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1. Introduction

Meteorological data plays an integral role in the assessment of environment impacts resulting from pollutant emission sources. Atmospheric parameters such as wind direction, wind speed, temperature, and stability are some of the factors that determine how a plume behaves. British Columbia has a number of weather stations operated by Environment Canada, BC Forestry or BC Ministry of Water Land and Air Protection (hereafter WLAP) that record the necessary meteorological information for use by dispersion models to assess the impacts of a proposed or existing emission source. 

In mountainous areas of BC, meteorological patterns may be strongly influenced by topography.  The scarcity of data in some of these areas can make it difficult to adequately assess the environmental impacts of proposed emission activities. This is particularly the case for well test flaring for which the locations of the sources are often in relatively remote places where little or no meteorological data is collected.  Furthermore, well tests are of short-term duration, making it impractical to site meteorological stations for extended periods of time in order to gather sufficient information to accurately model the dispersion of well emissions. 

Consequently, there exists a need to research the use of meteorological data from other sources and potentially develop a better modelling assessment framework so as to provide a more accurate predictor of environmental impacts. If a successful practical framework of meteorological data collection and/or use were established, then assessment methodologies would be using the best available tools, while also reducing field monitoring costs for proposed wells and mitigating further disruption to the environment in remote areas.  

Representative meteorological data are critical in determining the potential environmental impact of sour gas well flaring activity.  Sour gas contains H2S, which is converted to SO2 upon flaring.  Excessive ground level SO2 concentrations may have negative effects on lichen, caribou, and various other flora and fauna. The ground level SO2 concentration is dependent on three factors: flare emissions, ambient meteorology in the vicinity of the well, and the topography surrounding the well.  

The flare emissions determine the how much SO2 is released and how both the thermal energy and the mechanical energy of the flare plume will affect plume rise.  The meteorological parameters determine how the plume will disperse and in what direction it will travel.  Topographical terrain data determines where and how the plume will impact the ground.  Although data describing emission and terrain parameters is easily found, meteorological data can be difficult to obtain.  It has generally been accepted that an accurate model prediction of possible environmental impact requires at least one year of site specific meteorological data.  

The expense and logistics of installing meteorological stations on-site a year before flaring activities can be prohibitive.  Often meteorological data from other sites with a similar topography and elevation are adapted for local use, but this leads to inaccuracies in frequencies of threshold exceedances and incidents of foliar damage because the wind distributions are for the most part unrepresentative of local conditions.

This report examines a process to handle the problem of well test flare assessment in a different manner. Instead of obtaining actual in situ measurements, output from a meteorological model is used to generate a data set of sufficient representation to model worst-case impacts from a flare or emitting source.  This report contrasts the modelled outputs with independent site measurements to quantitatively assess the accuracy of substituting modelled meteorological data for in situ observations.  Specifically, it addresses the suitability of this technique in the application of sour gas well test flaring. The technique utilises prognostic meteorological data that are readily available for almost anywhere in Western Canada and reduces the need for long term site specific meteorological monitoring for dispersion modelling.

2. Scope

2.1 Introduction

An original outline for this research was prepared for the Oil and Gas Commission (OGC). The objective of the proposal was to determine whether either MM5 prognostic output or CALMET diagnostic output derived from existing meteorological data sources would improve the assessment of well-test impacts while meeting regulatory requirements. The research was outlined in stages, each of which is described below. The description of each stage is followed by the detailed methodology for each stage of the work.

2.2 Scope

The project was designed in three distinct stages:

Stage 1 - the direct output of the MM5 prognostic meteorological model was compared with independent meteorological data to assess its usefulness as regulatory dispersion model input.

Stage 2 - the output from MM5 was then coupled with a diagnostic meteorological model (CALMET) and the resultant meteorological fields similarly assessed.

Stage 3 – a case study application comparing well test flaring done using observed measurements with results for the same well using MM5/CALMET derived model meteorology.

The objective of Stage One was to determine the applicability, for a site specific location, of the Mesoscale Model Version 5 (MM5) meteorological data set that was developed for BC and to determine how or if this the MM5 output would be applicable for dispersion model applications as is. This stage also provided a processed data set that was ready for use in the second stage.

The objective of Stage Two was to evaluate a CALMET generated wind field for representation of site data and suitability for use of such data in conventional dispersion models. If so, this would allow the development of a framework for modelling well test flares through the use of site specific meteorological data generated by CALMET and the BC MM5 data set.

The final stage (Stage Three) applied the derived meteorological data set to ISC3, RTDM and CALPUFF dispersion models to evaluate the process, and relate the process to the current BC WLAP and OGC methodologies. The last stage was designed to be an assessment of the practicality and usefulness of using the CALMET/CALPUFF modelling system for evaluating well test flares in Northeastern BC. The results also address current deficiencies in meteorological monitoring in Northern BC.

If utilising modelled meteorological were shown to be a viable option, it would reduce the uncertainty associated with current use of meteorological data for dispersion modelling in Northern BC.  Further, the use of modelled meteorological data provides a method to model and develop site specific meteorological data for dispersion models used to assess well test flares and reduce the time required to assess a proposed well test.

3. Climate and Meteorological Data in Northern BC

3.1 Mesoscale Model 5 data

In 1998, the British Columbia Ministry of Water, Land and Air Protection (WLAP) and Alberta Environment commissioned a project where the fifth generation NCAR/Penn State Mesoscale Model (MM5) was executed at a 20-kilometre horizontal grid resolution for Western Canada for the entire year of 1995. The MM5 data set was derived from a large database of meteorological stations across western Canada and parts of the United States. This database generally includes all available upper air stations, as well as the Environment Canada surface stations, located within the modelling domain. A subset of this data for the region of Northern British Columbia from 54.10N, 121.82W in the southwest extending to 55.95N, 120.17W in the northeast was obtained for use in the present study.   

Prognostic meteorological data such as MM5 may be introduced into the CALMET three-dimensional wind field calculation in three different ways: 1) as a replacement for the initial-guess wind field, 2) as a replacement for the Step 1 field, and 3) as “observations” in the objective analysis procedure. If the first option is selected, the coarse grid scale prognostic data are interpolated to the CALMET fine-scale grid. CALMET will then adjust the initial-guess field for terrain effects using the fine-scale CALMET terrain data to produce a Step 1 wind field. If the second or third option is chosen, the Step 1 wind field is adjusted using observational (surface, marine, and upper air) data, but additional terrain adjustments are not made.

3.2 Upper Air Data

There are about 500 major Upper Air Stations in North America that have recorded data in the last 10 years in North America (NCDC 1996). The United States and neighbouring countries to the South comprise 85% of the total number of stations. Canada, with the majority of landmass, has 15% of the total. There are 3 upper air stations in BC, 1 in Alberta, 1 in the Northwest Territories and 1 in the US that have a continuous data record that may be suitable for input into the CALMET model for applications in BC. Table 3‑1 shows the location and elevation of these stations. The remaining stations are either too far away from BC, not physically representative of BC, or do not have sufficient information (i.e. complete twice daily soundings) for modelling. Figure 3‑1 shows the location of these stations. 

Table 3‑1 
Location of Major Upper Air Stations in Western Canada

	Location
	Latitude (dec. deg.)
	Longitude (dec. deg)
	Elevation (m asl)

	Fort Nelson, BC
	58.83
	122.60
	377

	Fort Smith, NW
	60.03
	111.95
	203

	Great Falls, MT
	47.45
	111.38
	1130

	Port Hardy, BC
	50.68
	127.37
	23

	Prince George, BC
	53.83
	122.80
	678

	Stony Plain, AB
	53.55
	114.10
	766


CALMET uses measured upper air data for horizontal and vertical interpolation of the three- dimensional wind field. Horizontally, the model may use an inverse distance weighted objective analysis as an initialisation field and further assimilates measured upper air data in a final adjustment (Step 2) according to a user-weighted interpolation with the terrain adjusted (Step 1) model results. Vertically, the model interpolates observation at varying levels to the user defined vertical model grid. The model allows missing values of wind speed, wind direction and temperatures at intermediate levels. For soundings with missing levels, the model will assume a straight-line interpolation between valid levels above and below the missing level. As a result, if there is not an adequate frequency of sampling in the sounding, the structure of the mixing layer may not be accurately resolved. 
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Figure 3‑1 
Location of Upper Air Stations in Western Canada

Surface Data

3.2.1 Introduction

Two types of baseline meteorological data are used to determine the representativeness of the meteorological data used in the study. The first is thirty year climate normals summarising the period from 1961 to 1990, which was obtained from the Meteorological Service of Canada (MSC). These are used to estimate the climate average wind conditions, temperature and frequency of precipitation for the model region. The second is hourly meteorological data from monitoring stations within the region of interest. These data were compared with each other to ensure that the hourly station measurements used in the model research lie within the range defined by the climate normals. If so, this will provide a measure of confidence that any anomalous outcomes within the meteorological modelling are not the results of extremes within the input data that was used.

3.2.2 Climate Station Data

Canadian Climate data archives are the responsibility of Environment Canada. EC compiles climate data and The National Archives and Data Management Branch, Atmospheric Monitoring and Water Survey Directorate of the Meteorological Service of Canada maintains the data on behalf of Environment Canada's various partners, clients, and the Canadian public. Currently, the 1961-1990 climate normals are available over the Internet, and EC is in the process of updating the climate normals to cover the most recent 30 years, 1971-2000. This latter data is not yet available on-line.

An examination of climate stations was conducted and compared with the available hourly surface data to determine whether there is sufficient data to conduct regulatory dispersion modelling.  The available climate stations are listed in Table 3‑2.  All of the stations record precipitation and temperature data.  Prince George, Fort St John, and Fort Nelson also include wind speed and direction.  Beatton River was also identified from the Climate Normals database, although this station only operated from 1951 to 1980.  The Beatton river station was located at 57.38N, 121.38W at an elevation of 840m and although it is no longer operational, wind frequencies and directions for the reduced period 1951-1980 were available from the climate record.  Although Chetwynd Airport was identified as a climate station, data for the period 1961-1990 could not be located within the Climate Normals database.  All of the available climate information was used as a basis for comparison with the hourly surface data from monitoring stations.  Climate Normals for each of these stations for precipitation, temperature, and wind speed and wind direction are described in Appendix A.

Table 3‑2 
Environment Canada Major Stations identified in Northern British Columbia.

	Station Name
	Elevation 

(m asl)
	UTME (km)
	UTMN (km)
	Latitude (degrees N)
	Longitude (degrees W)

	Prince George A
	691.0
	520.8
	5970.3
	53.88
	122.68

	Chetwynd A
	610.0
	585.9
	6171.3
	55.68
	121.63

	Dawson Creek A
	655.0
	676.9
	6179.6
	55.73
	120.18

	Fort St John A
	695.0
	640.4
	6235.9
	56.25
	120.73

	Fort Nelson A
	382.0
	524.0
	6521.2
	58.83
	122.58

	Hudson Hope
	490.0
	567.4
	6215.5
	56.08
	121.92

	Mackenzie A
	690.0
	491.5
	6127.9
	55.30
	123.13

	McLeod Lake
	704.0
	497.9
	6098.2
	55.03
	123.03


3.3.3 Hourly Surface Data

Surface meteorological stations in Northern BC that record hourly data include those operated by the Meteorological Service of Canada (MSC), BC WLAP, BC Ministry of Forests, and industry run stations. This data is often used for dispersion modelling, to determine the concentrations or potential concentrations from pollutants emitted by industrial activity. Surface meteorological stations are more abundant than Upper Air Stations. However, in mountainous terrain meteorological conditions may change dramatically over very short distances. Local variation in elevation or valley geometry may result in significant local scale variation in wind speed, wind direction and surface temperature. Therefore, it is important to have a sufficient number of meteorological stations to represent the widest possible area of interest.

3.3.3.1 Environment Canada Data Sources

All of the Environment Canada sources of meteorological data were examined for modelling use in Northern BC. Environment Canada does not operate many stations in unpopulated areas, and only a few stations have sufficient meteorological data to use as input into both ISC and CALMET/CALPUFF. The stations fitting these criteria were identified as Beatton River, Prince George, Fort St. John, and Fort Nelson. With the exception of Beatton River, none of these stations are in the areas of most complex terrain and where most well flaring activity occurs.

