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[bookmark: _Toc481655139]EXECUTIVE SUMMARY
This study focuses on the recent climatology and projected effects of climate change on wind and waves in Area Response Plan (ARP) Pilot Area 2: St. Lawrence River (Montreal to Anticosti Island). This report is one of four produced during this study, each of which focuses on a different ARP Pilot Area in Canadian coastal waters, all of which were selected due to their high volume of marine traffic. This project supports the Government of Canada’s ARP Initiative which aims to strengthen national marine oil spill preparedness and response. The purpose of this report, and the study on which it is based, is to provide “operational science to inform decision making for effective emergency preparedness and response.” 
Climatological analysis components included the calculation of various descriptive statistics for significant wave heights and wind speeds as well as numerous extreme value indices, defined by Environment and Climate Change Canada (ECCC). Spatial statistics and indices were determined for each month, season and year. Long-term means and linear trends were then determined for all calculated values. Results of all means and trends were then mapped. Analysis and maps were also produced for changes in mean wind direction for each month. 
Climate change analysis was conducted using an ensemble of latest generation Coupled Model Intercomparison Project (CMIP5) global climate model (GCM) output. The climate change signal for all statistics, indices and wind directions mentioned above were calculated for two greenhouse gas emissions scenarios (RCP 4.5 and RCP 8.5) and two planning horizons (mid and end 21st century). Minimum, median and maximum ensemble projection results were then mapped to ensure a broad range of climate projection uncertainty was represented.
It needs to be stressed that only four coarse resolution CMIP5 GCMs were used in the study. The 1° grid resolution for waves resulted in poor wave data coverage in areas directly adjacent to coastlines. This relatively small ensemble size and coarse resolution leads to large uncertainties in the projected results. All accompanying discussion herein refers to only those grid-points shown in the maps and results should be interpreted through this lens.
The long-term mean of minimum annual wave heights was 0 m, median annual wave heights were between 0.05 and 1.00 m, and maximum annual wave heights ranged from 1.5 to 6.4 m. Significant wave height values were found to increase with distance downstream and out towards the Gulf of St. Lawrence. Only median wave heights have been found to have a significant trend, with some regions experiencing 0.015 to 0.030 m per decade. There was a broad range of frequency of rough wave days from 0% of days per year upstream to 22% of days near Anticosti Island. The frequency of high wave days ranged from 0 to 0.45%. The number of consecutive days with top-decile wave heights was between 18.5 and 25.7 days. Indices either experienced a small positive trend or no significant trend.
According to the ensemble mean projections, maximum wave heights are generally expected to decrease slightly in the coming decades, while minimum and median wave heights will remain unchanged. The frequency of rough and high wave days are projected to decrease or stay the same, while the number of days with consecutive top-decile wave days is projected to decrease slightly.
While the current sea states in the area present favourable wave conditions for vessel navigation, manoeuvring and marine operations, the ensemble maximum projected changes in winter show increased wave heights in the region. This would increase the risk of shipping delays and potential damage for marine operations as the wave heights may exceed operational limits. This would result in decreasing time for ship manoeuvring and loading/unloading at terminal and increasing berthing time at terminal and delaying departure. Marine facilities and coastal infrastructure may also be subject to greater damage from higher winter waves. Projected changes are unlikely to impact significantly on marine activities in the St. Lawrence River in spring, summer and fall.
With regard to spill response capability, projected changes in wave conditions and the frequency of rough wave days are generally unlikely to measurably affect spill response planning or success and suggest no measurable change to the windows of opportunity for conducting spill response.
The long-term mean of minimum annual wind speeds were 0.1 to 0.45 m/s, the median annual wind speeds were around 3.1 to 7.0 m/s, and the maximum annual wind speed ranged from 13.7 to 23.0 m/s. While the median and maximum wind speeds were trending slightly upwards in some areas, the minimum wind speed was experiencing slightly negative or positive trends, depending on the specific location. Long-term means of high wind indices, which measured frequencies of days with wind speeds greater than 14.4 m/s up to the frequency of days with wind speeds greater than 24.7 m/s, ranged from 0.5 to 15.0% down to 0 to 0.055%, respectively. Consecutive days experiencing top-decile and bottom-decile wind speeds were 23.9 to 28.5 and 17.7 to 22.0 days, respectively. Some small positive significant trends were found in various high wind indices while small negative trends were found in low wind indices.
The annual cycle of mean wind direction is east-southeastward in January, southeastward in February and March, to more south-southeastward in April, to north-eastward in June and July, east-north-eastward in August and September, back to eastward in October, east-south-eastward in November and southeastward again in December. May experiences a wide range of mean wind directions (eastward, southeastward, northwestward), with wind directions appearing to converge in a location just north of the Gaspé Peninsula. Most months experienced some significant change in mean wind direction from 1980-1995 to 2000-2015, though many were between 36° clockwise and anti-clockwise. Notable expectations include April and May, which experienced larger shifts. April saw rotations between 36 and 72° anti-clockwise for most of the region, but also up to 108 and 144° in the most eastern regions. May saw an interesting mix of both clockwise (up to 144°) and anti-clockwise (up to 108°) rotations of fairly large magnitudes.
