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Environment and Climate Change Canada showcases its research, development, and
service initiatives in meteorology, air quality, and health during the Pan and Parapan
American Games in 2015.

T

he Pan and Parapan American Games (PA15)
were hosted in the Toronto, Canada, area from
10 to 26 July and 7 to 15 August 2015 and were
the third-largest sporting event in the world. They
include many sports that are considered for future
inclusion at Olympic competitions. As a result, they
pose a greater forecast and warning services challenge
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than the Olympic competitions as there are more
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see the appendix), and health warnings.
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Fig. 1. A map of the main PA15 area showing the location of the venues and organization of the mesonet. The
labeled stations are vertical profiling sites. In the west is the Pearson supersite (YYZ), east is UOIT, north is
the ECCC/DOW site, and south is HAN.

Simcoe lying to the southwest, west, northwest, and
north, respectively (not shown). Lake-breeze (LB)
circulations are frequently observed during the summer. Showers and thunderstorms often develop along
the edge of LBs (Sills et al. 2002, 2011; Alexander 2012)
and can result in severe weather such as tornadoes
and flash floods (King et al. 2003; Boodoo et al. 2015).
LB circulations also affect AQ as they reduce mixing,
increase insolation, enhance secondary pollutant production, and transport pollutants and precursors both
horizontally and vertically (Brook et al. 2011; Levy et al.
2010; Hayden et al. 2011). Major highways and roads
transect the PA15 area and are a significant source of
local air pollutants. LBs also affect temperature and
humidity and can impact human health.
ECCC was mandated to provide enhanced monitoring for the provision of venue-specific public hazardous
weather, AQ, and health alerts and to support weathersensitive emergency services, policing, and transportation. Unlike the Vancouver Winter Olympic Games
(Doyle 2010; Joe et al. 2010), ECCC was not contracted
to provide sport-specific weather predictions.
ECCC had very positive experiences with previous international forecast demonstration projects
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that focused on thunderstorm and winter complex
terrain nowcasting (Keenan et al. 2003; Wilson et al.
2010; Duan et al. 2012; Isaac et al. 2014b; Kiktev et al.
2017). This included design and use of mesoscale networks (mesonet), the value of nested high-resolution
models, advancements in nowcasting system development, and the challenge of technology transfer
to operations and end users. A strategic insight was
to exploit the prestige and firm deadlines of major
events, such as PA15, to accelerate, coordinate, and
demonstrate research and operational development
projects. Within the context of PA15 and the related
challenges of providing urban-scale weather, AQ, and
health alerts and services, an integrated project called
the Environment Canada Pan and Parapan American
Science Showcase was initiated.
It initially focused on projects internal to ECCC
and included testing and demonstration of new observation technology (surface, upper air, and radar),
high-resolution meteorological and AQ modeling,
point nowcasting, a prototype forecast production
system, and the integration of new health initiatives.
This paper presents an overview of the research and
development activities. The operational and service
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Fig. 2. Three compact weather stations showing the typical nature of the site exposure. (left) WS601 sensor by
Lufft is located at the Henley rowing venue. (middle) WXT520 sensor by Vaisala is located near the tennis venue
at York University. (right) WS600 is mounted on the roof of the Toronto International Trap and Skeet venue.

activities are presented elsewhere [Johnston et al.
2017; ECCC 2016; more information can be found
online in the supplemental information (https://doi
.org/10.1175/BAMS-D-16-0162.2)].
The next sections provide a brief background,
description of the observation and modeling systems,
prototype forecast system, and the link to health services. The paper concludes with recommendations for
future urban projects. Acronyms, observation system
details, and meteorological overview are presented in
the appendixes.
BACKGROUND. Mesoscale features, such as LBs,
urban heat island circulations, and air pollutant distributions, interact with each other, affecting severe
weather, AQ, and heat episodes. Analysis of satellite
and radar imagery showed that cumulus clouds
develop along and at the intersection of low-level
boundaries (Purdom 1976; Wilson et al. 1998; Wilson
et al. 1994) that can also enhance existing and lead to
the development of severe thunderstorms [tornadoes,
severe wind gusts (>90 km h−1), large hail (>20 mm),
and flash flooding]. The distribution and production
rate of air pollutants are also affected by these boundaries (Brook et al. 2011; Levy et al. 2010). Contrasting
temperature, humidity, and wind on either side of the
LB can affect heat stress. Such boundaries include
sea–LB fronts, thunderstorm gust fronts, drylines,
and terrain-induced drainage and downslope flows.
In the Toronto area, the LB is a prominent cause
of low-level boundaries (Wentworth et al. 2015; Sills
AMERICAN METEOROLOGICAL SOCIETY

et al. 2011). To extend the lead time for hazardous
weather and refine AQ and heat alerts, a key science
question is the characterization and prediction of
LBs. The recent progress in high-resolution modeling has been remarkable, and key questions are at
what resolution and with which parameterization
schemes can salient features of the LB be captured
and adequately predicted?
Heat is one of the primary causes of human mortality and morbidity (Prüss-Ustün et al. 2016). A dense
urban mesoscale observation network was deployed
for PA15, and black globe thermometers (BGTs) were
added to initiate and support high-resolution health
initiatives. This provided a leap in capability and the
opportunity to demonstrate, for the first time, the
impact and value of high-resolution (time and space)
health predictions and alerts using both observations
and numerical predictions to support public health
response in risk-sensitive communities. Warning
thresholds were based on health evidence and served
to harmonize a patchwork of public health alerts,
which had been in effect in the past and limited to
observations made at airport-monitoring locations
in the PA15 area.
THE OBSERVATION SYSTEMS. The mesonet
of surface stations was assembled from a variety of
monitoring platforms and is summarized in Table 1,
Fig. 1, and the appendix “Meteorological overview.”
ECCC operated 30 existing automatic weather stations in the PA15 area. PA15 provided the opportunity
MAY 2018
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Table 1. Summary of observation systems. Status refers to whether the data were available to the ECCC data
management and forecast systems before (existing), during (PA15), or after (legacy) PA15. Also see Fig. A1.
Monitoring
platforms

Quantity

Reporting frequency and comments

Status within
ECCC

Mesonet (fixed location sampling)
ECCC operations 30

Standard operational observations, hourly and special

Existing

University of
Waterloo

1

Hourly observations

Existing

York University

1

Hourly observations

Existing

Auto8

3

New stations were established with standard operational observations
but with 1-min observations to fill critical gaps.

PA15, legacy

TRCA, GRCA,
and WSC

70+

Hourly and daily; partner data, part of the NoN cooperative data sharing strategy where the data are ingested and quality controlled by the
operational ECCC data management system

PA15, legacy

DND

3

Hourly; part of NoN

PA15, legacy

NAVCAN

11

Aviation observations every minute; part of NoN

PA15, legacy

ATMOS

10

Research-quality meteorological observations with 10-m winds; two
had compact weather stations

PA15

PA15 compact
weather stations

40

1-min observations, 2-m winds; 25 Vaisala WXT520; 15 Lufft
WS600/601; 20 deployed on roof tops, 20 deployed at ground level

PA15

AMMOS

3

Mobile vehicles with meteorological sensors

PA15

Western
University

1

Mobile vehicle with specific urban sensors. See Table A3 for details.

PA15

PA15 Sailing
Committee boats

2

Committee boats, deployed daily and collected data overnight while
at port throughout the summer; 1-s observations; WXT520 with AIRMAR magnetic flux compass

PA15

Mobile meteorological sampling

Air quality (fixed locations)
ECCC, MOECC,
UOT

2

Existing roadside monitoring sites; located at MOECC near Highway
401 and at University of Toronto downtown core sites. Part of the
NAPS data. See Tables A4–A6 for details.

Existing

ECCC, MOECC,
UOT

2

New roadside monitoring background sites; located at Hanlan’s Point,
south shore of Toronto Island, and at ECCC headquarters in Downsview. See Tables A7 and A8 for details.

PA15, legacy

Mobile air quality sampling
CRUISER

1

ECCC AQ laboratory. See Table A9 for details.

PA15, ongoing
research

MAPLE

1

University of Toronto AQ laboratory. See Table A10 for details.