Table 3‑3 
Environment Canada Surface Meteorological Stations and their Locations in Northeastern BC

	Station Name
	Elevation 

(m asl)
	UTME (km)
	UTMN (km)
	Latitude (degrees N)
	Longitude (degrees W)

	Prince George A
	691.0
	520.8
	5970.3
	53.88
	122.68

	Chetwynd A
	610.0
	585.9
	6171.3
	55.68
	121.63

	Dawson Creek A
	655.0
	676.9
	6179.6
	55.73
	120.18

	Fort St John A
	695.0
	640.4
	6235.9
	56.25
	120.73

	Fort Nelson A
	382.0
	524.0
	6521.2
	58.83
	122.58

	Hudson Hope
	490.0
	567.4
	6215.5
	56.08
	121.92

	Mackenzie A
	690.0
	491.5
	6127.9
	55.30
	123.13

	McLeod Lake
	704.0
	497.9
	6098.2
	55.03
	123.03


3.3.3.2 BC WLAP Data Sources

BC WLAP runs a number of stations in Northeastern BC primarily associated with industry, and general air quality monitoring. Very few of these stations had data that covered the same time period as the other data sources and, in particular, the MM5 data. Many only started recording data in 2000, while the remainder are primarily situated in Prince George. Given the distance from Prince George to the areas of well flaring activity, much of this data is too far away to be applicable. The Environment Canada Prince George Airport station records weather data suitable as input for modelling with CALMET and hence the other stations in that area are superfluous.

Table 3‑4 
BC WLAP Stations Recording Meteorological Parameters Required for Regulatory Modelling

	Station Name
	From
	To
	Latitude
	Longitude
	Elev. (m)

	Fort Nelson Brucker Ranch
	Jul-00
	Present
	58.57
	122.59
	518

	Fort Nelson Townsite 
	Jun-00
	Present
	58.81
	122.70
	408

	Kwoen Gas Plant
	Jul-02
	Present
	55.37
	121.70
	665

	PRG Foreman Flats
	Jan-85
	Sep-89
	53.93
	122.68
	578

	PRG Glenview School
	Dec-96
	Present
	53.99
	122.77
	750

	PRG Jail
	Dec-84
	Jun-87
	53.91
	122.71
	628

	PRG Lakewood
	Dec-84
	Jun-87
	53.91
	122.79
	584

	PRG Northwood
	Nov-96
	Present
	53.97
	122.69
	577

	PRG Plaza 400
	Dec-84
	Present
	53.91
	122.74
	601

	PRG Pulp
	Jun-87
	Present
	53.92
	122.69
	600

	PRG Van Bien
	Jan-85
	Sep-89
	53.89
	122.76
	594

	Pine River Gas Plant
	Aug-01
	Aug-01
	55.57
	121.92
	1113

	Pine River Hasler
	Aug-01
	Present
	55.60
	121.97
	610

	Taylor South Hill
	Jul-00
	Present
	56.10
	120.66
	686

	Taylor Townsite
	Jul-00
	Present
	56.15
	120.69
	480


3.3.3.3 Industry Data Sources

Industry stations tend to be short-term (a few weeks), and therefore are not always suitable for predicting concentrations for long-term emissions or for different times of the year. There were two meteorological stations operated by West Coast Energy for over one year. These stations measured enough parameters for modelling and were not used in the original MM5 modelling. These stations are listed in Table 3‑5.

Table 3‑5 
Industry Stations Which Have Meteorological Parameters Suitable for Modelling in the Study Area

	Station Name
	From
	To
	Latitude
	Longitude
	Elev. (m)

	Pine River
	Oct-93
	Jan-96
	55.56
	121.93
	567

	Tumbler Ridge
	Oct-93
	Nov-94
	55.13
	121.07
	623


3.3.3.4 Ministry of Forests Data Sources

BC Forestry operates meteorological stations for monitoring fire weather applications. There are approximately 52 stations in Northeastern BC that record wind direction and wind speed data (see Table 3‑6). In general, these stations are more common in remote areas than those of other agencies. Of these stations, only 5 were identified in the areas of complex topography and concentrated well flaring activity, which measured wind speed and direction for periods within the last ten years. Of those stations, the Tumbler Denison, Lemoray, and Table River stations recorded data for the same period as 1995 MM5 model year. These stations measured wind speed, direction, temperature and relative humidity. The forestry stations are run remotely, and are operated until winter conditions begin or longer if requested by other stakeholders. In general, the stations in the region only operate from late spring until fall. Although there are gaps in the record, the data does have a use, as forestry data was not used in the MM5 modelling, and the stations are also located in the remote areas of complex terrain that are directly applicable to the present research.

Table 3‑6 
Ministry of Forests Meteorological Stations in Northern BC

	Station Name
	Elevation (m asl)
	Latitude (degrees N)
	Longitude (degrees W)
	Station Name
	Elevation (m asl)
	Latitude (degrees N)
	Longitude (degrees W)

	Bear Lake
	717
	54.51
	122.69
	McGregor 2
	975
	53.96
	120.64

	BedNesti
	800
	53.87
	123.32
	McLeod Lake
	915
	54.73
	123.08

	Boron/Haggen
	975
	53.46
	121.56
	Moose Lake
	1059
	53.07
	125.41

	Catfish
	866
	53.58
	120.86
	Muskwa
	684
	57.89
	123.62

	Chilako
	708
	53.49
	123.61
	Nabeshe
	1177
	56.37
	123.36

	Elk Mountain
	500
	59.34
	125.51
	Nelson Forks
	604
	59.62
	124.10

	Ft. St. James
	750
	54.40
	124.26
	Noel
	1024
	55.30
	120.49

	Graham
	842
	56.44
	122.39
	North Chilco
	913
	54.16
	123.76

	Helmut
	603
	59.42
	120.79
	Paddy
	762
	57.78
	120.24

	Hixon
	615
	53.43
	122.59
	Pink Mtn
	989
	57.08
	122.56

	Station Name
	Elevation (m asl)
	Latitude (degrees N)
	Longitude (degrees W)
	Station Name
	Elevation (m asl)
	Latitude (degrees N)
	Longitude (degrees W)

	Holmes
	1160
	53.35
	119.71
	Red Deer
	1383
	54.63
	120.64

	Howard
	838
	52.37
	118.66
	Sierra
	606
	58.84
	121.39

	Hudson Hope
	677
	56.04
	121.99
	Sifton
	1000
	57.85
	126.12

	Ingenika Pt
	1213
	56.98
	125.17
	Silver
	820
	57.50
	121.30

	Jerry
	976
	53.53
	122.11
	Sukunka
	8
	55.20
	121.60

	Kalder Lake
	10
	55.00
	124.30
	Sustut
	871
	56.33
	127.03

	Ketchika
	700
	58.74
	127.13
	Table River
	760
	54.72
	122.28

	Kluskus
	1137
	53.38
	124.51
	Toad River
	787
	58.87
	125.31

	Lemoray
	795
	55.53
	122.52
	Tonquin Parks
	1667
	52.70
	118.47

	Leo Creek
	885
	55.08
	125.48
	Tumbler (Denison)
	860
	55.13
	121.00

	Lovell Cove
	990
	55.69
	126.05
	Valemount 1
	797
	52.87
	119.30

	Mackenzie
	7
	55.30
	123.10
	Valemount 2
	1195
	52.79
	119.32

	Mackenzie FS
	690
	55.30
	123.14
	Vanderhoof
	678
	54.06
	124.01

	Manson
	1080
	55.58
	124.23
	Witch
	1030
	55.02
	124.27

	McBride
	716
	53.30
	120.15
	Wonowon
	800
	56.72
	121.77

	McGregor
	610
	54.08
	121.83
	
	
	
	


3.3 Comparison of Available Data

Upon review of the station locations, the time periods of measured data, and the quality of each of the data sets, it was found that the amount of data that was available from each of the surface stations that also overlapped with MM5 prognostic data was relatively limited. Only the Tumbler Denison station operated by the Ministry of Forests had overlapping data of sufficient quality. BC WLAP data was available for Prince George, however, the Environment Canada station has more of the parameters required for use in CALMET. Ultimately, hourly meteorological data from Environment Canada was analysed for Fort Saint John (1989-1999), Prince George (1990-1999), and Beatton River (1963-1966). Both of the Industry stations, Tumbler and Pine, were used in the analysis as were Forestry data from Table River, Lemoray, and Tumbler (Dension), and all available Climate Normals from Environment Canada. Figure 3‑2 shows the location of a selection of the stations identified in this report.
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Figure 3‑2 
Location of a Selection of Surface Meteorological Stations in the Northeastern BC Rocky Mountains 

4. Stage 1

4.1 Methodology

In 1999, British Columbia and Alberta jointly sponsored the generation of hourly, three-dimensional wind and temperature fields for 1995, using the MM5 meteorological model. The MM5 data consists of hourly 1995 meteorological data for up to 18 levels above the ground, on a 20 km grid over a wide area of Western Canada that includes all of BC. 

MM5 is a prognostic mesoscale meteorological model. In its four-dimensional data assimilation mode, MM5 uses available observational data to "nudge" its solutions towards observations, while generating dynamically consistent wind fields. The MM5 data set was derived from a large database of meteorological stations across western Canada and parts of the United States. This included all available upper air stations, as well as the Environment Canada surface stations, located within the modelling domain.

Although all of the parameters required for regulatory dispersion modelling are not directly available from MM5 output, if wind and temperature data extracted from MM5 are used in combination with other parameters as measured at a nearby station, it may be possible to derive an appropriate site specific data set for use with ISC and RTDM. To determine whether this method is tenable, the following steps were taken:

· For comparison with the MM5 output, the meteorological stations within Northern BC that cover the same time span but were excluded from the MM5 simulation were identified. 

· Surface data and the MM5 prognostic simulation for 1995 for the specified regions were acquired from BC WLAP.

· Point specific MM5 data were extracted from the MM5 grid cells that contained each of the stations of interest. This produced two distinct and separate data sets for the same area: One from the observed station measurements and one extracted from the MM5 model grid cell for the station location.

· Statistics of wind speed and wind direction were summarized for each of the paired (observed vs. MM5 extracted) data sets.

· The paired data sets were compared to each other using a chi-squared approach to evaluate the similarity quality of the MM5 data set versus the observed data.

· The results of the chi-square were used as a basis to determine if there are any situations where the use of the extracted MM5 data by itself would be appropriate for air dispersion model applications.

Comparison Methodology

The most suitable way to compare the two data sets is to use a (2 function.  This function is described as follows:
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(Eq.1)

where yi is the parameter that is being compared in the data and the model, and i2 is the uncertainty (random error) in the measurement of yi[image: image76.wmf].

For each data pair at a particular site, (2 values were calculated for the paired wind speed, wind direction, and combined wind speed and direction.  The best indicator of the similarity of the meteorological conditions is the combined comparison, but the other two numbers will show where the two sets vary most.  The uncertainty in the measurement is the most difficult statistical parameter to obtain. It was assumed to be a constant, which is the (2 between two data sets taken from the same station in different years.

4.2 Stage 1 – results

Wind roses for measured data and MM5 extracted data are shown in Figure 4‑1. The correlation between the MM5 data and the Forestry data on first appearance appears relatively low. The wind roses show a visual representation between the Forestry stations (top) and MM5 extracted data (bottom). Many of the Forestry station data were measured in 8 cardinal wind directions. Hence, the MM5 data was translated to those cardinal directions to make the comparison.

The patterns displayed in the wind rose show significant disparities between the measured and MM5 derived data. Tumbler (Denison) and Lemoray show more variance in direction and lower speeds than the MM5 while Table river shows a pattern that is almost 180 degrees opposite to the MM5.

The forestry data also had a significant amount of calm wind speeds. The large amount of calms indicates that there is a form of shelter or terrain blocking at these forestry sites. This disparity in calms plus the fact that the MM5 winds tend to show greater speed leads to the conclusion that the MM5 data is likely more comparable with local winds at higher elevations as opposed to near the surface, where terrain effects are strongest.

These disparities are also reflected in the chi square analysis for the measured data at the three stations versus MM5 data.  Table 4‑1 shows the chi square scores for each station for wind speed, direction and wind speed and direction considered together.

