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Outline

• An introduction to the Global Environmental Multiscale-
Modelling Air-quality and CHemistry (GEM-MACH) model

– Version 1.5.1 (used up to September of 2016).

– Version 2.0 (used after September 2016).

• Updates and improvements to the model and modelling 
work in 2016/17

– Organic Aerosol Processes

– Mercury

– PAHs

– Very high resolution tests (1km)

• Next Steps

• Plans for the next 5 years
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GEM-MACH: EC’s AQ Model
• First described in Moran et al (2010).

• Comparison of  v1.5.1 against 2006 and 2010 observations for North America 
and other peer models in Atmospheric Environment special issue on the Air 
Quality Model Evaluation International Initiative, Phase 2 (AQMEII-2); Makar 
et al, 2015 (a,b)).

• V2.0 of GEM-MACH is now in use in Canada’s operational air-quality forecast 
– and for oil sands simulations carried out by ECCC.

• GEM-MACH is an on-line chemical transport model which includes:

– chemistry and meteorology combined in a single model (on-line)

– Gas-phase chemistry (42 species)

– Aqueous phase chemistry and scavenging

– Inorganic and organic particle formation

– 2-or-12-aerosol size fraction representation

– 8 aerosol species (sulphate, ammonium, nitrate, primary organic carbon, 
secondary organic carbon, elemental carbon, crustal material, sea-salt)

– Option for feedbacks between weather and air pollution in 12 bin mode, 
inclusion of PAHs, Hg, etc.
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GEM-MACH Description (Old setup: 
version 1.5.1)

• 2-bin version (i.e., 2 aerosol size fractions):  

– Ongoing experimental forecasts 

– In continuous operation since October of 2012 

– Used  in support of the assessment of ecosystem and human health impacts

– 2006/2010 emissions (v1.5.1)

• 12-bin version (i.e., 12 aerosol size fractions): 

– Comparisons with field intensive observations

– Used for detailed chemical process analysis

– Short-term scenarios 

– 2010/2013 emissions (v1.5.1)
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Tests of GEM-MACH version 2 
compared to version 1.5.1

• We tried a parallel run, evaluating both v2 (new) and v1.5.1 (old) 
model versions, using WBEA data for August and September of 
2013.  

• The new 
version of 
GEM-MACH 
significantly 
outperformed 
the old 
version

• At right:  model with 
the better score has 
been highlighted in 
green.

• Similar 
improvements for 
the 12 bin version of 
the model.
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Tests of GEM-MACHv2 compared to 
v1.5.1

• The improvement in model performance was sufficiently 
high that we decided to:

– Switch the ongoing experimental forecast to the new model 
version (completed September 2016)

– Carry out a repeat run of August 2013 through July 2014 (runs 
underway, will complete January 2016).
▪ Acid deposition impacts to be re-estimated using new model version
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GEM-MACH Description (New setup)

• Both 2 and 12-bin oil sands simulations are now making 
use of GEM-MACH version 2

– Improved algorithms for advection and surface fluxes

– Links with the most recent version of the weather forecast model 
(GEM)

• New emissions for 2013
– Canadian non oil sands area source emissions for 2013  (AEPI), 

and NPRI major point sources for 2013.

– CEMA 2010 inventory and spatial allocations still used for the 
Athabasca oil sands region

– Alberta Environment and Parks Continuous Emissions 
Monitoring data obtained and converted for model use for 
August and September 2013 retrospective simulations
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GEM-MACH Description (New setup)

Regional
Deterministic 
Prediction
System
(Weather 
Forecast)

…provides meteorology 
boundary conditions for the 
High Resolution 
Deterministic Prediction 
System (high resolution 
weather forecast) 

…provides meteorology 
boundary conditions North 
American GEM-MACH 
forecast (MOZART 
climatologies for chemical 
boundary conditions)

36 hour simulation of 
the High Resolution 
Deterministic 
Prediction System

36 hour simulation of 
the North American 
GEM-MACH forecast

…provides chemical boundary 
conditions for the high 
resolution GEM-MACH forecast

…provides meteorology 
boundary conditions for the high 
resolution GEM-MACH forecast

24 hour high 
resolution 
GEM-MACH 
forecast, with 
roll-over of last 
time step 
chemistry for 
initial conditions 
of next time step 
chemistry

A cascade of model 
runs, repeated 
every day for the 
desired simulation.
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A recent forecast for SO2 

(October 19, 2016)

• Transparent 
clouds:  model-
predicted SO2

concentrations 
above 1 ppbv.