PA15, ongoing
research

to add three additional stations to fill critical gaps in
the southwest Ontario area and the impetus to bring
in data (70+ stations) from other agencies as part of
a “network of networks” concept that remained after
PA15 (see Table 1 for a list of agencies). Ultraviolet sensors were deployed at four locations in the PA15 area.
A total of 42 compact stations (27 WXT520 by
Vaisala and 15 WS600/601 by Lufft) measured standard meteorological variables and were augmented by
BGT used to calculate the wet-bulb globe temperature, a heat stress index (Fig. 2). The stations used
924 |

solar panels and cell modems and were designed for
autonomous operations and rapid deployment. The
1-min data were acquired (Isaac et al. 2014a), and
derived variables (e.g., wind gusts) were defined on a
rolling 60 min. An evaluation (summer only) demonstrated good comparison against references (Klaassen
2016; see supplemental information).
The mesonet was conceived to support the PA15
venue forecast and alerting programs as well as for
high-resolution model validation. Hence, compact
weather stations were located at the venues and situated
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Table 1. Continued.
Monitoring
platforms

Quantity

Status within
ECCC

Reporting frequency and comments
Upper air (special)

King radar

1

Four launches per day (nominal launch times of 1200, 1500, 1800, and
2100 UTC)

PA15

Radar
King radar

1

ECCC dual-polarization C-band radar; operated with special 5-min
low-level scan cycle

Existing

Buffalo radar

1

NWS dual-polarization S-band radar

Existing

Satellite
GOES

1

NOAA rapid scan

PA15
Buoys

Wave rider

1

Directional wave spectra, wave heights, direction, period every 30 min

PA15

Watchkeeper

1

Marine variables every 10 min

PA15

Lidar
HAN Doppler
lidar

1

Fixed lidar on south side of Toronto Island, 3-m resolution in range,
constant elevation (PPI), constant azimuth (RHI), high-elevation wind
profiling, and vertical stare scans on an 11-min cycle.

PA15

MOB Doppler
lidar

1

Mobile lidar with WXT520; same scan strategy as HAN but on a
14-min cycle; lidar-collected data in vertical stare mode while in transit
or when stationed at the Downsview site; WXT520 with GPS

PA15

Supersites
Pearson supersite 1

Aviation nowcasting research site. See Table A11 for details.

PA15, ongoing
research

ECCC PUMS
supersite

Fog, satellite validation research site. See Tables A12 and A13 for details.

PA15, ongoing
research

1

Lightning
LMA

14

Lightning Mapping Array; collocated with 10 ATMOS sites

PA15, ongoing
research

CLDN

84

Stations are distributed across Canada and part of North American
Lightning Detection Network; new total lightning (cloud-to-ground and
enhanced cloud-to-cloud detection) sensors deployed in Toronto area.

Existing

to sample the LB along five transects (another line was
approximately parallel to the shoreline) with higher
spatial density near the shore. Data collection and
quality assurance used the ECCC operational data
management system. Siting weather stations in an
urban environment was a challenge (Oke 2008), and 20
were mounted on one- and two-story buildings. Wind
direction is a key parameter that is strongly affected
by building effects and urban canyons. However, for
the purposes of LB detection, the stations provided
adequate observations.
ECCC operated three mobile weather units,
AMMOS, over 22 days. Standard meteorological parameters, location, and particulate matter were sampled
at 1-s intervals (Fig. 3). Western University (WU) operated another mobile weather station that included air
and surface (road and wall) temperatures, humidity,
AMERICAN METEOROLOGICAL SOCIETY

and incident short- and longwave radiation (Wiechers
and Voogt 2017). These mobile observations within the
urban canyon focused on high-resolution simultaneous sampling (on the order of tens of meters) of the LB
front where sampling by fixed stations was not possible.
Sampling predominately occurred along north–south
routes between the Lake Ontario shore and areas
north of Toronto. In total, the vehicle traversed over
10,000 km, sampled 240 LB fronts and 7 thunderstorm outflow boundaries, along with 23 intra-urban
traverses that sampled eight different neighborhoods.
Meteorological sensors were deployed on two
buoys and two PA15 sailing committee boats. A standard WatchKeeper buoy monitored marine variables
and used a cell modem to transmit observations every
10 min. A TRIAXYS directional wave buoy reported
wave height, wave period, and wave direction every
MAY 2018
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Fig. 3. (top left) A vehicle-mounted AMMOS unit and (top right) predetermined routes. Routes were mainly
between the Lake Ontario shore and areas north of the highly urbanized parts of the greater Toronto area but
could be extended west to the Milton area and north to Lake Simcoe as needed. The star marks the “home
base” for the vehicles. (bottom) AMMOS data showing the rapid changes in temperature, dewpoint temperature, and relative humidity as the vehicle moved across the Lake Ontario lake-breeze front on the afternoon
of 26 Jul 2015. Areas with blue shading are in lake air.

30 min. For the boats, an AIRMAR magnetic flux
compass was used to adjust the WXT520 winds for
the changing orientation of the boats. Data were collected at 1-s intervals, and graphical products were
926 |

generated and available on board, with data transmitted every minute via cell modems. Figure 4 shows an
example of wind shifts of approximately 90-s duration
and 15° of azimuth. These wind shifts have previously
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Fig. 4. A 30-minute time series of 1-s wind (top) direction and (bottom) speed observed on a PA15 Sailing Committee boat (Port Credit Yacht Club, Heron II) showing a periodicity of about 90 s. Black dots are 1-s raw measurements, the red line is a 60-s running average, and the green line is a 600-s running average.

been qualitatively observed (Bethwaite 2010; D. Steenbergen 2015, personal communication) and are
conjectured to be atmospheric waves that modulate
the Ekman spiral wind profile and therefore result in
slight wind direction changes (A. Hainsworth 2016,
personal communication).
In addition to the long-term AQ network covering
the PA15 region, ECCC, MOECC, and UOT collaboratively operated four special sites to survey AQ. The
focus was to investigate near-roadway pollutant levels
to understand emissions and population exposures
(NAPS 2017; Jeong et al. 2010; Wang et al. 2015).
These sites were also the backbone for enhanced air
pollution measurements and testing new methods for
fine particulate matter <2.5 μm, physical and chemical characterization, and long-path turbulence and
gaseous pollutant measurement over the dense traffic occurring on Highway 401 that runs through the
middle of the city (You et al. 2017). Two of the sites,
added during PA15 at Hanlan’s Point on the south
side of Toronto Island and at ECCC headquarters
in Downsview in northern Toronto, provided background measurements for the two urban stations at
the UOT (downtown) and along Highway 401.
On board CRUISER, an ECCC mobile AQ laboratory, the latest technologies for detailed AQ research
were deployed and provided unprecedented maps
AMERICAN METEOROLOGICAL SOCIETY

of pollutants such as nitrogen dioxide, benzene, hydrogen cyanide, ozone, and particulate black carbon
(Levy et al. 2014). Mobile measurements, conducted
on 13 days, revealed different spatial scales of the
heterogeneity of urban air pollutants (Fig. 5), helped
assess performance of the 2.5-km resolution AQ
forecast model (GEM-MACHV2) and to assess the
emissions inventory requirements needed for modeling. Experience from PA15 guided the planning for
23 additional sampling days conducted across the
GTA and surrounding suburbs in September 2015
and January 2016. All these measurements were used
to derive new maps of multipollutant exposures for
use in future epidemiological research.
UOT operated the MAPLE (Jeong et al. 2015)
vehicular AQ laboratory. It focused on black carbon,
nitrogen dioxide, and particles among other parameters and demonstrated the high variability along the
major traffic highways within the urban environment
(Jerrett et al. 2009).
Two supersites provided both surface and vertical
profiling observations. The site at Pearson Airport
was designed for aviation nowcasting (Isaac et al.
2014a), and the site at the University of Ontario Institute of Technology focused on the model parameterization of fog and cloud processes and satellite
validation (Gultepe et al. 2014a,b, 2015, 2017).
MAY 2018
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Fig. 5. (top left) Composite of all CRUISER’s driving routes during and after PA15 to map multiple pollutant
concentrations for GEM-MACH v2 evaluation. The grids in the inset map and the main figure represent the
model grid squares (2.5 km). The main figure shows the PA15 benzene data (ppb) obtained using a proton
transfer reaction time-of-flight mass spectrometer at 1-s time resolution, plotted along the west-to-east Highway 407 (green indicates low concentration; orange indicates high concentration). The measurements were
segmented into 21 predefined 5-km sections for each passage along the highway (numbered in yellow boxes on
the main figure). (bottom right) The percentiles derived from the 1-s data within each section were determined
for each passage along the highway separately and then averaged to summarize the west-to-east variation in
benzene concentrations. The 5th percentile (lower blue line) provides an indication of the urban background
levels while the higher percentiles highlight parts of the city where benzene is systematically higher (hot spots).
The regional background concentration, which was below the detection limit for benzene, was determined
from the nearby semirural locations. The hot spot corresponds to an area with significant diesel truck and rail
traffic. The west-to-east variation in the blue line (5th percentile) reveals how the urban background benzene
builds up over the urbanized area but still exhibits spatial variability.