Overall chi-square scores are quite low, indicating very little correlation between the MM5 results and the observed station data. Chi square results are noticeably higher for wind speed than for direction. This is strongly indicative of some sort of local terrain channelling that is not resolved on the 20 km MM5 grid scale.

4.3 Stage1 –Conclusion

Wind rose and Chi square Analysis indicate that point specific meteorology extracted from 20 km resolution MM5 is not sufficiently representative of local meteorology to warrant its use as input for regulatory well test flare modelling. This is likely due to local-scale valley geometry wind effects, existing on scales of the order of 1 to 10 km, that are not captured by the MM5 model grid resolution. MM5 applications on such a grid scale are mainly intended for use with regard to synoptic scale weather systems, and are not meant to accurately resolve finer scale near surface wind fields.

Although the results from MM5 in and of themselves do not directly provide the complete set of parameters required for regulatory dispersion modelling, MM5 is very useful as a coarse scale initialization to other models. Even at the 20 km grid scale MM5 provides a significant improvement in data coverage compared to the very sparse coverage provided by the upper air station network in Northern BC. There would be considerable value in continuing to generate MM5 data in the future.

However, although the 20 km grid scale provides an improvement over the paucity of upper data, even as a first guess it is still too large a scale to properly resolve wind systems in mountainous terrain. If further MM5 simulations are conducted, it would highly desirable to employ a finer resolution, perhaps on the order of 5 to 10 km, so that more mesoscale features due to complex terrain may be captured. 

Alternatively, recent studies show that prognostic output from the Canadian Mesoscale Compressible Community (MC2) meteorological model may also be adapted for use in CALMET applications (Levelton 2002). The Modelling Group from the Geography Department at the University of British Columbia runs MC2 on a continuous operational basis as part of their ensemble forecasting program. On contract, this group will perform runs on grid scales down to 3.3 km for a domain anywhere in BC. MC2 prognostic data on such a fine scale would likely represent a large improvement in complex wind field resolution compared to the present WLAP MM5 archive.
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Figure 4‑1
Wind Roses for Measured (top) versus MM5 (bottom) for Tumbler Denison
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Figure 4-1
Wind Roses for Measured (top) versus MM5 (bottom) for Lemoray
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Figure 4-1
Wind Roses for Measured (top) versus MM5 (bottom) for Table River 

Table 4‑1
Chi Square Analysis Values for Station Data versus MM5 Extracted Winds from Same Model Grid Cell

	Meteorological Station
	Chi Square Score

	
	Wind Speed
	Direction
	Sum Total

	Tumbler (Denison)
	0.4919
	0.1461
	0.3909

	Lemoray
	0.3002
	0.0874
	0.1246

	Table River
	0.3658
	0.1180
	0.2726


5. Stage 2

The second stage of this project depended on the applicability of the output of the MM5 meteorological model.  Stage 1 showed that the coarseness of the MM5 output would not provide wind-fields that are consistent with observations from stations located a moderate distance from the nearest grid point.  Terrain effects such as topographic forcing may cause site-specific data to deviate significantly from the MM5 output.  This grid size limitation may be overcome by use of a finer scale diagnostic model that assesses local scale terrain effects and assimilates both prognostic (i.e. MM5) and observational (surface and upper air) data. One such model is CALMET. CALMET is a diagnostic model that has the ability to incorporate fine-scale terrain adjustments and local observation into a 3-demensional model wind field.  In one mode of operation, the model uses MM5 output as a “initial guess” to generate topographically and observationally adjusted winds on grid resolutions down to a few hundred meters.

5.1 General Methodology

CALMET is a diagnostic model that calculates finer-scale terrain adjustments and (where available) incorporates user-weighted station and upper air observations into a 3 dimensional wind field. It allows for use of the MM5 wind data as an "initial guess” to the wind field. Grid resolutions on the order of hundreds of meters for a full year may be created with much less effort than for similar resolution within MM5. The benefit is that the abilities of the non-hydrostatic prognostic model (MM5) are combined with the fine-scale resolution and terrain adjustments of the diagnostic model (CALMET) and thus the combination of the two models is more likely to create a representative wind field data set for the area of interest. The steps below outline the approach that was taken:

· Acquired the appropriate surface and upper air data for the region(s) of interest, and processed the data for suitable input into CALMET 

· Acquired and processed digital terrain and land use data for the study area(s).

· On a one-kilometre resolution the CALMET model was run in two ways. i) with the MM5 as the initial guess field, ii) without the MM5 as the initial guess field.

· Examined how the CALMET terrain adjustment altered the initial guess from MM5.

· Extracted site-specific data from the CALMET wind field for selected locations.

· Summarised the statistics for the input and data generated sets.

· Compared site-specific CALMET extracted data sets to other common used monitoring data sets, i.e. Beatton River, Tumbler ridge, Fort St John.  

· Determined if the CALMET site specific extracted data set was sufficiently comparable to the actual meteorological data that is used in regulatory dispersion modelling applications. That is to say, is the MM5 with CALMET terrain adjustment comparable to using a standard data set, which has been rotated for local valley geometry. 

There are many meteorological algorithms and options that can be selected in the CALMET Model. The modelling exercise was an iterative process, and was run a number of times to determine what the most appropriate options were. One advantage to this process is that once these options are established for one region in BC, it is likely that they will be the same or similar for many of the other regions. The options established in Stage 2 of the study were applied to a second modelling domain in Stage 3, to further test their suitability.

5.2 Calmet Model Methodology

CALMET is a diagnostic model that produces three-dimensional fields of meteorological parameters based on surface and upper air measurements, land use definition, terrain heights, and prognostic meteorological outputs. CALMET also has many internal options that are selected at the user’s discretion for a given application.  A description of the methodology and data sets used in the model are described in the following sections. 

5.2.1 Initial Model Domain Selection

The model domain was select to encompass a region of notable well test activity and to coincide with as much of the available meteorological and topographical data as possible. The area is 67km (east-west) by 100 km (north-south) centred south of the town of Chetwynd in Northeastern BC. 

5.2.2 Land Use and Terrain Data

CALMET uses gridded terrain height and land use information to calculate the influence of topographically driven local scale wind systems on the overall three-dimensional wind field. In complex terrain, an increased grid resolution will in turn allow for greater resolution of local scale wind effects.  For the purposes of the present research, a 1km-grid resolution was adopted. This was deemed to be small enough to determine local scale flows, but large enough to include a significant land area within the model domain and avoid issues with computation time.  

Digital terrain data were obtained from the National Resources Canada Digital Topographic database. CDED (Canadian Digital Elevation Data) format data were interpolated to a 1km resolution. The boundaries of the model domain were chosen to coincide with map sheet 93PW from the 1:250000 scale CDED index. This domain encompasses the bulk of the Sukunka valley lying between Chetwynd to the Northwest and Tumbler Ridge to the Southeast and is the site of much activity in the upstream oil and gas economic sector. The model domain boundaries are shown in the previous section in Figure 3‑2. The Stage 2 grid is anchored at the Southwest corner at UTM 609500N, 562000E, and consists of 67 1-km cells in the x (east-west) direction and 100 1-km cells in the y (north-south) direction and is shown in local relief in Figure 5-1.

CALMET assigns land use according the to USGS (United States Geological Survey) system of codes. Table 5‑1 shows the relation between BC land use codes and their assumed analogues within the USGS (CALMET) land use system. The land use category defines values of parameters such as surface roughness, albedo, and Bowen ration that are used by the CALMET micro-meteorological module in determining the dynamic state of the atmospheric boundary layer. All land was assumed to be Forest Land (code 40) throughout the model domain. This simplified assumption was made because potential foliar injury is one of the primary environmental concerns regarding well flaring and most of the area is forested. For further CALMET applications of this sort, a more realistic refinement of land use could be incorporated.
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Figure 5‑1
CALMET Modelling Domain used in the Stage 2 Analysis

Table 5‑1
Translated BC Land Use Codes to the required CALMET Codes

	BC Land Class Code
	BC Land Use Category
	CALMET Code
	CALMET Landuse Category

	2
	Agriculture
	-20
	Agricultural land – irrigated

	3
	Barren surfaces
	70
	Barren Land

	4
	Fresh water
	50
	Water

	5
	Mining
	70
	Barren Land

	6
	Old forest
	40
	Forest Land

	7
	Recently logged
	30
	Range Land

	8
	Recreation activities
	40
	Forest Land

	9
	Residential/agriculture Mixtures
	20
	Agricultural Land

	10
	Selectively Logged
	40
	Forest Land

	11
	Urban
	10
	Urban

	12
	Wetlands
	60
	Wetland

	13
	Young Forest
	40
	Forest Land


5.2.3 Surface and Upper Air Meteorological Data

A subset of all the available upper air and surface station data was selected based on proximity to the model domain and availability of data from the 1995 model year. Data for Pine River for 1995 was available but was omitted from the CALMET analysis to provide an independent data source against which to compare some of the CALMET outputs. The upper air and surface stations that were utilized are listed in Table 5‑2. CALMET was run using the MM5 for Northern BC as an initial guess with Step 1 (terrain) and Step 2 (weighted data assimilation) adjustments made as per the options outlined in Table 5-3.

Table 5‑2
Surface Meteorological and Upper Air Stations Used in the CALMET Model Suitability Assessment

	Surface Stations

	Station
	ID
	UTM Easting (m)
	UTM Northing (m)
	Elevation (m)

	Prince George
	1109
	520814
	5970282
	691

	Fort St. John
	1183
	640445
	6235860
	695

	Tumbler (Denison)
	1106
	627633
	6110383
	860

	Upper Air Stations

	Station
	ID
	UTM Easting (m)
	UTM Northing (m)
	Elevation (m)

	Prince George
	2520
	513163
	6964321
	676

	Fort Nelson
	2526
	523093
	6520798
	377


The surface stations actually lie outside of or on the fringe of the model domain, while the upper air stations are even further away. The step 2 adjustment has some affect on the CALMET fields at upper levels, particularly near the domain edges, due to the larger radius of influence required for the upper air sounding (see Table 5‑3). However, the complexity of terrain and the relatively small radius of influence for surface station that such complexity necessitates means that the Step 2 adjustment will have very limited influence on CALMET derived surface winds. As a result, throughout much of the domain, the CALMET diagnostic calculation will consist mainly of local topographically forced wind adjustments to either the MM5 or the objective analysis initialization field.

Hourly precipitation data is required by CALPUFF to model chemical transformations (secondary particulate matter). However, for the purpose of well test flaring, no chemical transformations are computed. As such, precipitation files are not required and were not generated.

5.2.4 Missing Data Processing

CALMET requires at least one of the surface stations to have valid data at each hour in order to simulate the 3-D meteorological fields. For wind speed and wind direction, there were no hours in 1995 when all three surface stations had missing data.  For the other variables (ceiling height, sky cover, relative humidity, station pressure), missing hours of less than 5 consecutive hours were replaced with the previous hour’s data using the recommend US EPA method (Atkinson 1999), and missing hours of greater than 5 consecutive hours were replaced with the same hours from the previous day.

CALMET also requires twice a day upper air sounding data that are measured no more than 12 hours apart. The US National Climatic Data Centre collects and archives sounding data that may subsequently be processed into a format suitable for input into the CALMET model. This data had not previously been processed, and therefore was checked for quality assurance and control. Both the Fort Nelson and Prince George upper air data required a measure of processing for missing data, which is described below.

For a sounding where only the upper level (~ 500 mb) temperature and/or wind data were missing, the data were filled in by using the temperature and/or wind data from the next lowest level and interpolating to the value at the highest level using estimates of temperature lapse rates and wind profiles.

If the sounding is of questionable quality, at levels that would normally be used for the above process, averages of the previous and following sounding were used. 

CALMET requires the sounding to have increasing elevation above sea level with decreasing pressure level. For soundings where elevation was decreasing with decreasing pressure level the erroneous elevation was adjusted to fit the sounding by using the pressure data to interpolate elevation from the pressure levels above and below. The errant level was removed if no determination was possible.

When 1 or 2 consecutive soundings were missing, the sounding from the previous day at the same time was used in its stead. 