• Surface 
contours:  SO2

dry deposition 
to the surface 
of the earth, in 
(kg m-2).
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Organic aerosol process modelling:  
Craig Stroud

• Air quality modelling was 
used to test ideas for how 
organic aerosol formation 
takes place at the oil sands 
– Liggio et al Nature paper.

• Air quality modelling is being 
used to examine the extent to 
which having acidic aerosols at 
the oil sands might influence 
organic aerosol formation.

Page 11 – December-9-16

GEM-MACH-Hg Simulations for the 
oil sands:  Ashu Dastoor

• A version of GEM-MACH with mercury chemistry has been used to 
simulate 4 years of chemistry and deposition (2012 shown is below)

Average total mercury 
deposition to snow, as a 
function of distance from 

the centre of the 
emissions region (km)

Average total mercury 
deposition to snow, 2012

Observed versus 
modelled mercury in air, 

Fort McMurray
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GEM-MACH-PAH:  Planned Oil Sands 
Simulations

• Benzene and polycyclic aromatic hydrocarbons (PAHs) are carcinogenic, 
mutagenic, and teratogenic compounds that are ubiquitous in the 
atmospheric environment 

• 7 semi-volatile gas & particle-phase PAHs and gas-phase benzene have 
been added to GEM-MACH, and modelled at 2.5-km resolution for a 
domain encompassing the Great Lakes

• Comparisons to observations and reruns with improved emissions are 
underway – this version of GEM-MACH will be ported to the oil sands 
region, starting this April.
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GEM-MACH: 2.5km versus 1km resolution

• Tests of a 1km version of GEM-MACH are underway at 
Carleton University (Matthew Russell and Amir Hakami).

• Evaluation of 1km results against aircraft observations will start 
in December 2016.

2.5km resolution SO2 1km resolution SO2
Difference (2.5km – 1km)

The higher resolution simulations are capable of resolving higher 
concentration plumes – evaluation against aircraft observations are starting 
soon.
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ECCC Network Analysis under 
JOSM
• The ECCC part of this project has four stages, and is 

expected to take two fiscal years (April 1 2016 – March 31, 
2018) to complete

• The work has four stages
(1) Numerical testing of the time filtering and clustering methodology

(2) Application of the methodology to AEP monitoring network data
a. What can the methodology tell us about the network?  Are some 

stations odd/different?  Are some stations measurements very similar to 
others (potentially redundant)?

b. Quantification of station similarities and differences

(3) Application of the methodology to GEM-MACH output at monitoring 
network locations

(4) Application of the methodology to GEM-MACH gridded output

• Successful completion of each stage is a precursor to going 
on to the next stage.

Where we 
are now.
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Network Analysis: Time Filtering of 
Alberta Environment and Parks Data

• An example using AEP data (station 1225:  Anzac):  O3

• Filter out the short-term variation from the observations

KZ1,1:  Hourly data
KZ17,3:  Daily and 
shorter time periods 
removed
KZ95,5:  Weekly and 
shorter time periods 
removed
KZ523,3: Monthly and 
shorter time periods 
removed.
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Network Analysis:  Hierarchical 
Clustering / Dissimilarity Analysis

• Calculate correlation coefficients between time series

• Start grouping the stations, most highly correlated 
stations first

• Combine the time series for similar stations – these are a 
cluster.

• Repeat the process – the number of stations which are 
part of clusters increases, and the number of clusters 
decrease.