Two Doppler lidars (Halo Photonics, Streamline Pro model) were deployed. The fixed lidar was
positioned on the south shore of Toronto Island at
the Hanlan’s Point AQ site. The second lidar was
deployed on a truck and powered by a portable gas
generator. Figure 6 illustrates the vertical velocities
during an LB front passage on 28 July 2015.
A 14-station research lightning detection system (SOLMA) was deployed in the GTA to sample
928 |

the three-dimensional structure of individual light
strokes and f lashes (Rison et al. 1999; Sills et al.
2014). The objectives of this system, through integration with dual-polarization radar data, were to better
understand the microphysics related to lightning
initiation, to develop nowcasting techniques for
severe weather (heavy rain, strong winds, hail, and
tornadoes) to improve lead time for warnings, and
to evaluate new technologies used for operational
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Fig. 6. Vertical velocity from (top) the Doppler lidars located at DOW (~10 km inland and north of the shoreline) and (bottom) HAN during a lake-breeze passage. Gaps in the bottom panel indicate when the lidar was
not vertically pointing. The surface wind data (not shown) indicated that the lake breeze occurred at around
2000 UTC at DOW, coinciding with the dominant vertical velocity pattern in the Doppler data. The lake breeze
was not evident at HAN, which is at the south side of Toronto Island, indicating that the origin of the lake breeze
was north of the station. See Figs. 1 and A2 for locations.

lightning detection, including the GOES-based Geostationary Lightning Mapper (Goodman et al. 2013)
and improved sensors for the CLDN (Burrows and
Kochtubajda 2010). Figure 7 shows a comparison of
data from SOLMA and CLDN.
HIGH-RESOLUTION AND URBAN MODEL
DEMONSTRATION. A variety of models were
run for PA15 in experimental mode (run on the
operational computer on a medium-priority basis)
and are summarized in Table 2. The common theme
is high resolution and the physics and chemistry
required to capture details of the weather, AQ, and
health affecting the warning and alerting scales.
Numerical weather forecasting. Integration of different predictive components is a crucial step toward
weather forecasting improvement in highly urbanized
AMERICAN METEOROLOGICAL SOCIETY

areas (Grimmond et al. 2015). The GEM (Zadra et al.
2008; Girard et al. 2014) was operated in limitedarea mode (GEM-LAM) at various resolutions and
driven by RDPS (Fillion et al. 2010). The HRDPS is
run four times a day on a pan-Canadian domain at
2.5-km resolution (Milbrandt et al. 2016) and includes
advanced physics and soil moisture and surface temperature assimilation (Carrera et al. 2015).
Subkilometer (1 km and 250 m, GEM-LAM
Urban) urban modeling systems were set up over
the PA15 domain with inclusion of the TEB (Masson
2000). The configuration included an increase of the
near-surface vertical resolution to capture small-scale
atmospheric circulations, such as the LB interacting
with topography- and urban-induced modification of
the flow (Leroyer et al. 2014). Surface temperatures for
the Great Lakes were prescribed using 2-km hourly
output from a coupled lake–atmosphere forecasting
MAY 2018
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Fig . 7. Data from about 1.5-s duration from SOLMA. The CLDN reported a single cloud-to-ground lightning
flash (yellow triangle symbol on all graphs) though SOLMA shows an intricate cloud-to-cloud pattern stretching out to over 30 km in length. (top) A time–height graph with data color coded by time for interpretation
of (bottom left) the 2D ground map and (middle),(bottom right) the vertical projections.
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Table 2. Summary of modeling systems. Note that 1) all models were run on the operational supercomputer on the following decreasing priority: operational mode, experimental quasi-operational mode, and
experimental best effort (from user account), and 2) only operational models used in conjunction with
PA15 models are listed.
Name

Nominal
resolution

Brief description

GDPS

25 km

Operational; twice daily; global EnVar data assimilation; used to initiate RDPS

RDPS

10 km

Regional pan-Canadian operational with EnVar; four times daily; used to initiate HRDPS

2.5 km

Experimental, quasi operational; four times daily for 48-h forecast; one pan-Canadian window
and one window for the north; forced by CaLDAS (initial conditions of soil moisture and
temperature)

GEM-LAM
Urban

1 km

PA15; experimental best-effort basis; once daily, 24-h forecast; includes Town Energy Balance
model; forced by CaLDAS (initial conditions of soil moisture and temperature) and by NEMO
(hourly Great Lakes surface temperature)

GEM-LAM
Urban

250 m

PA15; experimental best-effort basis; downscaled from 1-km (Leroyer et al. 2014); once daily
for 24-h forecast; includes Town Energy Balance model; forced by CaLDAS (initial conditions
of soil moisture and temperature) and by NEMO (hourly Great Lakes surface temperature)

GEMMACHV1.5.1

10 km

Operational, 48-h forecasts for North America, run twice daily; atmosphere model based
on RDPS

2.5 km

PA15; experimental best-effort basis; run daily; domain covers eastern North America; updated traffic emissions for greater Toronto area; atmosphere model based on HRDPS

HRDPS

GEMMACHV2
GEM-CGL

2 km

GLEWPS

2.5 km

GLDWPS

1 km

Pa15DWPS

250 m

PA15; experimental best-effort basis; 2-km output of NEMO (water circulation model); twice
daily for 84-h forecast (atmosphere model at 10 km)
PA15; experimental best-effort basis; WW3 wave model, one control + 20-member ensemble; twice daily for 72-h forecast
PA15; experimental best-effort basis; WW3 wave model, four times daily for 48-h forecast
PA15; experimental best-effort basis; western Lake Ontario domain; WW3 wave model, once
daily for 24-h forecast

system (Dupont et al. 2012) based on the NEMO model. Forecasts started at 0600 UTC were valid for 24 h.
WBGT and UTCI heat stress indices were computed
for the 1-km and 250-m models. These products were
available at the forecast desk but also to the weather
and health web portal, providing unprecedented highresolution products for health authorities.
Evaluation of the urban modeling system was
conducted with the PA15 mesonet. Objective evaluation (May–August 2015) showed improvements at
the surface when compared with operational forecasts
or with the 2.5-km HRDPS model and as verified for
traditional meteorological variables of near-surface
air temperature and dewpoint temperature, precipitation, and wind speed. This is attributed to the
combined effects of high resolution and the inclusion
of urban thermodynamic and aerodynamic effects.
Precipitation statistics [>2 mm (6 h)−1] show an improvement in the probability of detection and in the
reliability of precipitation forecasts with 250-m grid
spacing (Fig. 8).
Figure 9a shows an example from the 250-m
urban GEM-LAM (0100 UTC 29 July 2015) where
AMERICAN METEOROLOGICAL SOCIETY

the warm air temperatures over the GTA were influenced by a persistent inland LB front, consistent
with the mesoscale analysis (Fig. 9b). The magnitude and spatial variability of human thermal stress
indices were evaluated using the mesonet (Leroyer
et al. 2018).
AQ modeling demonstration. ECCC generated highresolution (2.5-km resolution) AQ forecasts (Stroud
et al. 2011). This was the first test of ECCC’s nextgeneration AQ model (GEM-MACHV2) and included
new mobile emission inputs for the GTA based on
the recent Canadian on-road network database
(Zhang et al. 2012a,b; Su et al. 2010). The advection
and physics in the AQ model system were based on
the HRDPS. The model ran successfully every day,
generating 24-h products from the 0600 UTC model
run by 0900 UTC. ECCC also generated a near-realtime high-resolution chemical objective analysis (also
at 2.5-km grid spacing) for the first time [adapted
after Robichaud and Ménard (2014)]. This product
proved useful to forecasters in identifying model
biases in near–real time. For example, modeled ozone
MAY 2018
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Fig. 8. Objective evaluation of precipitation occurrence for the 250-m and 2.5-km GEM-LAM systems. (left)
Probability of detection and (right) false alarm ratio for the category above 2 mm of precipitation per 6 h.