[image: image11.wmf]21%

21%

14%

14%

7%

7%

N

NE

E

SE

S

SW

W

NW

>12 m/s

9 - 12 m/s

6 - 9 m/s

4 - 6 m/s

2 - 4 m/s

0.5 - 2 m/s

32.0% Calm (<=0.5 m/s)


Figure 5‑2 
Wind Rose of Prince George Airport Data for 1995
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Figure 5‑3 
Wind Rose of Fort Saint John Airport Data for 1995
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Figure 5‑4
Wind Rose of Tumbler (Denison) Data for 1995
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Figure 5‑5 
Temperature Distribution of Prince George Airport Data for 1995
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Figure 5‑6 
Temperature Distribution of Fort Saint John Airport Data for 1995

5.2.5 Surface Station Input Data

Wind roses for the three surface stations that were used in the CALMET model for 1995 are presented in Figures 5-2 to 5-4. The frequency of wind directions and wind speeds are similar to the climate normals that are presented in Appendix A. The Prince George data had a slightly greater frequency of winds from the North than what may be expected in other years based on the climate normals.

Because wind data from Environment Canada are measured in 36 cardinal directions, and the Ministry of Forest data were supplied in 8 cardinal wind directions, the wind directions were “randomized” around the cardinal direction for the hour of interest to produce a distribution of the wind field. The wind roses presented reflect the data with the randomized distributions.

Temperature data for Prince George and Fort Saint John are presented in Figures 5-5 and 5-6. When 1995 Prince George data is compared with the climate normals, on average, mean daily maximum and minimum temperatures were 1C warmer in 1995 than the climate normals. Extreme maximum and minimum temperatures were within the climate normal boundaries. January and February were warmer than normal and the summer was slightly cooler than temperature normals. Overall, the temperatures for 1995 were similar to climate normals. For Fort St John, on average, mean daily temperatures were close to the climate normals. Winter months were warmer, and the summer was cooler than normal. 

When compared with normals the differences in temperatures and wind speed and directions from the 1995 data sets are not expected to have a significant impact on model results.

5.2.6 CALMET Diagnostic Model Options 

The CALMET model has a number of user-specified input switches and options that determine the methods by which the model calculates the wind field initialization, terrain effects and assimilation of observed data. This section briefly outlines the options that were used that have not been previously described. An examination of all model options was conducted to arrive at the most appropriate modelling options. Where applicable, the current recommended United States Environmental Protection Agency (US EPA) regulatory default parameters were used. However, due to the complex nature of the terrain in the model area, some non-EPA standard options where selected. 

CALMET allows for initialization of the 3-D wind field either by inverse-distance objective analysis interpolation from all available surface and upper air meteorological data or from incorporation of a 3-D prognostic model wind field.  For the purposes of the Stage 2 assessment, CALMET was initialized in two ways, using MM5 prognostic model outputs for Northern BC for the 1995 model year, and then not using the prognostic wind field (objective analysis). In cases where the objective analysis is used, the user has the further option of weighting in favour of either the surface or upper air observations and of extrapolating surface observations to higher levels. 

The CALMET wind field module then uses a two-step approach for the computation of the wind fields (Scire et al., 2000). In the first step, the initial-guess wind field is adjusted for kinematic effects of terrain, slope flows, and terrain blocking effects to produce a Step 1 wind field. The second step consists of an objective analysis procedure to weight the Step 1 wind field toward local observational data to produce a final CALMET wind field. Each of these steps has options that determine what adjustments will be performed and how heavily they will be weighted.

CALMET has a number of options to deal with terrain effects and data interpolation to generate the wind field.  The default critical Froude number of 1 was used. It is the ratio of the inertial force of the wind, to the force due to gravity. The number is calculated for each grid point and compared to the critical Froude number. If it is less than 1 and the wind has an uphill component, then it is adjusted to be tangent to the terrain, and the speed remains unchanged. If it is greater than the critical Froude number, then no adjustment is made. The user may also adjust the maximum angle of slope for terrain effects, determine the maximum radius of influence for terrain to influence local winds and decide if there should be any vertical motion out of the top of the grid, i.e. should the domain be a closed box. For most applications the default options are recommended, and it is only necessary to select a proper radius of influence for terrain effects. (Scire, 2002) This value is chosen as the distance between the valley bottom and the ridge top for the characteristic terrain features within the model domain. For the domain as shown in Figure 5-1, this was selected to be 20 km.

A weighted inverse–distance method is used to introduce observational data into the Step 1 wind field to make the Step 2 adjustment. (Scire et al., 2000). This interpolation scheme allows observational data to be heavily weighted in the vicinity of the observational station, while the Step 1 wind field dominates in regions with no observational data. The user-specified parameters R1 and R2 determine the relative weighting given to the observational data in the surface layer and in the layers aloft, respectively. An observation is excluded from interpolation if the distance from the observational station to a particular grid point exceeds the user-specified maximum radius of influence, RMAX1, RMAX2, or RMAX3, for the surface layer, layers aloft and over-water layers, respectively.

These parameters are chosen based on the scale of the region for which each of the observations is deemed to be representative. For example, RMAX3 should not be made so large that the influence of an over water station would extend over land. Similarly, in complex terrain, surface observations within a particular valley will likely only be representative within that valley and RMAX1 should be chosen as to limit that stations’ influence within other unrelated terrain features.

In this application, various combinations of weighting parameters and maximum radii of influence were tested for CALMET to produce final wind fields that best represent the meteorological wind fields in the area. The final parameter selection is listed in Table 5‑3.

Table 5‑3 
Selected CALMET Wind Field Model Options (with MM5 as first guess)

	Parameter
	Option Selected
	U.S. EPA Default

	Froude Number Adjustment Effects Calculated?
	Yes
	(

	Kinematic Effects Computed?
	Yes
	

	Slope Effects Computed?
	Yes
	(

	Surface Wind Observations Extrapolated to Upper Layers?
	Yes
	(

	Surface Winds Extrapolated even if Calm?
	N/A
	

	Maximum Radius of Influence over Land in the Surface Layer (RMAX1)
	8 km
	No default

	Maximum Radius of Influence over Land Aloft (RMAX2)
	50 km
	No default

	Maximum Radius of Influence over Water (RMAX3)
	 N/A
	No default

	Radius of Influence of Terrain Features 
	20 km
	No default

	Relative Weighting of the First Guess Field and Observations in the Surface Layer (R1)
	2.0 km
	No default

	Relative Weighting of the First Guess Field and Observations in the Layers Aloft (R2)
	10 km
	No default


CALMET was run using the MM5 data as an initial guess with Step 1 (terrain) and Step 2 (weighted data assimilation) adjustments made as per the options outlined in Table 5‑3 and incorporating the surface and upper air stations given Table 5‑2.

5.3 Calmet Model Results

5.3.1 Domain Scale CALMET Derived Wind Field

Figures 5-7 and 5-8 show the MM5 initial field and CALMET derived wind field for the bottom-most level at 12:00 on Aug. 12, 1995. For purpose of comparison, the 20 km MM5 resolution wind filed has been superimposed upon the CALMET 1 km grid, (i.e. each CALMET cell that lies within a certain MM5 cell has been assigned the value for that MM5 cell). The difference between the plots shows the effect of the CALMET diagnostic model on the MM5 field. This particular day and time was selected due to a stable overnight condition of the atmosphere combined with relatively low wind speed that maximizes the influence of terrain induced flows.

In a qualitative sense the plots immediately show that the CALMET processing provides a significant improvement over the MM5 field as well as an improvement over a simplified uniform wind field as used in ISC3/RTDM. Viewed on this scale, the MM5 field is very disjointed, adjacent cells often showing vastly different or even opposite wind fields. In addition, though terrain influences should be readily apparent in terrain such as that within the model domain, the MM5 does not show a significant relation to major topographic features. The CALMET fields show much better agreement with the underlying terrain. Drainage flows down valley and mountain slopes are apparent throughout the domain and there is significant terrain channelling, particularly along the Sukunka valley in the Western portion of the domain and along the Pine River Valley to the Northeast.  In addition, there appears to be deflection by mountain peaks to the Southwest. Overall CALMET significantly enhances the representativeness of the MM5 field. 

5.3.2 CALMET Derived Winds for a Sample Flare Test Domain

The terrain adjustment introduced by CALMET is even more apparent when viewed on a fine scale. Figures 5-9 and 5-10 show the same MM5 and CALMET wind fields superimposed on a sample 20km x 20 km grid that is commonly adopted for well test model assessments. The CALMET field shows significant terrain deflection. There are drainage flows along the valley wall slopes to the east and off of most of the peaks in the domain. Wind flows from the east are deflected around the peak in the centre of the domain. This defection is also seen around smaller peaks to the north and south. Lastly the channelling is more evident in this plot, with an along-valley wind component clearly visible along all valley bottoms in the domain and particularly to the Southwest where the CALMET field directly opposes the MM5 initialization.   

5.3.3 CALMET Winds Versus Pine River Observations

Figures 5-11 through 5-13 show CALMET extracted and observed wind roses for the Pine River Meteorological Station for 1995. Figure 5-11 shows the observed winds. Figure 5-12 is the extracted wind rose from the generated CALMET data set with MM5 as initial input. This wind rose shows a slightly different orientation from the observed data. This is likely due to sub grid scale topographical influences at the station that are not captured by the extracted point from the CALMET simulation and to the fact that the centre of the grid from which the extraction was made does not exactly coincide with the station location.  Figure 5-13 is the CALMET generated site specific wind, as per Figure 5-12, with objective analysis rather than MM5 used for the initialization field. At first glance, the wind field appears remarkably similar to the wind field with the MM5 data. In the case where there is significant topography and no local data, terrain effects will dominate the diagnostic analysis of the resultant wind field. As a result, differing initialization may produce quite similar wind fields, which seems to be the present case. However, the objective analysis derived fields displayed calm winds 9% of the time, while the MM5 simulation had calms 2% of the time, which is similar to the 1.4% calms in the observed data. 

5.3.4 CALMET Derived Mixing Height

In Northern Climates, attaining adequate resolution of a sounding to determine the mixing layer can be difficult, as often the mixing layer is very close to the surface during winter or nighttime conditions. However, the mixing lid is not used for dispersion calculations during stable conditions. Figures 5-14 and 5-15 show the variation of the CALMET derived mixing heights for 1995 as calculated at the centre of the model domain. These values are similar to what has been calculated in other studies for regions at this latitude (SENES, 1996).

According to current BC WLAP protocol, mixing heights for flaring applications in BC are calculated using the higher of the mechanical mixing layer, or plume-height plus 1 metre method. This could result in a potential difference between CALMET/CALPUFF modelling results and the ISC/RTDM results presented in Stage 3.

5.3.5 CALMET Derived Stability Class

The Meteorological Service of Canada (MSC) does not report stability class as part of the climate normals. In this study, hourly stability class, and frequency of occurrence for each class for the CALMET modelling domain for 2000 was calculated in the CALMET grid field for each grid, using the Pasquill-Gifford coefficients for rural land use conditions (ISC curves) and MacElroy-Pouler coefficients for urban land use areas. Table 5‑4 shows the frequency of stability class for a selection of grid points from the model domain as calculated by CALMET. Although there are no climate normals for stability, stability Class A/1 through D/4 are similar to 10 year averages for other nearby MSC surface stations. Based on previous meteorological analyses in BC, the distribution of stability for each of the points is typical for northern, mountainous areas of BC. The table shows that when MM5 data is used as an initial guess, the derived stability classes are within the frequencies that would be expected in a region between Fort St. John and Prince George. On the other hand, when objective analysis is used, the resulting stability classes are not representative of what would be expected particularly for neutral to stable conditions, making the objective analysis scenario less suitable.

