adopted.

1. The “conventional” approach of calculating “Né@s NQ",
le.

NO, asNO,[1gm™] = NOJ ppb](mWNO j( Tho j +NO,[ ppb](mw“c’z j
M Myo M

wheremw= molecular weight, anl = molar volume at 0 °C and 1 atm. This

formula simplifies to
NO, asNO, [ gm ] = (NO[ gm™®] x1.533)+ NO,[ zgm]

2. An alternative approach in which we convert NO ax®, to ug m
individually using their individual molecular weitgh and sum the resulting
values.

Method 1 is adopted in reporting ambient monitordega. However, whereas the
fraction of NQ in NO, may be 20 — 80 % in the ambient atmosphere, inuheels
we observed average fractions of ~ 5 %, which whkeb® casts doubt on the
suitability of a 100 % assumption.

19 Air temperature was not measured inside the Terfamnel. The mean air temperature
inside the Mt Victoria Tunnel was I€.
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The difference between these two methods was te#tad 1 produced values of the
diurnal hourly average N@GCO ratio that were 50 % higher than those produmed
method 2 (see Table 12).

Table 12: calculated mean NQCO ratios by mass from observations in both tunnel using
methods 1 and 2 described in the text.

Terrace Tunnel Mt Victoria Tunnel
Mean NO,/CO ratio Method 1 0.21 0.19
Method 2 0.14 0.13
Inter-peak mean NO,/CO ratio Method 1 0.25 0.21
Method 2 0.17 0.14

In the case of both methods, the calculated rafovsthe Terrace Tunnel are
approximately 8 % higher than for the Mt Victorianiel for the whole dataset, and
16 % higher during the inter-peak period.
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Table 13: Input and output data for modelling of enissions in the Terrace Tunnel using VEPM 3.0.

All runs fleet composition fleet weighted emissions factors
PM;o PM FC | NOx/CO ratio
. Speed | speed | Speed b
Scenario | year rakestyr
Y Car Lev | Hev exhaust e | y100km
g/km g/km
1 2008 45 45 45 747%  51% 6.4%  13.2% 539 20350 035 0.75 0.03 0.01 8.84 0.14
2 2008 45 45 45 93.0%  0.0% 0.0% 6.0% 5.99 19460  0.38 0.73 0.01 0.01 8.64 0.12
3 2008 45 45 45 82.7%  103%  1.7% 4.3% 0.2% 0.2% 0.2% 0.4% 0.2% 550  199.62 036 0.77 0.04 0.01 8.72 0.14
4 2008 45 45 45 69.9%  8.7% 3.9%  101%  0.6% 1.6% 1.1% 3.0% 1.1% 499 23407 038 0.91 0.06 0.01 9.89 0.18

Table 14: Input and output data for modelling of enissions in the Mt Victoria Tunnel using VEPM 3.0.

All runs fleet composition fleet weighted emissions factors
PM;o PM FC | NOx/CO ratio
. Speed | speed | Speed b
Scenario | year rakestyr
Y Ccar tev | Hev exhaust | =5 0 ookm
g/km g/km
1 2008 70 70 70 74.7% 13.2% 5.01 187.36  0.28 0.82 0.03 0.01 8.15 0.16
2 2008 70 70 70 81.0%  0.0% 0.0%  140%  0.0% 5.0% 0.0% 0.0% 0.0% 5.04 190.06  0.30 0.82 0.03 0.01 8.23 0.16
3 2008 70 70 70 720%  9.0% 3.9%  101%  0.6% 1.0% 0.7% 2.4% 0.7% 474 20652 029 0.90 0.05 0.01 8.80 0.19
4 2008 70 70 70 69.9% 8% 3.9%  101%  0.6% 1.6% 1.1% 3.0% 1.1% 4.63 214.35 029 0.93 0.05 0.01 9.07 0.20
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