concentrations were often overpredicted near the
lake on sunny days with light winds in the afternoon.
In the late afternoon of 28 July 2015, the Toronto
north AQ station and CRUISER mobile vehicle both
measured 90 ppbv of ozone. Figure 10a shows the
surface ozone predictions and winds at 2000 UTC,
along with the vertical cross section from south to
north (Fig. 10b). An LB front is evident from the
model winds, and it runs parallel to the lakeshore,
north of the urban core. The maximum predicted
ozone (100–105 ppbv) is located between Vaughan
and Brampton, which is in an area of surface wind
convergence (see cross section) and the location of
numerous transportation emission sources (including
major highways, rail, and airport).
The observed front [Figs. 10a (dashed line) and
10c] also runs parallel to the shoreline but does not
penetrate as far inland, just reaching Brampton but
south of Vaughan. The Brampton station (marked
as point 3 in Fig. 10a) recorded only 51 ppbv, while
the model predicted 80–85 ppbv. This difference
occurred because the modeled front was north of
the Brampton station while the observed front, the
Toronto north station (marked as as point 1), the
Burlington station (marked as point 2), and CRUISER
(marked as point 4) were south. They measured 87,
84, and 73 ppbv while the model predicted 80–85,
75–80, and 65–70 ppbv, respectively. Thus, the model
predicted reasonable concentrations for air masses on
either side of the LB front (see table inset in Fig. 10a).
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However, the location of the LB front was predicted
too far north. Figure 10b shows that the model predicted a classic LB circulation on this day.
Wave modeling. A wave forecast suite was developed
using WAVEWATCH III, version 4.18 (Tolman and
WAVEWATCH III Development Group 2014). The
suite consisted of a control plus 20-member ensemble
with grid spacing of 2.5-km covering the Great Lakes
driven by forecast winds from the regional ensemble
prediction system and two deterministic (1-km and
250-m grid spacing) wave prediction systems covering Lake Ontario. The ensemble was used to issue
warning of the likelihood of wave events exceeding critical thresholds with lead times of up to 72 h
[adapted after Bernier and Thompson (2015)]. The
probabilities were calculated based on the number
of members exceeding the predetermined threshold
of 1 and 2 m. Deterministic forecasts were also used
to refine the guidance with four daily updates at grid
spacing of 1 km, and a daily update at 250 m driven by
the GEM 250-m atmospheric forecast. At such resolution, the wind spatial variability can have considerable impacts on the wave forecast variability (Fig. 11).
Products were regularly updated at the forecast
desk and on the ECPASS website. Preliminary
validation against in situ buoys shows that both the
ensemble and deterministic systems performed well
and thus they have continued to produce experimental wave guidance after PA15.
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NEXT-GENERATION
FORECASTING AND
NOWCASTING DEMONSTRATION. A demonstration of prototype
forecasting and nowcasting techniques using an
objec t-based approach
(Sills 2009) involved four
E C C C m e t e or o l o g i s t s
working at two research
support desks (Sills and
Taylor 2008). The meteorologists created MetObject 1 analyses, nowcasts,
and forecasts focused on
operationa l severe and
h ig h-i mpac t weat her
warnings and forecasts using iCAST software (Sills
et al. 2009) and the Aurora
workstation (Greaves et al.
2001). ECCC is investigating the use of this approach
for operational warnings
and high-impact warning–related forecasts and
in particular of automated
generation of high-quality
“first guess” MetObjects
that would reduce the need
for forecaster modifications. This demonstration
focused on the associated
workload and workflows.
One desk focused on
hourly ana lyses of features important for the
development of thunderstorms and severe weather
(mainly synoptic fronts
and mesoscale boundaries such as LB fronts and
thunderstorm gust fronts),
w h i le t he ot her d e s kgenerated probabilistic
1

A MetObject is a geometrical representation of meteorological features
(thunderstorms, fronts, boundaries,
etc.) with attributes (e.g., intensity,
shape, and velocity). See Sills et al.
(2009).

Fig. 9. (a) Evening near-surface temperature and wind vector maps of the
250-m urban GEM-LAM at 0100 UTC 29 Jul 2015. The black line is the forecasted lake-breeze front and the dashed white line is from the subjective
mesoanalysis. (b) The meteorological station plots, radar data, and analyzed
lake-breeze front [dashed white line in (a)].

AMERICAN METEOROLOGICAL SOCIETY

MAY 2018

| 933

Unauthenticated | Downloaded 01/09/23 02:49 PM UTC

Fig. 10. (a) GEM-MACHV2 predictions at 2000 UTC 28 Jul for surface ozone, (b) vertical cross section from south
to north shown in (a) through points A, B, and C, and (c) the mesonet analysis for the lake-breeze front. Also
included in (a) is a table with modeled and observed concentrations at three stations (points 1–3) and CRUISER
(point 4). The dashed line is the diagnosed location of the lake-breeze front from (c). Orange lines are the locations
of major highways. The Y axis in (b) is the altitude above ground using the model hybrid pressure–terrain coordinate system. Physically, the values of 1.0, 0.9, and 0.7 correspond to the surface, 1 km, and 3 km above the ground.

thunderstorm forecasts at 3-h intervals for day 1
(1800, 2000, and 0000 UTC) and 6-h intervals for
days 2 and 3 (0600, 1200, 1800, and 0000 UTC).
The MetObject analyses could be shared between
the two desks (see Fig. 12) as necessary and collaboration was encouraged. They were available to
the OSPC forecasters, PA15 forecasters, and briefers
in real time.
The skill of human-generated forecasts relative
to automated NWP-based guidance was evaluated.
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Real-time verification scores were available following
each shift so that meteorologists could assess their
performance while forecast decisions were still fresh.
Verification statistics using data will be the focus of
a future publication.
AUTOMATED VENUE NOWCASTING. A
blended nowcasting system for the 17 venue locations was demonstrated. Multiple NWP model
forecasts (the 250-m, 1.0-km, 2.5-km, and 10-km
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model outputs) were bias
corrected and combined
using a dynamically adjusted weighting approach
based on the observations
by the INTW nowcast system (Huang et al. 2012).
Updates were available every 10 min for real-time
use with other forecasts
and nowcasts (Fig. 13). The
nowcasts from INTW were
c ompa re d to t he N W P
models, to the operational
scribe INCS (C. Landr y
et al. 2012, personal communication), and to persistence. Preliminary verification results (Huang 2016)
show that for temperature,
relative humidity, and wind
speed, INTW performed
considerably better than
the other methods. INCS
performed well for temperature but had very large errors for wind speed. Neither
method performed well for
wind direction.
HEALTH INITIATIVE.
PA15 represented a unique
opportunity to develop a
portfolio of activities designed to enhance existing
weather- and health-related
service offerings (such as
the air quality health index
and heat warning and information system) and to
utilize partnerships, technology, and expertise to
forge possible new service
directions. Over 30 different groups representing
federal, provincial, and municipal governments, local
Fig. 11. The (a) 250-m and (b) 1-km significant wave height (colors) and wind
public health, academia,
speed (wind barbs). Wave heights from four buoys are shown in colored circles.
public education, and the
private sector cooperated
in developing numerous initiatives and their dem- a brief description of only a few such activities [see
onstration, leveraging the PA15 observations, Johnston et al. (2017), provided as supplemental
modeling, and forecasting assets. The following is information, for details].
AMERICAN METEOROLOGICAL SOCIETY
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Fig. 12. Research support desk–generated MetObject-based products for 24 Jul 2015 including (top) a composite
synoptic prognosis plot with forecaster-assessed fronts, troughs, jets, and mesoscale boundaries valid at 1800 UTC
as well as thunderstorm and severe weather threat areas valid 1800–2100 UTC and (bottom) a composite mesoscale
analysis plot showing forecaster-assessed lake-breeze fronts based on satellite imagery, radar data, and mesonet
observations valid at 1800 UTC. Synoptic-scale features were identified using standard operational meteorology
methods while mesoscale boundaries were identified using techniques described in Sills et al. (2011).
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Fig. 13. INTW nowcasts for temperature, relative humidity, wind direction, and wind speed for the Royal Canadian Henley (RCH/Z4W) venue site on the north shore of the Niagara peninsula. The gray vertical line is T0 at
1640 UTC. To the left of T0, INTW 1-h nowcasts are compared against observations. To the right of T0, INTW
nowcasts generated in 10-min time steps out to 8 h and valid for 1640 UTC are shown. Forecasts are from the
RDPS (10 km) and HRDPS (2.5 km, 1.0 km, and 250 m). INCS nowcasts were not available in real time but are
shown for comparison. In this particular case, all models were predicting the Lake Ontario lake breeze would
affect the site near 1400 UTC (wind shift to north-northwest), but observations show that the lake breeze did
not arrive there before 1640 UTC (wind remaining from the south). Later observations indicate that the lake
breeze did, however, arrive at the station by 1800 UTC (see Fig. 12).
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PA15 served as a catalyst for the implementation of a new health evidence-based heat warning
information system. This impact-based service was
developed over 2.5 years, in collaboration with HC,
PHO, MHLTC, and local PHUs. An integral part
of this multiagency undertaking was to shift the
ECCC heat warning criteria from those based on
climatology to those based on an epidemiological
analysis from PHO. Using these new multiregional
warning criteria, SOPs were developed to create an
early notification service for public health decisionmakers and community partners. These services
supported early mobilization of community partners
to reduce heat–health risk, especially for those most
vulnerable. Under the collaboration, the MHLTC
established similar SOPs to support the PHU to use
the new early notification service and warnings and
to harmonize communications and response actions.
New streamlined health messages, developed by HC
and vetted by the partners (above), provided impacts
and call-to-action statements to reduce heat–health
risk. Those messages were integrated into the public
heat warnings issued by the forecasters at the OSPC,