Table 5‑4
Frequency of Stability Class for Observed Data versus CALMET

a) with MM5 as Initial Guess

	Pasquill Gifford Stability Class
	Stability Class Description
	Frequency of Stability Class [%]

	
	
	Observed (MPRM)
	CALMET Derived

	
	
	Prince George
	Fort St. John
	Pine River
	Sukunka 
	Coldstream

	1/A
	Extremely Unstable
	1.28
	0.49
	0.78
	1.15
	0.84

	2/B
	Moderately Unstable
	12.85
	7.55
	9.23
	10.14
	10.07

	3/C
	Slightly Unstable
	17.02
	14.46
	15.51
	16.16
	16.87

	4/D
	Neutral
	31.10
	52.28
	42.34
	40.00
	39.67

	5/E
	Slightly Stable
	15.51
	15.64
	15.16
	15.99
	16.37

	6/F
	Moderately Stable
	21.84
	19.59
	16.98
	16.57
	16.19


b) with Objective Analysis as Initial Guess

	Pasquill Gifford Stability Class
	Stability Class Description
	Frequency of Stability Class [%]

	
	
	Observed (MPRM)
	CALMET Derived

	
	
	Prince George
	Fort St. John
	Pine River
	Sukunka
	Coldstream

	1/A
	Extremely Unstable
	1.28
	0.49
	1.11
	0.70
	1.23

	2/B
	Moderately Unstable
	12.85
	7.55
	12.22
	12.93
	12.05

	3/C
	Slightly Unstable
	17.02
	14.46
	20.20
	20.36
	19.55

	4/D
	Neutral
	31.10
	52.28
	27.82
	29.21
	29.39

	5/E
	Slightly Stable
	15.51
	15.64
	10.63
	9.06
	10.22

	6/F
	Moderately Stable
	21.84
	19.59
	28.02
	27.74
	27.58


5.3.6 Comparison of CALMET Extracted wind versus Rotated Tumbler Meteorology

Two cases were examined at specific locations within the model domain, where measured meteorological data previously had been rotated for local topography and used with the ISC3 and RTDM models. For these locations the CALMET derived wind field (with MM5 as initialization) was extracted and compared directly against the rotated and non-rotated data sets. Figures 5-16 and 5-17 show the wind roses for each of these locations. Because the Tumbler data shows a strong orientation toward South-Southwesterly winds, it is common practice when using this data set to artificially create another ‘year’ of data by rotating the wind rose by 180 degrees, thereby achieving a wind rose that is more evenly distributed. The first wind rose in each sequence was created by this method. 

The Tumbler Ridge meteorological data set has been doubled by rotating 180 degrees hence it is artificial and as such is not representative of measured or modelled data. The CALMET extracted wind roses exhibit a similar distribution of winds as the rotated measured wind roses that have been rotated for local topography, as demonstrated by comparison of figures (b) and (c). However, whereas adapting observed meteorological data from other locales is a highly subjective exercise that relies on the perception of the modeller to select and alter a given data set, the CALMET extracted data is based on the objective application of the CALMET diagnostic wind module. Although there is also user discretion present in the selection of the CALMET options for the diagnostic calculation, one might further reduce the subjectivity involved by identifying a set of protocol options for use with CALMET for flaring applications. If such a method were shown to produce similar estimates of maximum concentration and foliar damage as assessments done using current WLAP protocol, it could potentially remove much of the user/reviewer subjectivity that presently accompanies flaring reports. 

5.4 Conclusions

Model results show that the use of CALMET on a 1km scale with MM5 outputs as initialization significantly improves the resolution of local scale wind system in complex terrain. Extraction of several point specific data sets from the full three-dimensional CALMET files shows that regulatory model data for a specific point may be obtained that is as representative of that point site as rotating an existing data set from another monitoring location. Although there are some visible differences between the observed and CALMET extracted data, the CALMET approach may be considered an improvement over the adaptation of data from other locales because, for a given set CALMET options, it is objectively determined and thus eliminates the user’s subjectivity in adjusting the ISC or RTDM meteorological data set. 
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Figure 5‑7
MM5 Wind Field (First Guess Field) Superimposed on the CALMET Model Grid for MM5 Sigma Level 1 on Aug. 12, 1995 at 12:00 am.
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Figure 5‑8
CALMET Derived Wind Field for Level 1 on Aug 12, 1995 at 12:00 am
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Figure 5‑9
MM5 Wind Field (First Guess Field) for a Sample Flare Domain on Aug. 12, 1995 at 12:00 am.

*Note: The MM5 grid is actually slightly angled with respect to the UTM grid orientation. Extracting data from the angled MM5 grid for superposition over an orthogonal (with respect to UTM) CALMET grid causes certain CALMET grid cells to artificially include data from more than one MM5 grid cell. This results in the band of doubled vectors seen about two thirds of the way up the figure. This is purely an effect of the manner in which this particular plot was created and does not affect the CALMET simulation. CALMET has the ability to resolve such differences in grid orientation.
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Figure 5‑10
CALMET Derived Wind Field for a Sample Flare Domain 1 on Aug 12, 1995 at 12:00 am
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Figure 5‑11
Observed Wind Rose for Pine River 1995
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Figure 5‑12
CALMET with MM5 Extracted Wind Rose for Pine River 1995
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Figure 5‑13
CALMET with Objective Analysis Extracted Wind Rose for Pine River 1995 
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Figure 5‑14
Diurnal Variation of Mixing Height for Winter, Summer and Annual Average
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Figure 5‑15
Variation of Monthly Mixing Heights as Calculated by the CALMET Model
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Figure 5‑16(a) CALMET Extracted Wind Rose versus Rotated Tumbler for UTM (582350,6137950), Grid Cell (21,43) - Two-Tailed Rotated (33 and 213 degrees) Tumbler
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Figure 5-16(b) CALMET Extracted Wind Rose versus Rotated Tumbler for UTM (582350,6137950), Grid Cell (21,43) - Rotated (33 degrees) Tumbler 1993-1994
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Figure 5-16(c) CALMET Extracted Wind Rose versus Rotated Tumbler for UTM (582350,6137950), Grid Cell (21,43) - CALMET Extraction for Grid Point (21,43)  
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Figure 5‑17(a) CALMET Extracted Wind Rose versus Rotated Tumbler for UTM (581607,6132322), Grid Cell (20,38) - Two-Tailed Rotated (55 and 235 degrees) Tumbler
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Figure 5-17(b) CALMET Extracted Wind Rose versus Rotated Tumbler for UTM (581607,6132322), Grid Cell (20,38) - Rotated (55 degrees) Tumbler 1993-1994

[image: image30.wmf]18%

18%

12%

12%

6%

6%

N

NE

E

SE

S

SW

W

NW

>12 m/s

9 - 12 m/s

6 - 9 m/s

4 - 6 m/s

2 - 4 m/s

0.5 - 2 m/s

3.0%

Calm (<=0.5 m/s) =


Figure 5-17(c) CALMET Extracted Wind Rose versus Rotated Tumbler for UTM (581607,6132322), Grid Cell (20,38) - CALMET Extraction for Grid Point (20,38)  

Stage 3

5.5 Application of Results to Dispersion Models

The results for Stage 2 suggest that CALMET with MM5 initialization is capable of generating wind fields from which representative data for use in regulatory dispersion models may be extracted. To further test this hypothesis, ISC/RTDM model runs were conducted using meteorological data extracted from the Stage 2 CALMET field and by following the usual WLAP protocol for flaring events. The results of these runs were compared to similar ISC/RTDM runs using observed meteorology from another site and to a full CALPUFF flare simulation with three-dimension meteorology.

Comparing the outcomes of these three applications should determine whether the variances in the meteorological data in each case would in turn cause large variances in predicted ambient concentrations. It is possible that the individual meteorological data sets, compared previously in Stage 2, might appear similar and yet still produce starkly differing predicted concentrations. For example, visible foliar injury analysis is strongly dependent on the persistence of wind direction in the consecutive hourly met data. In a full year of hourly data it may be difficult to identify a short-term period that could cause a significant difference in damage predictions among the approaches. The most effective way to examine these differences is by running the models themselves and comparing results. This comparison used the following general method:

· ISC3, RTDM, and CALPUFF input files were created for two independent well tests using data acquired from actual assessments previously submitted to WLAP.

· Using WLAP protocol for flaring parameters and mixing height, ISC and RTDM were run using both observed met data and the extracted CALMET data in ISC/RTDM format.

· CALPUFF was run using the full CALMET three-dimensional wind field. CALPUFF model options were chosen based on EPA standards and to best approximate WLAP modelling protocol.

· For each run, foliar injury predictions were calculated using the method outlined by Legge (1995). 

· Maximum concentration predictions, frequencies, and foliar injury for each of the models were examined and compared.

Two case study wells were examined. Each well is based on actual emission parameters taken from flaring reports submitted to WLAP within the past two years. The first well is in the Sukunka region toward the Southwest of the Stage 2 model domain as shown in Figure 3‑2. The second well lies within CDEC map sheet 93IE, located to the southeast of the Stage 2 domain.  

Because the second test well lies outside of the Stage 2 model domain, a second CALMET simulation was performed for a domain encompassing the region of the second well. The second modelling domain was chosen to roughly coincide with the boundaries of the 93IE map sheet. Figure 6-1 shows the CALMET domain as derived from this map sheet. The domain is anchored at the Southwest corner at UTM Northing =5085000, Easting = 628000 and consists of 67 1-km cells in the x (east-west) direction and 111 1-km cells in the y (north-south) direction. This run was conducted using the same surface and upper air station data and same CALMET parameters as were used in the Stage 2 assessment. 
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Figure 6‑1
The Second Test Case CALMET Model Domain as Derived from Map Sheet 93IE

Hereafter each well is referred to according to the well’s NTS map index domain location. The case study well in the Sukunka region of the Stage 2 model domain is referred to as test well 93PW, while the second test well is referred to as test well 93IE.

5.6 Case Study Modelling Domain and Parameters

Table 6-1 shows the emissions parameters used for each of the two case wells. These values are culled from actual flare reports and as such were calculated according to WLAP guidelines. The same parameters were used in all model runs for each well.

Table 6‑1
Stack Parameters for Case Study Well Flares

	Stack Parameter
	Case Study Well Name

	
	93PW
	93IE

	Elevation (m asl)
	1148.1
	1221.9

	Effective Stack Height (m)
	63.2
	69.2

	Effective Stack Diameter (m)
	7.27
	5.05

	Emission Rate (g/s)
	4717
	7258

	Exit Velocity (m/s)
	20
	20

	Exit Temperature (K)
	1273
	1273


Figures 6-2 and 6-3 show the model domains for each of the test wells. In each case gridded receptor locations were calculated from the same CDEC map sheet as was used to determine the CALMET terrain inputs. For each case the well test model domain is a 20 km by 20 km grid centred on the well location. Because the flare stack parameters come from actual flaring assessments, for confidentiality actual UTM locations are omitted. Receptors were placed at 100 m spacing from the source out to 1 km, a 200 m spacing from 1 km to 3 km from the source, and at a 500 m spacing to the outer range of the domain. For the ISC/RTDM simulations, receptors with elevations higher than the stack-top were modelled with RTDM and receptors below stack-top were modelled with ISCST3. The combined receptor list was supplied to the CALPUFF simulations. As recommended by WLAP, a 15-meter flagpole height was used in all applications.
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Figure 6‑2
Model Domain for Case Study Flare 1 (93PW) 
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Figure 6‑3
Model Domain for Case Study Flare 2 (93IE)

ISC and RTDM Model Methodology

The conventional WLAP protocol for assessing modelled well test flare events recommends use of the following models:

· US EPA Industrial Source Complex Short Term Model, Version 3  (ISCST3) model –used to predict the ground-level SO2 concentrations for receptors at elevations lower than stack top;

· US EPA Rough Terrain Diffusion Model, Version 3.2 (RTDM) model – used to predict the ground-level SO2 concentrations for receptors at elevations higher than stack top.

Both models are steady-state Gaussian plume dispersion models, and are widely accepted for industrial source applications by Canadian regulatory agencies, including WLAP.

ISC3ST and RTDM were applied for each test well using both observed meteorological data adapted from another location and modelled site specific data extracted from the corresponding CALMET simulation.

Pasquill-Gifford stability classes for the observed data were calculated using the US EPA Meteorological Processor for Regulatory Models (MPRM). Stability classes for the CALMET derived data sets were calculated within the CALMET micro-meteorological module.  

Mixing heights for the observed meteorological data were calculated using the WLAP recommended ‘plume height plus one’ method. Although CALMET internally computes mixing heights, for agreement with the WLAP protocol, mixing heights for the CALMET extracted data were also re-calculated using the ‘plume height plus one’ method.  