• The result:  a hierarchy of stations, based on how similar 
the stations’ observations are to each other.  

• These hierarchies can be plotted as trees or 
“dendrograms”
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Network Analysis:
O3, hourly observations, 
colour-coded by airshed

R threshold reached before station 
becomes a single cluster, Alberta

R threshold reached before station 
becomes a single cluster, Oil Sands

The table on the right of 
these figures gives the R 
value at which the station 
separates out as a “one 
member cluster” from the 
rest of the data.

Stations near the top are 
poorly correlated with the 
rest of the data.

Stations near the bottom are 
highly correlated with another 
station or a cluster of stations.
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Two Fort McKay 
stations have the 
highest correlation 
(0.9316)

Two Edmonton 
stations have the 
next highest 
correlation (0.9286)

Steeper has the lowest 
correlation with other stations 
(0.3475)
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• E.g. Stations with the four highest R values, by species, for 
hourly observations (could do other timescales as well).

• Stations which are most redundant and/or might be better 
located elsewhere:

NO NO2 NOx O3
0.8105 (1076) Fort McKay South (Syncrude UE1) 0.8899 (2001) Fort Saskatchewan - 92 St and 96 Ave 0.8403 (1157) Elk Island 0.9316 (1032) Fort McKay-Bertha Ganter
0.8106 (1032) Fort McKay-Bertha Ganter 0.8899 (1159) Ross Creek 0.8403 (1162) Lamont County 0.9316 (1076) Fort McKay South (Syncrude UE1)
0.7786 (1157) Elk Island 0.8539 (2002) Woodcroft 0.8393 (1032) Fort McKay-Bertha Ganter 0.9286 (2002) Woodcroft
0.7786 (1162) Lamont County 0.8539 (1028) Edmonton Central 0.8393 (1076) Fort McKay South (Syncrude UE1) 0.9286 (1036) Edmonton Central

PM2.5 SO2 CH4 NMHC
0.8218 (1032) Fort McKay-Bertha Ganter 0.8188 (1032) Fort McKay-Bertha Ganter 0.6038 (1221) Calgary Central 2 0.3744 (1221) Calgary Central 2
0.8218 (1076) Fort McKay South (Syncrude UE1) 0.8188 (1076) Fort McKay South (Syncrude UE1) 0.6038 (1039) Calgary Northwest 0.3744 (1039) Calgary Northwest
0.7623 (1221) Calgary Central 2 0.6570 (1070) Fort McMurray-Patricia McInnis 0.5343 (1070) Fort McMurray-Patricia McInnis 0.2457 (1070) Fort McMurray-Patricia McInnis
0.7623 (1039) Calgary Northwest 0.6570 (1064) Fort McMurray-Athabasca Valley 0.5343 (1064) Fort McMurray-Athabasca Valley 0.2457 (1064) Fort McMurray-Athabasca Valley

THC TRS
0.8057 (1032) Fort McKay-Bertha Ganter 0.7234 (1032) Fort McKay-Bertha Ganter
0.8057 (1076) Fort McKay South (Syncrude UE1) 0.7234 (1076) Fort McKay South (Syncrude UE1)
0.6232 (1028) Edmonton Central 0.5513 (1072) Barge Landing
0.6232 (1036) Edmonton South 0.3684 (1165) Grande Prairie (Henry Pirker), (1166) Evergreen Park

• With the exception of NO2, pairs of oil sands stations always fall within the top 4 R 
values – they are among the most similar pairs…

• ...And for NO2, the 3rd and 4th highest are tied with Fort McKay-Bertha Ganter and 
South (Syncrude UE1) to the first 2 significant figures in the R value).  

• The actual value of the correlations are not always high (lower for NMHC, CH4, 
THC, TRS, higher for NOx, NO, NO2, O3, PM2.5

• Aside from CH4 and NMHC, the two Fort McKay sites always make the top 4, and 
are often the top two.

• Note that “redundant” here means “in its current location” – Stage 4 (to come) might 
suggest better locations for these stations.