18–24 h in advance of the heat event. This integrated
alert/response approach tested during PA15 subsequently served as the model for the modernization of
heat warnings in other Canadian provinces.
The AQHI was implemented in Ontario for the
summer of 2015 in collaboration with MOECC and
MHLTC (Stieb et al. 2008; ECCC 2017a). A feature of
the Ontario implementation was the development of
public alerts in the form of special AQ statements or
smog and air health advisories when either the AQHI
was forecast for high risk or forecast concentrations
of ground-level ozone exceeded provincial guidelines.
The two additional stations contributed to a roadside
monitoring initiative (described above) and increased
the number of forecast locations to eight. It also allowed for public testing of a new rolling 1-h AQHI
forecast (for the next 18 h).
New low-cost, real-time UV instrumentation was
deployed and tested along with UV alerts when the
UV index was forecast to reach 8 or above. A new UV
index model (Tereszchuk et al. 2017) was also implemented using assimilation of satellite column ozone
data and forecasts of UV spectral band irradiances

Fig. 14. Composite image from the weather and health decision-support portal showing overlays of real-time
radar, alert layer, and mesonet data.
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(Li and Barker 2005) from a development version of and women’s soccer matches in Hamilton on 26 July
GEM with linearized ozone chemistry (de Grandpré and coincided with a maximum in heat-related emeret al. 2016). The current ECCC operational UV index gency response calls.
model (Burrows et al. 1994; He et al. 2013) relies on a
statistical and empirical approach using weather condi- SUMMARY. A high-level overview of the ECPASS
tions and sparsely distributed ground-based column project has been presented. This was initiated as an
ozone measurements. An assessment of the feasibility internal project to showcase the research and innovaand timeline for augmenting the existing service with tions within ECCC. The prestige of PA15; the severe
the enhanced model is currently underway.
weather, AQ, and health warning challenges at urban
A weather and health decision-support portal for scales; and the firm deadlines provided a natural
public health units in the PA15 area was established motivation to coordinate, to focus normally separate
in collaboration with KFLA. The ECCC Alert-Me research activities, and to accelerate the technology
service, a push email service, was enhanced with transfer process. There is much specific research to be
health-related alerts and links to the portal. All done and include the following: urban meteorological
forecasts, alerts, mesonet data, and enhanced mod- monitoring and its data quality control; high-reso
eling data for risk factors (heat, AQ, and UV) were lution assimilation and modeling; understanding LB
made available geospatially, in real time, to support characteristics and their impact on severe weather;
decision-making (Fig. 14). The functionality built for high-resolution AQ analysis for model initialization;
PA15 and much of the ECCC data were transferred risk communication of high-resolution weather, air
to the KFLA’s Public Health Information System at quality, and heat warnings; societal impacts studies;
the conclusion of PA15, as will be the threshold-based development of wind-wave stress parameterizations
alerting for AQHI through
ECCC’s Alert-Me service.
University of California,
San Diego, and Texas Tech
University researchers obtained EMS ambulance data
to explore in detail the effects
of heat on human health.
Normally these types of studies are restricted to only a
single observation station
for the entire urban area.
Research will focus on determining which heat stress
index/model—the WBGT,
Humidex, or t he physically based COMFA model
(Brown and Gillespie 1986;
Vanos et al. 2012; Graham
et al. 2016)—is able to best
predict heat-related EMS
calls. Figure 15 shows the
variability of the average of
the daily maximum WBGT
(Herdt 2017), which allows
for preparing strategic public
health response plans (e.g.,
cooling station placement)
Fig. 15. Station-specific WBGT index values (average of the daily maximum
during extreme heat events.
hourly value; °C) across the games area. Each circle represents an individual
The maximum instantastation; color and size reflect the magnitude of the WBGT, with darker
neous value of 27.8°C was
and larger circles indicating a higher value. This shows the variability of the
measured during the men’s
WBGT. Normally only a single value is available.
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THE DATA LEGACY

T

he operational data (mesonet, upper
air, and air quality) from the project
are available on the Government of
Canada’s data portal (ECCC 2017b)
and the NAPS data portal. Research
datasets will appear as they are quality controlled. Quicklook products
(images, movies) from radar and lidar
are available. An hourly analysis of the
positions of LB fronts (with accuracy of
about 1 km; Sills et al. 2011) and other
weather features was done. For selected
periods of interest, the analysis was
done at time intervals down to 5 min.
The availability of the legacy dataset was announced at a full-day event

organized in conjunction with the
International Workshop on Air Quality Forecasting (Stroud et al. 2017) in
an effort to highlight the synergistic
efforts of scientists from different
disciplines required to understand and
forecast the urban environment, share
the lesson learned, and inspire similar
initiatives worldwide. The event was
capped with a panel discussion on the
directions of urban environmental
prediction systems, current challenges, and opportunities to address
them. The panel underlined the need
for coordinated studies in different
urban environments to maximize

using wind profiles derived from the Doppler lidar and
wave buoy observations; investigation of the appropriate turbulence scheme for different model resolutions;
characterization of the urban environment on weather;
and the effective monitoring and impact of roads and
heavy car traffic on air quality.
It is abundantly clear that there must be a match
in scale (spatial and temporal) among the observations, the model, and the model physics; otherwise,
the predictions are unverifiable. Developments in
monitoring technologies, data sharing, observation
standards, and appropriate data quality analysis at
high resolution are needed. Model improvements
include better representation of the underlying urban
surface, increased vertical resolution in the boundary
layer, and better understanding and representation of
physical processes and high-resolution assimilation
techniques. There must also be a match in scale between the services and the predictions; otherwise, it is
not an efficient use of resources. Many of the end users are far from being able to use the high-resolution
predictions. Engagement with end users, perhaps in
a test bed environment, is needed to bridge this gap.
The mesonet initiative acquired data, for the first
time, from other agencies through the operational data
management system. Observational legacies include
three additional surface stations, the capability to
operationally collect 1-min data, and new definitions
for wind gust, leading to a better understanding of meteorological and chemical processes. The mesonet data
were supplemented with black globe temperature sensors, which were complemented by high-resolution heat
stress model predictions (1-km resolution out to 24 h)
that represented a revolution for health authorities.
940 |

the scientific relevance in light of the
costs of working in such settings and
highlighted gaps in such aspects as
data assimilation and verification at
the urban scale, all of which require
good coverage from multiple sensors
and observational platforms. Panel
members called for the need for a
rapid evolution of the scientific capacity to adapt and exploit technological
advances from low-cost sensors to
probabilistic modeling, a need driven
by a growing appetite for information
at a scale and altitude where it directly
matters to citizens.