Observed data chosen for the 93PW and 93IE test cases were taken from the Pine River and Tumbler Ridge measurement sites, respectively. Both of the data sets have been used numerous times for previous flare reports. Tables 6-2 and 6-3 show the frequency of P-G stability classes for the observed and extracted data for wells 93PW and 93IE respectively; similarly, Figures 6-4 to 6-7 show the observed and extracted wind roses for the two test wells.

Stability classes for the CALMET extracted data are for the most part similar to the observed data except that the CALMET over-estimates neutral stability (4) conditions compared to Pine River observations and under-estimates neutral compared to Tumbler Ridge. As stated previously, this could be due to differences in elevation between the site-specific CALMET data and the observed measurement sites and to slightly different wind profiles between the extracted and observed data. However, for both test cases, the sums of class 5 and 6 are in rough agreement between the observed and extracted data sets. Because classes 5 and 6 denote the most stable conditions and tend to produce the highest predicted concentrations, similarity between these classes is of paramount importance to the current study.

The wind roses for the 93PW case show a higher speed and a differing dominant orientation for the CALMET extracted compared to Pine River observations. Both wind roses show a ‘one-side’ pattern, with the majority of winds coming from the southern half of the rose, but the Pine shows a much stronger southerly component, while the CALMET extraction suggest more westerly flow. As might be expected due to the terrain adjustment in the CALMET simulation, the CALMET extracted data show more alignment with local valley geometry than do the data adapted from the Pine River location.

For Well 93IE the Tumbler Ridge observed and CALMET extracted are more similar in speed but again differ significantly in orientation. The observed data show a strong petal from the Southwest. The extracted data shows this somewhat but also shows a strong southerly petal that is likely associated with channelling along a fairly steep walled valley in the south of the domain.

Based on the orientation of terrain in the vicinity of the two test wells, it is likely that the respective CALMET derived meteorology is more representative of actual in-situ conditions than either the Pine River or Tumbler ridge data.

Table 6‑2
Stability Class Pine River versus CALMET for Well 93PW

	Pasquill Gifford Stability Class
	Frequency of Stability Class (%)

	
	Pine River 1993-1994
	CALMET Extracted

	1/A
	3.93
	0.17

	2/B
	13.55
	9.72

	3/C
	16.30
	14.93

	4/D
	34.18
	47.84

	5/E
	9.55
	16.22

	6/F
	22.49
	11.12


Table 6‑3
Stability Class Tumbler versus CALMET for Well 93IE

	Pasquill Gifford Stability Class
	Frequency of Stability Class (%)

	
	Tumbler Ridge 1993-1994
	CALMET Extracted

	1/A
	0.13
	0.70

	2/B
	2.05
	8.80

	3/C
	11.32
	13.70

	4/D
	59.78
	45.38

	5/E
	12.24
	14.58

	6/F
	14.47
	16.85
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Figure 6‑4
Wind Rose Pine River versus CALMET for Well 93PW –  Pine River 1993-1994

[image: image35.wmf]24%

24%

16%

16%

8%

8%

N

NE

E

SE

S

SW

W

NW

>12 m/s

9 - 12 m/s

6 - 9 m/s

4 - 6 m/s

2 - 4 m/s

0.5 - 2 m/s

0.0%

Calm (<=0.5 m/s) =


Figure 6‑5
Wind Rose Pine River versus CALMET for Well 93PW – CALMET Extracted for 93PW
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Figure 6‑6
Wind Rose Tumbler Ridge versus CALMET for Well 93IE – Tumbler Ridge 1993-1994
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Figure 6‑7
Wind Rose Tumbler Ridge versus CALMET for Well 93IE – CALMET Extracted for 93PW

5.7 CALPUFF Model Options

Table 6‑4 gives a summary of the technical options used in the CALPUFF model for both test case scenarios. For the most part, the model options used follow the default regulatory options currently recommended by U.S. EPA.

Table 6‑4 
Model Options Used in CALPUFF

	Parameter
	Option Selected
	U.S. EPA Default

	Terrain Adjustment Method
	Partial Plume Path Adjustment
	(

	Transitional Plume Rise
	Modelled
	(

	Stack Tip Downwash
	Modelled
	(

	Vertical Wind Shear above Stack Top
	Not modelled
	(

	Chemical Mechanism
	Not Modelled
	(

	Wet Removal
	Not Modelled 
	

	Dry Deposition
	Not Modelled 
	

	Method Used to Compute Dispersion Coefficients
	Pasquill-Gifford Coefficients for Rural Areas/McElroy-Pooler Coefficients for Urban Areas
	(

	Partial Plume Penetration of Elevated Inversion
	Not modelled
	(

	Minimum Wind Speed Allowed for Non-Calm Conditions
	0.5 m/s
	0.5 m/s


CALPUFF is able to simulate ambient concentrations during calm periods. Calm periods are defined as those in which the puff transport speed is less than a user-supplied threshold speed (Scire et al., 2000b). The calm threshold was set to 0.5 m/s because it is the lowest non-zero wind speed that occurs at most of the observational meteorological stations.

One significant departure from the CALPUFF defaults involves the averaging time used in the calculation of plume sigmas.  RTDM adjusts the value of sigma-y based on a 3 minute averaging time compared to a 60 minute averaging time for ISC3 and CALPUFF under default parameters. CALPUFF was run with both a 3-minute averaged sigma-y, and a 60-minute sigma-y to compare with RTDM modelling results. In most flare reports RTDM modelled receptors are where maximum prediction of hourly concentration and foliar damage occur.

Plots of maximum predicted concentration for both test wells using CALPUFF with the default (60-minute) averaging time for sigma-y are given in Appendix B.  The results are on the order of twice as high as what were predicted in ISC3 and RTDM. For the rest of this study all CALPUFF results refer to simulations done with a 3-minute P-G averaging time adjustment to sigma-y.

All model runs were processed to determine the potential for visible foliar damage. The assessment method adopted is based on the biological sensitivity modules presented by Dr. A.H. Legge in his paper titled “An Environmentally Significant Flare Event From A Sour Gas Processing Plant: Proposed Quantitative Definitions” (1995).
Dr. Legge indicated that determination of a specific SO2 foliar injury threshold depends on the season and time of flaring, as well as the duration of exposure.  For a given time of the year, the “acute SO2 foliar injury threshold” may be estimated based on the most appropriate sensitivity module, referred to as “Hyperbolic Regression Model” as presented in Dr. Legge’s paper.  There are four modules in total to cover an annual period. All foliar damage assessments assumed the winter module.

5.8 Results

Case Study Model Results for Well 93PW

Maximum predicted concentrations for the 93PW test well are shown in Table 6-5.  Maximum 1-hour concentrations predicted by ISC/RTDM using the Pine River data where within 50 g/m3 of the maximum predicted using the CALMET extracted data. However, 24-hour and annual where higher for the CALMET extracted data. This may be a result of the CALMET modelled data possibly having more persistence in direction due to terrain channelling of the diagnostic model. CALPUFF results were highest for the 1-hour and lowest for the annual, with the 24-hour of the same order as with ISC/RTDM from observations.

Table 6‑5
Maximum Predicted SO2 Concentration by Model for Test Well 93PW

	Averaging Period
	ISC/RTDM
	CALPUFF

	
	Pine River

(g/m3)
	CALMET Extracted

(g/m3)
	3-Minute Average for Sigma-y

(g/m3)
	60 Minute Average for Sigma-y

(g/m3)

	1-hour
	20627
	20596
	32939
	41043

	24-hour
	2925
	10059
	4744
	4507

	Annual (Run Length)
	217
	514
	37
	40


Figures 6-8, 6-9 and 6-10 show contour plots of the 1-hour maximum predicted by ISC/RTDM using Pine River, ISC/RTDM using CALMET extracted and CALPUFF, respectively. As might be expected from the agreement in the 1-hour maximum, the Pine River and CALMET extracted ISC/RTDM plots are very similar. Highest values are seen on the rise to the northwest of the well site and the majority of the rest of the domain shows concentrations below 900 g/m3.  The general pattern for the 1-hour CALPUFF is similar, with highest concentration on the high ground near the well, but the area of high values is more tightly defined and more of the domain shows maximums below 450 g/m3 than for the other cases. There are also high concentrations to the southeast that are not seen with ISC/RTDM. The maximum predicted concentrations for all scenarios were within a couple hundred metres of each other.

Difference plots for each of the CALMET derived test cases as compared to the Pine River ISC/RTDM results are shown in Figure 6-11 and 6-12. These plots show the ‘sensitivity minus base’ difference. The results for ISC/RTDM using observed data are taken as the base. The sensitivities then are the CALMET extracted and CALPUFF scenarios. Negative values denote areas where the Pine River ISC/RTDM predicted concentrations were higher and positive values where they were lower than the particular case to which Pine River results are being compared. The difference between the Pine River and CALMET extracted ISC/RTDM is minimal. Through the entire domain the predicted values for each scenario are within 500 g/m3, with the higher difference values only occurring where absolute concentrations are highest. Much of the domain shows differences less than 100 g/m3. 

The difference plot for CALPUFF data compared to Pine River ISC/RTDM is much more complex. There are large positive and negative values in the area corresponding to the 1-hour maximums. This shows that the maximum CALPUFF with CALMET predictions are higher than for ISC/RTDM, but that the ISC/RTDM predictions are high over a wider area than are the CALPUFF results. Away from the maximum values, differences are much reduced throughout most of the domain except for the one area to the southeast where CALPUFF predictions are higher and another to the southwest where ISC/RTDM results are higher. The differences in this scenario may be attributed to the effects of causality in the CALPUFF model. ISC and RTDM assume instantaneous dispersion of emissions and do not track the plume hour to hour, as is the case with CALPUFF.

Predicted visible foliar damage is the primary environmental concern in well test applications submitted in BC. Figures 6-13, 6-14 and 6-15 show plots of the predicted foliar damage resulting from each of the three model scenarios. The area of damage predicted by the two ISC/RTDM scenarios is very similar, although the CALMET extracted meteorology shows predicted damage over a wider area in the immediate vicinity of the well. The CALMET extracted meteorology also shows some damage in the eastern portion of the domain that is not predicted by the Pine River meteorology.  

Although maximum predicted concentrations from CALPUFF with CALMET are higher, the area of predicted foliar damage is noticeably lower. Both of the areas of damage corresponding to the area of higher ground near the well are smaller than in either of the ISC/RTDM assessments. The CALPUFF with CALMET scenario indicates potential damage in the region to the southwest where it is not predicted by either of the ISC/RTDM simulations.
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Figure 6‑8
Maximum SO2 Concentrations as Predicted by ISC-RTDM with Pine River Meteorology

Note:
Contours are 450, 900, 2000, 4000, 6000, 8000, 10000, 15000 and 20000 (g/m3. Elevation interval is 50m. 
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Figure 6‑9
Maximum SO2 Concentrations as Predicted by ISC-RTDM with CALMET Extracted Point Meteorology

Note:
Contours are 450, 900, 2000, 4000, 6000, 8000, 10000, 15000 and 20000 (g/m3. Elevation interval is 50m. 
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Figure 6‑10
Maximum SO2 Concentrations as Predicted by CALPUFF using Full CALMET Derived Three-Dimensional Meteorology

Note:
Contours are 450, 900, 2000, 4000, 6000, 8000, 10000, 15000, 20000, 25000 and 30000 (g/m3. Elevation interval is 50m.
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Figure 6‑11
Difference Plot of CALMET Derived ISC/RTDM Versus Pine River ISC/RTDM

Note:
Contours are plus and minus 100, 200, 300, 400, 500, 600, 700 and 800 (g/m3. Elevation interval is 50m.
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Figure 6‑12
Difference Plot of CALPUFF Results Versus Pine River ISC/RTDM

Note:
Contours are plus and minus 100, 500, 1000, 2000, 3000, 4000, 5000 and 10000 (g/m3. Elevation interval is 50m.
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Figure 6‑13
Foliar Damage as Predicted by ISC-RTDM with Pine River Meteorology

Note:
Elevation interval is 50m.
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Figure 6‑14
Foliar Damage as Predicted by ISC-RTDM with CALMET Extracted Point Meteorology

Note:
Elevation interval is 50m.
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Figure 6‑15
Foliar Damage as Predicted by CALPUFF using Full CALMET Derived Three-Dimensional Meteorology

Note:
Elevation interval is 50m.