Network Analysis: How to summarize this information?
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• E.g. Stations with the four lowest R values, by species, 
for hourly observations (could do other timescales as well)

• “Least Redundant / Most Different” Stations of the list.

• Some Oil Sands stations show up in the low correlation list as well.
• Low correlation – could be due to 

• Different sources being observed at these stations compared to the other stations, 
or a different combination of sources

• Instrumentation issues.
• Question to be asked:  “Are there likely reasons why these stations might be 

so different from others?”

NO NO2 NOx O3
0.0369 (1055) Steeper 0.2782 (1248) Maskwa 0.2580 (1248) Maskwa 0.3475 (1055) Steeper
0.0664 (1225) Anzac 0.3885 (1225) Anzac 0.2607 (1225) Anzac 0.6110 (1057) Genesee
0.2045 (1248) Maskwa 0.4336 (1057) Genesee 0.3171 (1064) Fort McMurray-Athabasca Valley 0.6662 (1168) Beaverlodge
0.2062 (1064) Fort McMurray-Athabasca Valley 0.4336 (1241) Wagner2 0.3525 (1172) Crescent Heights 0.6662 (1165) Grande Prairie (Henry Pirker)

PM2.5 SO2 CH4 NMHC
0.1881 (1056) Hinton 0.0406 (1092) Caroline 0.3057 (1162) Lamont County 0.0905 (1161) Range Road 220
0.3212 (1049) Lethbridge 0.0406 (1156) Redwater Industrial 0.3971 (1142) Red Deer-Riverside 0.0910 (1225) Anzac
0.4149 (1156) Redwater Industrial 0.1237 (1167) Smoky Heights 0.4004 (1225) Anzac 0.1208 (1032) Fort McKay-Bertha Ganter
0.4487 (1055) Steeper 0.2137 (1170) Valleyview 0.4682 (1032) Fort McKay-Bertha Ganter 0.1680 (2000) Bruderheim

THC TRS
0.2185 (1248) Maskwa 0.0427 (1092) Caroline
0.2395 (1250) St. Lina 0.0470 (1167) Smoky Heights
0.2420 (1165) Grande Prairie (Henry Pirker) 0.0906 (1225) Anzac
0.3362 (1029) Edmonton East 0.1977 (1056) Hinton

Network Analysis: How to summarize this information?
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Network Analysis:  Next Steps
• The above is the second stage of a four-stage project

• AEP is doing a parallel analysis (see poster by Long Fu)

• When completed, Stage 2 will be finished, two stages to go:

• Stage 3 (remainder of this FY (March 31, 2017)):
▪ Run GEM-MACH for the same time period as the observations

▪ Extract model output at the same station locations

▪ Repeat exactly the same analysis, using model output at station 
locations

▪ Does the model capture the similar clustering and R values? If so

• Stage 4 (by March 31, 2018):
▪ Carry out the same analysis with every model gridpoint against every 

other model gridpoint.

▪ Generate a map of similarity:  “If you had 15 monitoring instruments, 
where would be the best place to locate them?  If you had 100 
monitoring instruments…, etc…
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GEM-MACH Oil Sands Modelling:  
Next 5 years

1. New Estimates of Acid Deposition using GEM-MACH version2

2. Improved Forecast system for spring/summer 2018 monitoring 
intensive.
a) Better organic aerosol formation incorporated in model.

b) Nesting down from global (gas chemistry) down to 1km resolution in oil 
sands region.

c) Updates to emissions (Continuous Emissions Monitoring, aircraft 
observation based estimates, and other data)

3. GEM-MACH-PAH:  estimates of PAH emissions and 
concentrations in the oil sands area.

4. GEM-MACH process updates (organic aerosols, cloud 
processing, completion of GEM-MACH-Hg work under JOSM)

5. Forest fires!   ECCC is working on a high resolution forest fire 
simulation capability using the new v2 JOSM setup.
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Thank-you for your 
interest!