The compact stations performed well in the summer environment. Small, low-cost AQ sensors were
deployed and tested and now routinely provide new
information on the variability of various chemical species in the urban environment. Doppler lidars provided
low-level wind and vertical motion information. A new
AQ monitoring site was permanently established at
ECCC headquarters. CRUISER data from 13 driving
days during PA15 and 23 additional days (post PA15)
lead to improved GEM-MACHV2 parameterizations
and also to new empirical models of urban-scale air
pollutant exposures for use in epidemiological research
(Stroud et al. 2014; Moussa et al. 2016).
The data from PA15 validated the environmental
and health prediction systems and enable their rapid
technology transfer from research to operations.
GEM-MACHV2 is now the operational version of
Canada’s operational AQ deterministic forecasting
system (Makar et al. 2015).
It also supported the development of the first-ever
Great Lakes ensemble wave forecast system. In addition, high-resolution deterministic systems were
used to study the impact of wind spatial variability
on the wave fields. The Great Lakes deterministic and
ensemble forecast systems are expected to become
operational in the near future.
The forecast process using MetObjects was demonstrated to be effective and led to service production
efficiencies. Nowcasting using the combination of
observations and multiscale models using the INTW
system showed that it outperformed current operational techniques.
PA15 was invaluable in galvanizing partner/stakeholder interest and creating the internal momentum
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to strengthen existing and introduce new weatherrelated health services. It served as a catalyst for
implementing the AQHI in the province and associated reporting/forecasting and launched a new health
evidence-based heat warning service. In addition,
demonstration/showcase activities included the use of
e-mail technology to push alerts to decision-makers
and testing of a new UV index, which will underpin
future national service offerings. The technology
and expertise tested during the PA15 has not only
improved ECCC’s relationship with the health community but served to sharpen the justification for
modernizing decision support tools for temperature
warnings. From a health services perspective, the
experience of PA15 has had a direct, positive, and
lasting legacy.
The data from the project has been preserved for
sharing through the Government of Canada open
data portal (ECCC 2017b). There is much to be explored and investigated. The focus of the project was
on the LB. However, quantifying the urban impact
on the development of the LB is just beginning to
be explored in the 250-m GEM-LAM through the
mesonet and via Doppler lidar data (Mariani et al.
2018). Analysis with proprietary emergency services
data allows for a detailed exploration of the effects of
heat on human health. Such capability is a revolution
and will take time for societal benefits to be realized.
It is estimated that 70% of the world’s population will reside in urban environments by 2050, and
the greatest change will be in developing and least
developed countries (Zhu et al. 2012). Health will be
dependent on the health system and urban infrastructure (www.canue.ca) but also on the environment
(Villeneuve et al. 2013; Smith et al. 2014; Crouse
et al. 2015). Future projects will require even greater
integration of meteorology, AQ, and health sciences
observational and modeling tools.
In PA15, the responsibility for AQ and health
warnings and research are at multiple levels of government and with different agencies within each level.
The focus on urban scales is implicitly high resolution
APPENDIX: ACRONYMS.
AMMOS
Automated Mobile Meteorological
Observation System
AQ
Air quality
AQHI
Air quality health index
ATMOS
Atmospheric Transportable Meteorological Observing System
AURORA
Name of a workstation and application software
AMERICAN METEOROLOGICAL SOCIETY

(hundreds of meters), which is emerging in operational atmospheric numerical weather prediction and
within the expertise of national meteorological and
hydrological services. It is also required to adequately
capture the impact of major roadways and industries
on air quality and on the impact of urban flooding. The integration of these services is emerging
in cities throughout the globe (WMO 2017). Given
that the efficient and effective provision of urban
services are interrelated and often the jurisdiction
of different agencies, leadership, cooperation, and
collaboration among different levels of government
and different scientific sectors is therefore necessary.
The challenges are diverse and local to each city, and
as the concepts are nascent, a comparative study is
recommended in order to identify underlying core
concepts that can be shared globally for efficient
implementation.
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BGT
BRF
CaLDAS
CLDN
COMFA

Black globe thermometer
Broadband radiative flux
Canadian Land Data Assimilation
System
Canadian Lightning Detection
Network
Comfort Formula (a human heat
balance model developed in southern Ontario and tested in Toronto)
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CRUISER
DAS
DMA
DND
DOW
ECCC
ECPASS
EF
EMS
EnVar
FAR
FMD
FSOS
FTIR
GAW
GCIP
GDPS
GEM
GEM-LAM
GEM-MACHV1.5.1
GEM-MACHV2
GEM-CGL
GLEWPS
GLDWPS
Pa15DWPS
GRCA
GTA
GOC
GOES
GPS
GURME
HAN
HC
HRDPS
iCAST
INCS
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Canadian Regional Urban Investigation System for the Environment
and Research
Data acquisition system
Differential mobility analyzer
Department of National Defense
Downsview ECCC headquarters
Environment and Climate Change
Canada (formerly Environment
Canada)
ECCC Pan and Parapan American
Science Showcase
Enhanced Fujita (tornado rating)
Emergency Management Services
Ensemble–variational
False alarm rate
Fog measuring device
Fog and Snow Observing System
Fourier transform infrared spectrometer
Global Atmospheric Watch
Ground Cloud Imaging Probe
Global Deterministic Prediction
System
Global Environmental Model
GEM Local Area Mode
GEM Model Atmospheric Chemistry Version 1.5.1
GEM Model Atmospheric Chemistry Version 2
GEM Coupled Great Lakes with
NEMO
Great Lakes Ensemble Wave Prediction System
Great Lakes Deterministic Wave
Prediction System
PA15 Deterministic Wave Prediction Systems
Grand River conservation area
Greater Toronto area
Government of Canada
Geostationary Operational Environmental Satellite
Global positioning system
GAW Urban Research Meteorology
and Environment
Hanlan’s Point
Health Canada
High Resolution Deterministic
Prediction System
Interactive Convective Analysis
and Storm Tracking
Integrated Nowcasting System

INTW
IOGAPS
IWAQFR
KFL&A
LB
LWC
LMA
MAP
MAPLE
MHLTC
MOB
MOECC
MOH
NAPS
NAVCAN
NEMO
NOAA
NoN
NWP
OR
OSPC
P
PA
PA15
PAH
PARSIVEL
PAX
PHO
PHU
PIR
PM
PM2.5
POD
PPI
PTR-TOF-MS
PUMS
qv
RDPS
RH
RHI

Integrated nowcasting by weighting
Integrated organic gas and particle
sampler
International Workshop on Air
Quality Forecasting and Research
(science workshop)
Kingston Frontenac Lexington and
Addision (local health authority)
Lake breeze
Liquid water content
Lightning Mapping Array
MetOne aerosol profiler
Mobile Analysis of Particulate in
the Environment
Ontario Ministry of Health and
Long-Term Care
Mobile lidar
Ontario Ministry of Environment
and Climate Change
Ministry of Health (provincial)
National Air Pollution Surveillance
Navigation Canada
Nucleus for European Modelling
of the Ocean
National Oceanic and Atmospheric
Administration
Network of Networks
Numerical weather prediction
Outgoing radiation
Ontario Storm Prediction Centre
Pressure
Precipitation accumulation
Pan and Parapan Games 2015
Polycyclic aromatic hydrocarbons
Particle Size Velocity
Photoacoustic extinctometer
Public Health Ontario
Public health unit
Precision infrared radiometer
Particulate matter
Particulate matter less than 2.5 µm
Probability of detection
Plan position indicator
Proton transfer reaction time-offlight mass spectrometer
PanAm UOIT Meteorological
Supersite
Water vapor mixing ratio
Regional Deterministic Prediction
System
Relative humidity
Range–height indicator
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SAQS
SHARP
SI-131
SOLMA
SOP
SP2
SP-TOF
ST
T
TEB
TRCA
UOIT

Special air quality statements
Synchronized Hybrid Ambient,
Real-Time Particulate
Sensor infrared model 131
Southern Ontario Lightning Mapping Array
Standard operating procedure
Single-particle soot photometer
Soot particle-time of flight
Sensor temperature
Temperature
Town Energy Balance Scheme
Toronto and Region Conservation
Authority
University of Ontario Institute of
Technology

UOT
UTCI

University of Toronto
Universal thermal and climate
index
Ultraviolet
Vertically pointing radar
Volatile organic compound
Wet-bulb globe temperature, computed from model
World Meteorological Organization
Web mapping service
Water Survey of Canada
Western University
Wave Watch 3 lake circulation
model