Case Study Model Results for Well 93IE

Maximum predicted concentrations for the 93IE test well are shown in Table 6-6.  For this case maximum 1-hour concentrations predicted by all the ISC/RTDM runs are of the same order, though not as similar as for the 93PW test case, while the CALPUFF results are significantly higher. 24-hour and annual were higher for the CALMET extracted versus Tumbler Ridge, further suggesting some terrain induced persistence in the CALMET extracted data. CALPUFF results for this case were similar to those observed with both the ISC/RTDM scenarios.

Table 6‑6
Maximum Predicted SO2 Concentration by Model for Test Well 93IE

	Averaging Period
	ISC/RTDM
	CALPUFF

	
	Tumbler Ridge
	CALMET Extracted
	3 Minute Average for Sigma-y
	60 Minute Average for Sigma-y

	1-hour
	7387
	9263
	19400
	26410

	24-hour
	638
	3724
	3942
	5414

	Annual (Run Length)
	28
	154
	43
	56


Figures 6-16, 6-17 and 6-18 show contour plots of the 1-hour maximum for ISC/RTDM using Tumbler Ridge, ISC/RTDM using CALMET extracted and CALPUFF for the 93IE test case, respectively. The Tumbler Ridge and CALMET extracted ISC/RTDM plots are again quite similar, although there is more variation that for the previous test case and CALMET extracted predictions are noticeably higher away from the well. The general pattern for the 1-hour CALPUFF is somewhat similar to that for the CALMET extracted but there are also areas of high concentrations toward the southeast and northeast that do not appear for the ISC/RTDM runs. The CALPUFF patterns are more tightly defined with a higher maximum value but spread over a smaller area and the concentrations away from the well lower than what is seen when modelled with ISC/RTDM.

Difference plots for each of the CALMET derived test cases compared to the Tumbler Ridge ISC/RTDM results are shown in Figure 6-19 and 6-20.  For this well the difference between ISC/TRDM with observed and CALMET extracted meteorology is much more pronounced. There are large differences where the CALMET extracted results are higher all along the ridge to the southeast of the well. There are also large differences toward the southwest corner, and again the CALMET extracted results are higher.

The difference plot for CALPUFF compared to Tumbler shows large discrepancies that correspond to the area of the CALPUFF maximums and in almost all the domain the differences are positive, indicating that the CALPUFF predicted values are higher.

Figures 6-21, 6-22 and 6-23 show plots of the predicted foliar damage resulting from each of the three model scenarios for the 93IE well. The damage assessment was performed using the winter damage module. This time, the area of damage predicted by the two ISC/RTDM scenarios is very different. The Tumbler Ridge meteorology results in prediction of damage at only one receptor along the ridge to the southeast. However, The CALMET extracted data gives predictions of foliar damage on the small peak to the south and along the ridge to the southeast. There are also areas of damage predicted in the higher terrain to the southwest. The damage to the southwest occurs in an area where predicted concentrations are not at their highest.

Foliar damage predictions from the CALPUFF with CALMET run are similar to that for the CALMET extracted ISC/RTDM run in the southern half of the domain. However, the CALPUFF predictions show a large area of damage to the northwest that is not present in either of the ISC/RTDM runs.
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Figure 6‑16
Maximum SO2 Concentrations as Predicted by ISC-RTDM with Tumbler Ridge Meteorology for Test Well 93IE.

Note:
Contours are 450, 900, 2000, 4000, 6000 and 8000 (g/m3. Elevation interval is 50m.
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Figure 6‑17
Maximum SO2 Concentrations as Predicted by ISC-RTDM with CALMET Extracted Point Meteorology

Note:
Contours are 450, 900, 2000, 4000, 6000 and 8000 (g/m3. Elevation interval is 50m.
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Figure 6‑18
Maximum SO2 Concentrations as Predicted by CALPUFF using Full  CALMET Derived Three-Dimensional Meteorology

Note:
Contours are 450, 900, 2000, 4000, 6000, 8000, 10000 and 15000 (g/m3. Elevation interval is 50m.
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Figure 6‑19
Difference Plot of CALMET Derived ISC/RTDM Versus Tumbler Ridge ISC/RTDM

Note:
Contours are plus and minus 100, 500, 1000, 2000, 3000, 4000, and 5000 (g/m3. Elevation interval is 50m.
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Figure 6‑20
Difference Plot of CALPUFF Versus Tumbler Ridge ISC/RTDM

Note:
Contours are plus and minus 100, 500, 1000, 2000, 3000, 4000, 5000, 10000 and 15000 (g/m3. Elevation interval is 50m.
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Figure 6‑21
Foliar Damage as Predicted by ISC-RTDM with Tumbler Ridge Meteorology

Note:
Elevation interval is 50m.
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Figure 6‑22
Foliar Damage as Predicted by ISC-RTDM with CALMET Extracted Point Meteorology

Note:
Elevation interval is 50m.
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Figure 6‑23
Foliar Damage as Predicted by CALPUFF using Full CALMET Derived Three-Dimensional Meteorology

Note:
Elevation interval is 50m.

Conclusions

The results of the case studies suggest that model runs with CALMET extracted data give similar results to runs using observed data in terms of both maximum predicted 1-hour concentrations and predicted visible foliar damage. CALMET extracted data may contain some persistence that results in higher 24-hour and annual averages than for ISC/RTDM with observed data. In some cases where strong terrain effects are present and meteorology from another location is not particularly representative of the local features, CALMET extracted data may actually be more desirable in terms of providing a data set that will allow for an accurate assessment of the possibility of foliar injury. CALPUFF seems to give higher predictions of the 1-hour maximum, but also seems to be more accurate in defining the areas in which both the maximum concentrations and foliar damage may occur. 

Conclusions and Recommendations

Meteorological data are important for the assessment of environmental impacts from well test flaring events using dispersion models. This study reviewed and analyzed methods for obtaining meteorological data that are different from that suggested by the current BC regulatory framework. The study attempted to determine for well test flaring applications, whether one might reduce the need for long term meteorological measurements, improve the efficiency with which well test reports are produced, and increase the objectivity for assessing reports.

5.9 Meteorological Monitoring

Given the current paucity of meteorological stations in the Rocky Mountains and foothills in Northeastern BC, an increase in spatial coverage of meteorological monitoring in remote areas would benefit well test assessment, and enhance the protection of foliage from injury due to SO2 emissions. Recent additions to the BC WLAP monitoring program will enhance the meteorological database. The Ministry of Forests already has a monitoring network in place that includes several stations in remote locations where well activity occurs. This network could be incorporated into the WLAP database by extending the monitoring period and/or maintaining specific stations throughout the winter season when the majority of well testing occurs. Stations of interest in this area include Tumbler Denison, Sukunka, and Red Deer. Establishment of a common database or meteorological library would also allow for easier access to meteorological data by well test applicants.

5.10 MM5 Prognostic Model Output

Wind rose and Chi square Analysis indicate that point specific meteorology extracted from 20 km resolution MM5 model output is not sufficiently representative of local meteorology to warrant its use as input for regulatory well test flare modelling. This is likely due to local-scale valley geometry wind effects, existing on scales of the order of 1 to 10 km, that are not captured by the MM5 model grid resolution. In fact, MM5 applications on a grid scale such as 20 km are mainly intended for synoptic scale weather applications, and are not meant to accurately resolve finer scale near surface wind fields.

Although the results from MM5 do not directly provide the complete set of parameters that is required for regulatory dispersion modelling, MM5 is very useful as a coarse scale initialization to other models. Even at the 20 km grid scale, MM5 provides a significant improvement in data coverage compared to the very sparse coverage provided by the upper air station network in Northern BC. There would be considerable value in continuing to generate MM5 data in the future.

However, although the 20 km grid scale provides an improvement over the paucity of upper air data, even as a first guess it is still too large to properly resolve wind systems in mountainous terrain. If possible, further MM5 simulations should be done on a finer resolution, perhaps on the order of 5 to 10 km, so that more mesoscale features due to complex terrain may be captured. 

Alternatively, recent studies show that prognostic output from the Canadian Mesoscale Compressible Community (MC2) meteorological model may also be adapted for use in CALMET applications (Levelton 2002). The Modelling Group from the Geography Department at the University of British Columbia runs MC2 on a continuous operational basis as part of their ensemble forecasting program. On contract, this group will perform runs on grid scales down to 3.33 km for a domain anywhere in BC. MC2 prognostic data on such a fine scale would likely provide a large improvement in complex wind field resolution compared to the present WLAP MM5 archive. 

5.11 Application of CALMET and CALPUFF

Model results show that the use of CALMET on a 1 km scale with MM5 outputs as initialization significantly improves resolution of local scale wind system in complex terrain compared to MM5 by itself. 

Extraction of several point specific ISC format data sets from the full three-dimensional CALMET files shows that regulatory model data for a specific point may be obtained that is at least as representative of that point site as applying an existing data set from another monitoring location. Further, the CALMET approach represents an improvement over the adaptation of data from other locales because it is objectively determines and thus eliminates the subjectivity involved in adjusting the ISC or RTDM data set.

Under the current regulatory framework, in the absence of in situ meteorological data, meteorology from a suitable surrogate location is required for any well test assessment. This data must to be acquired and/or purchased, processed for data quality, rotated if necessary, and mixing heights must be calculated according to the WLAP protocol for each model scenario. Both ISC and RTDM input files must be created, including emission parameters, receptors and terrain radials. Upon completion of the model simulation, the ISC and RTDM predictions must be combined into one set of model outputs. Lastly, on many computer platforms there are limitations regarding file size that make it necessary to perform multiple ISC and/or RTDM runs in order to cover all the receptors in a typical 20 km x 20 km well test domain. The adaptation of off-site data, duplication of input files and repetition of model runs greatly increase time requirements and increase the chance of user error, and also increase the level of subjectivity for both the modeller and reviewer.  

In the CALMET/CALPUFF mode, CALMET simulations might be conducted covering the area where oil and gas activity is most common. These CALMET simulations would then provide the database from which meteorology for a well assessment is extracted. The CALMET fields could be utilized either to extract in-situ meteorology for ISC and RTDM or as inputs to full CALPUFF simulations. For a given well test scenario, emission parameters and a set of receptors would still need to be generated. However, for ISC and RTDM modelling, the subjectivity of meteorological data selection would be eliminated. Further, a given CALPUFF simulation requires only one input file and one model run. As a result, once standardized CALMET fields are created, the CALPUFF model can be utilized in its full mode for less effort than a single well test assessment in the current regulatory framework. 

The cost of implementing CALMET simulations for the area of interest for a well assessment would be significantly less than the cost of installing a sufficient number of meteorological stations to cover all mountain valleys where gas exploration is ongoing.  Considering this fact, the use of CALMET and MM5, (even if more MM5 or MC2 years were deemed necessary), would represent an overall reduction in the resources required for a well test assessment. Further, the results of Stage 3 for the 93IE test case suggest that even with the reduced cost, this method might actually improve environmental protection against foliar injury. Under this approach, in order to ensure consistency from all applications for well test flaring, it would be necessary that the OGC and/or WLAP either develop protocols for CALMET modelling with regard to flare events, or perform the CALMET simulations themselves and make the resultant CALMET fields available to well test applicants. 

The model options that were described in this report could be used as a basis for defining a common protocol for generating CALMET wind fields for other areas within BC. This was illustrated by the application of the CALMET model to a second modelling domain in 93I east, where there is no actual meteorological data available. This case produced model results using CALMET extracted and observed meteorology that were similar, although not as close in agreement as was seen for the 93PW test case.

One significant limitation of this technique is that a prognostic MM5 simulation is currently only available for the 1995 model year and thus all assessments would have to be based on this single year of data. The CALMET results using objective analysis as initialization showed that the generated wind field in complex terrain was similar to the wind field generated with the prognostic data when surface meteorological data was available, however other parameters such as mixing height and stability were not suitably representative of expected values.

Though most of this study was based on model runs using MM5 as initialization, there may be instances where the option of initialization by objective analysis is tenable. As meteorological monitoring in the region of interest improves and more meteorological stations are commissioned (or upgraded), future studies could be conducted using the objective analysis initialization if there were a suitable surface station in the immediate vicinity. Such a scenario might include post-flare modelling using surface data from an onsite monitoring station for years with no MM5 data.  This would probably represent an improved method over the current ISC/RTDM approach, but likely does not represent as good of a method as using prognostic data. 

Alternatively, in the event that MM5 is either unavailable or deemed to be non-representative, an objective analysis initialized CALMET simulation might still provide a basis from which point-specific meteorology might be extracted to generate ISC/RTDM meteorological files for well test assessments. As this simulation would still independently incorporate the effects of local topography into the CALMET diagnostic analysis, such an application would likely also provide an improvement approach over the existing ISC/RTDM methodology.

The research addressed a potential framework for well test applications, by both evaluating the feasibility of using modelled meteorological data instead of having many long term meteorological stations in the region at a much higher cost. Using a refined model-derived meteorological data set in dispersion simulations is an improvement over the existing regulatory requirements and does not significantly affect the desired conservatism of model predictions from regulatory protocol.

This study assessed the suitability of using for well test flaring in BC, extracted site-specific meteorology derived by three-dimensional prognostic (MM5) and diagnostic (CALMET) meteorological models. The approach outlined in this report could be utilized as a basis for establishing an alternate method for modelling well test flaring in BC. It is important to note that this is a tentative proposal and approach. Final details of any methods or guide adopted by the OGC or WLAP should be developed through appropriate consultation with stakeholders. 
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APPENDIX A - Climate Data Of Northeastern British Columbia

A.1
Introduction

Two types of weather information are used to determine the suitability of meteorological data: Climate Normals and hourly station observations. Climate Normals, summarizing the period from 1961 to 1990 were obtained from the Meteorological Service of Canada (MSC). These were used to estimate the average wind conditions, temperature and frequency of precipitation for the region of interest. The following section outlines the climatological data for Northeastern BC. These data were compared with the hourly meteorological data used in the study to check that the hourly data were within the range of what is normal for the region. This check will ensure that any significant differences that occur in the modelling study are due to differences in model performance and not the result of extreme values within the meteorological data used.   

A.2
Winds
Figure A-1shows the frequencies of wind directions for climate stations with available data records in Northeastern BC. Figures A-2 through A-5 show the climate normal frequency of wind directions for each station. In general average winds decrease as one moves further north. 

A.3
Temperature

Temperature data is available at a number of stations in northern BC. A summary of the mean, maximum and minimum monthly temperatures is given in Table A-1. Figures A‑6 through A-9 show the Climate Normal temperature measured at four MSC climate stations. The Climate Normal mean daily temperatures listed in the figures were calculated by averaging the daily mean temperature over the entire monitoring period for each month. The mean daily maximum and minimum temperatures were calculated by averaging daily maximum and minimum temperatures for the month. The extreme maximum and minimum temperatures are the maximum and minimum temperatures for the monthly period.

Precipitation

Precipitation normals for available stations in northern BC they are summarized in Figures A-10 through A-18. The mean rainfall, snowfall and total precipitation data were found by averaging the mean monthly precipitation data over the entire monitoring period. The number of days with measurable precipitation was determined by averaging the total number of days of precipitation per month over the monitoring period. The greatest rainfall, snowfall and precipitation data are the maximums measured during the monitoring period.
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Figure A- 1
Map showing frequency of wind speeds in Northern BC from the Canadian Climate Normals, 1961-1990.
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Figure A- 2
Wind Roses of Prince George from the Canadian Climate Normals, 1961-1990.
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Figure A- 3
Wind Roses of Fort Saint John from the Canadian Climate Normals, 1961-1990.
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Figure A- 4
Wind Roses of Beatton River from the Canadian Climate Normals, 1961-1980.
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Figure A- 5
Wind Roses of Beatton River from the Canadian Climate Normals, 1961-1980.
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Figure A- 6
Temperatures from the Canadian Climate Normals for 1961-1990 for the Fort Nelson Airport, British Columbia
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Figure A- 7
Temperatures from the Canadian Climate Normals for 1961-1990 for the Fort Saint John Airport, British Columbia
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Figure A- 8
Temperatures from the Canadian Climate Normals for 1961-1990 for Dawson Creek, British Columbia
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Figure A- 9
Temperatures from the Canadian Climate Normals for 1961-1990 for Prince George, British Columbia

Table A- 1
Mean, Maximum, and Minimum Temperatures Recorded at Climate Stations

	
	Jan
	Feb
	Mar
	Apr
	May
	June
	July
	Aug
	Sep
	Oct
	Nov
	Dec

	Fort St. John

	Mean Daily Temp.
	-15.0
	-11.0
	-5.5
	3.5
	9.7
	13.7
	15.8
	14.7
	9.6
	4.3
	-7.1
	-13.2

	Mean Daily Max
	-10.8
	-6.5
	-0.6
	8.8
	15.5
	19.4
	21.5
	20.3
	14.8
	8.7
	-3.3
	-9.1

	Extreme Daily Max
	10.6
	12.8
	13.9
	27.9
	31.8
	31.7
	33.3
	33.6
	30.0
	25.6
	18.3
	11.4

	Mean Daily Min
	-19.4
	-15.6
	-10.4
	-1.9
	3.8
	8.0
	10.1
	9.0
	4.3
	-0.1
	-11.0
	-17.4

	Extreme Daily Min
	-47.2
	-42.2
	-36.7
	-28.9
	-10.6
	-0.6
	2.2
	-1.2
	-12.8
	-25.0
	-39.2
	-40.6

	Fort Nelson

	Mean Daily Temp.
	-22.0
	-16.5
	-8.8
	2.2
	9.6
	14.8
	16.7
	14.9
	8.8
	1.0
	-13.3
	-20.3

	Mean Daily Max
	-17.7
	-11.0
	-2.3
	8.5
	16.2
	21.2
	23.0
	21.2
	14.9
	6.0
	-9.2
	-16.3

	Extreme Daily Max
	10.7
	15.0
	17.8
	27.3
	32.1
	33.9
	36.7
	34.4
	32.8
	25.6
	18.3
	10.7

	Mean Daily Min
	-26.5
	-22.3
	-15.4
	-4.2
	2.9
	8.3
	10.4
	8.6
	2.7
	-4.0
	-17.6
	-24.5

	Extreme Daily Min
	-51.7
	-48.3
	-39.4
	-34.4
	-15.0
	-1.1
	1.1
	-3.3
	-16.7
	-28.6
	-41.1
	-47.8

	Prince George

	Mean Daily Temp.
	-9.9
	-5.4
	-0.7
	4.7
	9.4
	13.1
	15.3
	14.6
	9.8
	4.8
	-3.1
	-8.4

	Mean Daily Max
	-5.8
	-0.7
	4.6
	10.8
	16.0
	19.7
	22.1
	21.4
	16.0
	9.8
	0.6
	-4.5

	Extreme Daily Max
	12.8
	12.8
	17.8
	29.7
	36.0
	33.9
	34.4
	33.4
	31.4
	25.2
	17.4
	11.7

	Mean Daily Min
	-14.1
	-10.3
	-6.0
	-1.4
	2.8
	6.4
	8.4
	7.7
	3.6
	-0.1
	-6.8
	-12.5

	Extreme Daily Min
	-50.0
	-45.0
	-37.8
	-25.6
	-8.3
	-2.8
	-1.7
	-3.9
	-12.2
	-26.5
	-41.7
	-45.6

	Dawson Creek

	Mean Daily Temp.
	-14.9
	-11.6
	-5.1
	3.5
	9.4
	13.3
	15.1
	13.9
	9.3
	4.0
	-6.9
	-13.1

	Mean Daily Max
	-9.1
	-5.6
	0.6
	9.8
	16.4
	19.8
	21.8
	20.7
	15.4
	9.6
	-1.9
	-7.6

	Extreme Daily Max
	11.7
	12.7
	16.2
	29.0
	32.2
	33.3
	32.5
	34.5
	32.0
	27.5
	18.9
	11.9

	Mean Daily Min
	-20.8
	-17.8
	-10.9
	-2.8
	2.3
	6.7
	8.5
	7.0
	3.1
	-1.6
	-12.1
	-18.8

	Extreme Daily Min
	-48.3
	-45.0
	-44.4
	-27.2
	-13.3
	-5.0
	0.0
	-4.0
	-16.7
	-30.9
	-39.8
	-45.7
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Figure A- 10
Mean Monthly Rainfall, Snowfall, and Total Precipitation from the Canadian Climate Normals, 1961-1990, Fort Nelson Airport

[image: image64.wmf]Greatest Rainfall in 24 Hours

0

10

20

30

40

50

60

70

80

90

Jan

Feb

March

April

May

June

July

Aug

Sept

Oct

Nov

Dec

Month

Rainfall (mm)

Greatest Snowfall in 24 Hours

0

10

20

30

40

Jan

Feb

March

April

May

June

July

Aug

Sept

Oct

Nov

Dec

Month

Snowfall (cm)

Greatest Precipitation in 24 Hours

0

10

20

30

40

50

60

70

80

90

Jan

Feb

March

April

May

June

July

Aug

Sept

Oct

Nov

Dec

Month

Precipitation (mm)


Figure A- 11
Greatest Rainfall, Snowfall, and Total Precipitation in 24-hours from the Canadian Climate Normals, 1961-1990, Fort Nelson Airport
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Figure A- 12
Mean Monthly Rainfall, Snowfall, and Total Precipitation from the Canadian Climate Normals, 1961-1990, Fort St. John Airport
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Figure A- 13
Greatest Rainfall, Snowfall, and Total Precipitation in 24-hours from the Canadian Climate Normals, 1961-1990, Fort St. John Airport
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Figure A- 14
Mean Monthly Rainfall, Snowfall, and Total Precipitation from the Canadian Climate Normals, 1961-1990, Dawson Creek
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Figure A- 15
Greatest Rainfall, Snowfall, and Total Precipitation in 24-hours from the Canadian Climate Normals, 1961-1990, Dawson Creek

[image: image69.wmf]Greatest Rainfall in 24 Hours

0

10

20

30

40

50

60

70

80

90

Jan

Feb

March

April

May

June

July

Aug

Sept

Oct

Nov

Dec

Month

Rainfall (mm)

Greatest Snowfall in 24 Hours

0

10

20

30

40

Jan

Feb

March

April

May

June

July

Aug

Sept

Oct

Nov

Dec

Month

Snowfall (cm)

Greatest Precipitation in 24 Hours

0

10

20

30

40

50

60

70

80

90

Jan

Feb

March

April

May

June

July

Aug

Sept

Oct

Nov

Dec

Month

Precipitation (mm)


Figure A- 16
Greatest Rainfall, Snowfall, and Total Precipitation in 24-hours from the Canadian Climate Normals, 1961-1990, Hudson Hope Dam
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Figure A- 17
Mean Monthly Rainfall, Snowfall, and Total Precipitation from the Canadian Climate Normals, 1961-1990, Prince George
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Figure A- 18
Greatest Rainfall, Snowfall, and Total Precipitation in 24-hours from the Canadian Climate Normals, 1961-1990, Prince George

APPENDIX B – Maximum Predicted Concentrations For Case Study Wells Using 3-Minute Average for Adjustment of Sigma-y
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Figure B-1
Maximum SO2 Concentration as Predicted by CALPUFF using Full  CALMET Derived Three-Dimensional Meteorology with Sigma-y Adjusted by 60-Minute Averaging Time  for Test Well 93PW.

Note:
Contours are 450, 900, 2000, 4000, 6000, 8000, 10000, 15000, 20000, 25000, 30000 and 35000 (g/m3. Elevation interval is 50m.
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Figure B-2
Maximum SO2 Concentration as Predicted by CALPUFF using Full  CALMET Derived Three-Dimensional Meteorology with Sigma-y Adjusted by 60-Minute Averaging Time  for Test Well 93IE.

Note:
Contours are 450, 900, 2000, 4000, 6000, 8000, 10000, 15000, 20000 and 25000 (g/m3. Elevation interval is 50m.
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