UV
VPR
VOC
WBGT
WMO
WMS
WSC
WU
WW3

APPENDIX: METEOROTable A1. Observed values from Toronto Pearson Airport for both Jul
LOGICAL OVERVIEW.
and Aug compared to 1981–2010 Canadian climate normals.
During 10 July–15 August,
Max
Avg max
Min
Avg min
Avg
Rainfall
southern Ontario experi(°C)
(°C)
(°C)
(°C)
(°C)
(mm)
enced fairly typical summer
Jul (2015)
32.6
27.2
11.0
15.9
21.6
24.4
weat her. Ma x imum temJul (normal)
—
27.1
—
15.8
21.5
75.7
peratures exceeded 30°C
on about one-third of the
Aug (2015)
32.6
25.5
10.9
15.8
20.7
61.6
days (Table A1), and heat
Aug (normal)
—
26.0
—
15.1
20.6
78.1
warnings (Table A2) were
issued for 18–19 and 27–30
July. Nearshore lake temperatures in the PA15 area watches and warnings were issued on 19 July, 2 Auranged mainly between 17° and 24°C, though there gust, and 14 August. On 2 August, storms with widewas a period of upwelling alongshore near Toronto spread damaging winds, large hail, and tornadoes
from 30 July to 9 August that resulted in water tem- (four, ranging from EF1 to EF2) were also verified.
peratures there as low as 12°C.
A rainfall warning was issued for the northern part
AQHI reached “moderate” on about one-third of the PA15 area on 14 July.
of the days and reached high only twice on 12 July
LBs from Lake Ontario, Lake Erie, Lake Simcoe,
(broad scale) and again in Toronto and Burlington Georgian Bay, and even Lake Huron occurred on an
on 28 July (urban-scale event) when special air qual- almost daily basis in the PA15 area (34 of 37 days).
ity statements were issued.
Multiple days of LB activity are common in the Great
Thunderstorms developed on roughly half of the Lakes region (Sills et al. 2011). There was an impresdays during the PA15 period. Severe thunderstorm sive 21-day episode from 18 July to 11 August.

Table A2. The occurrence statistics for various conditions/events during the games period. Days are
defined in local time, and the area considered is within a 100-km radius of Toronto Pearson Airport.
Lake-breeze
days

Thunderstorm Severe weather
days
days

AQHI ≥ 4

No. of days
≥30°C

Pan Am (17)

16

7

2

12

6

Intergames (11)

11

6

4

5

6

Parapan Am (9)

8

5

0

5

1

Total (37)

35 (95%)
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18 (49%)

6 (16%)

22 (59%)

13 (35%)
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A PPE N D I X : O B S E RVATI O N SYSTE M
INSTRUMENTATION. This appendix provides
a summary of the various instrument platforms.
Figure A1 shows the surface monitoring observations officially available to operational forecasters
before (left), during (middle), and after (right)
PA15. The after-PA15 network (legacy) consisted of

three new stations and existing stations from PA15
partners but now included into the operational
monitoring system (see Table 1). In addition, the
data can be collected every minute. See Fig. A2 for
the location of the roadside monitoring and supersites (Tables A3–A13), which continue to operate as
ongoing research sites.

Fig. A1. Surface station locations before, during, and after PA15, showing the legacy for the operational forecasting system. The data management system is also capable of processing 1-min data. Black dots are existing
meteorological sites. Magenta triangles are existing NAPS sites. Black diamonds are operational radar sites.
Magenta squares are roadside initiative air quality sites. Red dots, squares, and crosses are research sites
(ATMOS, LMA, and supersites, respectively). Cyan dots are compact sites. Yellow triangles are UV sites. Black
and red stars are operational and research buoys, respectively.

Fig. A2. Location of roadside initiative (UOT and 401), roadside initiative background stations (DOW and HAN),
Pearson Airport supersite (YYZ), and University of Ontario Institute of Technology supersite (UOIT) against
a simplified land-use background. The Doppler lidars were located at HAN and DOW (when not mobile). Gray
and brown are urban settlements, shades of green and yellow are rural, and blue is water.
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Table A3. University of Western Ontario mobile weather station. Note that the viewing angle for the roadfacing infrared radiometer was 40° (relative to nadir view = 0°), and radiative surface canyon wall temperatures may include a mix of sky and other obstructions while the station is in motion. All air temperature
sensors were placed inside aspirated radiation shields.
Instrument and model

Measurement

Company

Height (cm)

Pyrgeometer, PIR

Incoming longwave radiation

The Eppley Laboratory Inc.

253

Infrared radiometer (right facing), SI-131

Radiative surface canyon wall
temperature

Apogee Instruments Inc.

313

Infrared radiometer (left facing),
SI-131

Radiative surface canyon wall
temperature

Apogee Instruments Inc.

321

Fine wire thermistor, ST-200

Air temperature

Apogee Instruments Inc.

242

Pyranometer, TSP-400

Incoming shortwave radiation

Yankee Environmental Systems
Inc.

271

GPS, 16X-HVS

X, Y, Z coordinates

Garmin International Inc.

247

Thermistor and hygrometer,
HC2S3

Air temperature and relative
humidity

Campbell Scientific Inc.

273.5

Thermocouple, Type T (24
AWG)

Air temperature

Omega Engineering Inc.

273.5

Infrared radiometer (road facing), SI-1H1

Radiative surface road temperature

Apogee Instruments Inc.

215

Data logger, CR3000

DAS

Campbell Scientific Inc.

—

Table A4. Roadside monitoring at MOECC’s station near Highway 401.
Instrument

Measurement

Model 42i NO–NO2–NOx Analyzer

NO, NO2 , and NOx

Manufacturer
Thermo Scientific

Model 48i-TLE Enhanced Trace Level CO Analyzer CO

Thermo Scientific

Model 49i Ozone Analyzer

O3

Thermo Scientific

Model 43i SO2 Analyzer

SO2

Thermo Scientific

Model 5030 SHARP Synchronized Hybrid Ambient,
Fine particulate matter (PM2.5) Thermo Environmental Instruments Inc.
Real-time Particulate Monitor
Model 3031 Ultrafine Particle Monitor

Total particle counts

TSI Inc.

Model 651 Ultrafine Particle Monitor

Total particle counts

Teledyne

Black carbon/elemental
Model-4 Semi-Continuous Carbon Aerosol Analyzer
carbon

Sunset Laboratories

Model 633 Black Carbon Monitor

Black carbon

Teledyne

Xact 625 Monitoring System

Trace metals

Cooper Environmental

Aerodyne Chemical Speciation Monitor

Particulate chemical speciation Aerodyne Research Incorporated

Table A5. ECCC long baseline roadside monitoring at Highway 401 site.
Instrument
Open-path FTIR

Parameter
Gaseous pollutants

Boundary layer scintillometer Sensible heat flux
AMERICAN METEOROLOGICAL SOCIETY

Manufacturer and model
Bruker, Germany
BLS 900, Scintec, Germany
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Table A6. Roadside monitoring at UOT in downtown Toronto.
Parameter

Instrument type

Model

Time resolution

NO, NO2

Chemiluminescence analyzer

Thermo Scientific 42i

20 s

CO

Gas filter correlation infrared gas
analyzer

Thermo Scientific 48C

10 s

O3

UV photometric analyzer

Thermo Scientific 49i

10 s

CO2

Nondispersive infrared gas analyzer

Thermo Scientific 410i/Li-Cor
LI-840A

1s

Particle number

Condensation particle counter

Teledyne API M651a

2s

Particle number and size
distribution

Electrical mobility spectrometer

TSI 3031 ultrafine particle
monitorb

Particle number and size
distribution

Electrical mobility spectrometer

TSI 3091 Fast Mobility Particle
Sizerc

1s

Black carbon

Light absorption measurement

Magee AE33 7 λ aethalometer

5 min

Particle-bound PAHs

Photoelectric aerosol sensor

EcoChem PAS 2000

1 min

Trace metal

X-ray fluorescence

Cooper Environmental Xact-625

1h

Organic/elemental carbon

Thermal–optical carbon analyzer

Sunset Laboratory OC/EC

2h

Organic/inorganic aerosol

Aerosol mass spectrometer

Aerodyne Aerosol Chemical
Speciation Monitord

PM2.5 mass

Nephelometry/radiometric mass
monitor

Thermo Scientific SHARP 5030

10 min

30 min
1 min

Particle size range of 7–1,000 nm.
Particle size range of 20–450 nm.
c
Particle size range of 6–580 nm.
d
Particle size range of ~40–1,000 nm.
a

b

Table A7. Roadside monitoring background by UOT on Toronto Island (HAN) site.
Parameter

a
b

Instrument type

Model

Time resolution

NO, NO2

Chemiluminescence analyzer

Thermo Scientific 42i

1 min

CO

Gas filter correlation infrared gas
analyzer

Thermo Scientific 48C

1 min

O3

UV photometric analyzer

Thermo Scientific 49i

1 min

CO2

Nondispersive infrared gas analyzer

Li-Cor LI-840A

1 min

Particle number

Condensation particle counter

Teledyne API M651

Particle number and size
distribution

Electrical mobility spectrometer

TSI 3031 ultrafine particle monitorb

Black carbon

Light absorption measurement

Magee AE33 7 λ aethalometer

5 min

Particle-bound PAHs

Photoelectric aerosol sensor

EcoChem PAS 2000

1 min

PM2.5 mass

Nephelometry/radiometric mass
monitor

Thermo Scientific SHARP 5030

1 min

a

1 min
10 min

Particle size range of 7–1,000 nm.
Particle size range of 20–450 nm.
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Table A8. Roadside monitoring background by ECCC at DOW site.
Instrument

Parameter

Manufacturer and model

HS-LII

Black carbon

Bachalo Technologies Inc.

Nano-DMA

Particle size distributions

TSI Inc.

PAX

Light absorption and scattering

Droplet Measurement Technologies

SP2

Black carbon

Droplet Measurement Technologies

SP-ToF-aerosol mass
spectrometer, no heater

Black carbon and its nonrefractory coatings

Aerodyne Research Inc.

SP-ToF-aerosol mass
Total nonrefractory particle-bound chemical species <1 µm
spectrometer, with heater

Aerodyne Research Inc.

PTR-TOF-MS

VOCs

IONICON Analytik

Airpointer

O3, NOx , PM2.5

Recordum

IOGAPS

Total organic and elemental carbon on fine particles, polycyclic aromatic compounds on fine particles and in the gas
phase, tracer organic compounds on fine particles (e.g.,
fatty acids, cholesterol) for source apportionment

University Research Glassware

Ultra-high sensitivity
aerosol spectrometer

Optical particle counts

Droplet Measurement Technologies

Table A9. ECCC CRUISER mobile air pollutant measurements.
Instrument

Parameter

High-sensitivity laser-induced incandescence

Manufacturer

BC

Bachalo Technologies Inc.

Off-axis integrated cavity output spectroscopy NO2

Los Gatos Research Inc.

High-resolution chemical ionization mass
spectrometer

Toxics such as HCN, HNCO

Aerodyne Research Incorporated

Condensation particle counter

Total particle counts

TSI Inc.

Proton transfer reaction time of flight mass
spectrometer

VOCs such as benzene, toluene, xylenes, acrolein

IONICON Analytik

Chemiluminescence

NO

Thermo Environmental Instruments Inc.

Cavity ring down spectroscopy

CO, CO2 , CH4

Picarro

Ultraviolet absorption

O3

2B Technologies

SHARP

PM2.5

Thermo Environmental Instruments Inc.

Ultra-high sensitivity aerosol spectrometer

Optical particle counts

Droplet Measurement Technologies

Table A10. University of Toronto MAPLE Measurements. MAPLE was deployed on 6 days during 21 Jul–5
Aug 2015.
Parameter

Instrument type

Model

Time resolution

CO

Gas filter correlation infrared gas analyzer

Thermo Scientific 48C

10 s

NO, NO2

Chemiluminescence analyzer

Thermo Scientific 42i

20 s

O3

UV photometric analyzer

Thermo Scientific 49i

10 s

CO2

Nondispersive infrared gas analyzer

Li-Cor LI-840A

1s

Particle number

Condensation particle counter

TSI 3788 CPCa

1s

Particle number
and size

Electrical mobility spectrometer

TSI 3091 fast mobility particle sizerb

1s

Black carbon

Light absorption measurement

Magee AE33 7 λ aethalometer

1s

Particle mass

Light scattering measurement

TSI 3330 optical particle sizer

1s

Particle size range of 3–1,000 nm.
b
Particle size range of 6–580 nm.
a

AMERICAN METEOROLOGICAL SOCIETY
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Table A11. ECCC Pearson Airport supersite (YYZ).
Instrument
Vaisala FD12P

Measurement

Sampling rate

Forward-scatter visibility meter (50 km)

Full period

Precipitation intensity and type (11)

1 min

Laser-based optical disdrometer
OTT PARSIVEL

Precipitation Occurrence Sensor (POSS)
Vaisala CT25K ceilometer

Full period

Liquid (0.2–5 mm), solid (0.2–25 mm)
1 min

Precipitation type and intensity, drop size distribution, radar
reflectivity, visibility
Bistatic X-band Doppler radar

Full period

Precipitation intensity and type

1 min

Lowest three cloud ceilings [up to 25,000 ft (7.62 km)]

Full period

Backscatter profile (normalized)

30 s

Lowest three cloud ceilings [up to 50,000 ft (15.24 km)]
Jenoptik CHM15 ceilometer

1 May–18 Aug

Cloud penetration depth

15 s

Vertical visibility

ASCII and

Raw backscatter profile
WXT520 weather station

NetCDF files

Temperature, RH, pressure, ultrasonic wind

Full period

Precipitation amount and type

1 min

9.65 GHz X-band radar from McGill
VPR

Web cameras
Rosemont icing detector

Full period

Time–height profiles of reflectivity and vertical velocity,
particle type

5-min text files

Doppler spectra

Hourly images

Images collected in four fixed directions

30 min
Full period

Ice accumulation

1 min
Full period

Kipp & Zonen pyranometer (at 2 m)

Solar radiation

Vaisala WS425

Ultrasonic wind (speed, direction, gust)

T, RH, P at 2 m

Additional temperature, RH, and P measurements

30 s
Full period 5 s
Full period
30 s

Table A12. ECCC PUMS supersite at UOIT.
Instrument

Measurement

Manufacturer

FMD fog monitor

Fog droplet spectra

DMT Inc.

GCIP probe

Precipitation spectra

DMT Inc. + EC

OTT PARSIVEL

Precipitation spectra

METEK GmbH

MAP

Aerosol spectra

METEK GmbH

GEONOR precipitation

PA and PR

Geonor Inc.

Sentry Vis

Visibility

R. M. Young Company

PWD22

Visibility, PA, PR

Vaisala

CL51 Ceilometer

Cloud profiling

Vaisala

Heated tipping bucket

PA

Campbell Scientific Inc.

Young USA 81000

3D wind

R. M. Young Company

Young 2D

2D wind

R. M. Young Company

SPN-1

Direct and diffused solar radiation

Delta-T Devices Ltd
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Table A12. Continued.
Instrument

Measurement

Manufacturer

RID

Icing amount

Campbell Scientific Inc.

Pluvio2 (OTT)

PR and PA

METEK GmbH

CRN1

IR and shortwave BRF

Kipp & Zonen

HSS SWS-200

Visibility, PA, PR

METEK GmbH

LPM 5.4110

Precipitation spectra

METEK GmbH

Axis camera system

Pictures

AXIS Comm. Inc.

CampbellSci 5x camera

Visibility/picture

Campbell Scientific Inc.

Metek USA1 3d heated

3D wind

METEK GmbH

Luft R2S-UMB

PR and PA

Lufft Inc.

Young capacitor precipitation

PA

Campbell Scientific Inc.

3017 MWR

LWC, T, qv profiles

Radiometeric Corp.

MiniOFS

Visibility

Sten Lofving optical sensors

OSI vis sensor

Visibility, PA, PR

OSI Inc.

SWS Metek Vis sensor

Visibility, PA, PR

METEK GmbH

CR3000 data logger

DAS

Campbell Scientific Inc.

Camera Micro7

Pictures

Microseven Inc.

Vaisala WXT50 (2)

Wind, T, RH, precipitation

Vaisala

Airmar

Meteorological parameters

Airmar Inc.

MRR radar

Radar reflectivity

METEK GmbH

Meteorological profiling unmanned
aerial vehicle

Wind, aerosol concentration, meteorological
parameters

Aeryon Inc. and EC3

Table A13. Satellite sites (FSOS towers) around UOIT supersite (~1 km apart from PUMS). See
Table A12 for sensor details.
House site (satellite site)
CR1000 data logger

Barn site (satellite site)

UOIT campus site (satellite site)

CR1000 data logger

CR1000 data logger

PWD22

PWD22

PWD22

WXT520

WXT520

WXT520

Rotronic met sensor

Rotronic

—

Modem, brick computer

Modem, brick computer

Camera Micro7

Camera Micro7

Modem, brick computer
Camera Micro7
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