The ensemble mean projections show no changes for minimum and median wind speeds, while the maximum wind speed is projected to decrease by up to 0.5 m/s. The frequencies of days with highest winds are not projected to change, while a small changes are projected for the number of calm days or those with near gale-force winds. The number of consecutive days experiencing top- or bottom-decile wind speeds are both projected to increase.
Winter winds are a key risk factor for marine transportation in the region as wind speeds may exceed the operational limits and result in shipping delays and vessel damage. Ensemble maximum projections in winter wind speeds could lead to more downtime for marine transportation and produce higher risk of vessel damage. Projected changes in monthly wind direction mostly occur in summer meaning the impact on marine transportation due to wind direction changes will not likely be an issue.
With regard to spill response, average historical wind conditions would be generally favourable for most spill response efforts. Distances to shore are inherently short in the St. Lawrence River and without timely and effective spill response efforts, oil reaching shore is likely except for the smallest of spills. Very little change in wind direction is projected for both mid and end-century time horizons. Projections for May however, indicate a mix of directional changes but most noticeably a shift to more southwesterly and southerly winds near Anticosti Island. None of the projected changes in wind speed would have a bearing on spill response.
Projected increases in temperature may lead to more frequent fog events. This decreased visibility would increase navigation risk for marine transportation in this area. Rising sea-levels may results in accelerated erosion and accelerated wear on coastal infrastructure. Deeper water in harbours, however, could present new opportunities by improving access for larger ships with deeper drafts.
In terms of oil spill response, warmer conditions will contribute to decreased viscosity (and hence increased spreading) and an increased rate and degree of evaporation. The projected decrease in the presence of sea ice, however, could remove several complicating factors for spill response.  Surface currents will continue to play a significant role in the drift of an oil spill, with slicks drifting with the same speed and direction as the current.
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[bookmark: _Toc481655140]Introduction
This study focuses on the recent climatology and projected effects of climate change on wind and waves in Area Response Plan (ARP) Pilot Area 2: St. Lawrence River (Montreal to Anticosti Island). This report is one of four produced during this study, each of which focuses on a different ARP Pilot Area in Canadian coastal waters (Figure 1-1), all of which were selected due to their high volume of marine traffic. Other areas include the southern portion of British Columbia, Saint John and the Bay of Fundy, as well as Port Hawkesbury and the Strait of Canso Pilot Area. This project supports the Government of Canada’s ARP Initiative which aims to strengthen national marine oil spill preparedness and response.
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[bookmark: _Toc481655200]Figure 11 Area Response Plans Pilot Areas (ECCC)

The purpose of this report, and the study on which it is based, is to provide “operational science to inform decision making for effective emergency preparedness and response.” Ultimately the role of the Historical and future projected wind speed and direction information provided here is to reduce the environmental impact of a marine emergency in the area of focus. The analysis presented here may be used to inform the development and use of emergency response plans and spill trajectory and dispersion models, guide risk mitigation efforts for marine wildlife and migratory birds, and more generally provide insight into marine operating conditions.
Climatological analysis components included the calculation of various descriptive statistics for significant wave heights and wind speeds as well as numerous extreme value indices, defined by Environment and Climate Change Canada (ECCC). Spatial statistics and indices were determined for each month, season and year. Long-term means and linear trends were then determined for all calculated values. Results of all means and trends were then mapped. Analysis and maps were also produced for changes in mean wind direction for each month.
Climate change analysis was conducted using an ensemble of latest generation Coupled Model Intercomparison Project (CMIP5) global climate model (GCM) output. The climate change signal for all statistics, indices and wind directions mentioned above were calculated for two greenhouse gas emissions scenarios (RCP 4.5 and RCP 8.5) and two planning horizons (mid and end 21st century). Minimum, mean and maximum ensemble projection results were then mapped to ensure a broad range of climate projection uncertainty was represented.
[bookmark: _Toc481655141]Report Organization
The report begins with a description of the wind and wave climatological analysis in Section 2.0, which includes an overview of all the datasets used. Section 3.0 presents the results from the historical long-term mean and trend analysis for all statistics and indices of interest, while the associated climate change analysis results are found in Section 4.0. The impact of the historical and projected climates on the marine transportation industry and oil spill response is found in Section 5.0. A summary is provided in Section 6.0.
The appendices are organized parallel to the corresponding report sections and each begins with a table of contents. For those covering summary statistics (Appendices A, C, F, H, K, and M) each long-term mean is first presented for all 17 timeframes and is followed by the respective linear trends. The maps being with the minimum statistic, progress upwards through the percentiles, and finish with the maximum. Each statistic has a common legend across all 17 timeframes. Extreme wave and wind indices (in Appendices B, D, G, I, L, and N) are presented in the order listed in Tables 2-1 and 2-2, respectively. Monthly wind direction means and changes (Appendices E, J, and O) are presented in chronological order.

[bookmark: _Toc481655142]Wind and Wave Climatological Analysis
The climatological and climate change analyses are based on a series of statistics and indices. Historical analysis uses the MSC50 data to determine long-term mean values and trends of the seven statistics as well as the nine extreme wave height and 16 extreme wind speed indices. The climate change analysis uses CMIP5 climate models to investigate the range of potential climate change impacts on the statistics and indices.
A selection of digital maps from the historical analysis are available in Section 3.0, while maps showing climate projection results are presented in Section 4.0. The full collection of maps are contained within the appendices.
[bookmark: _Toc481655143]Summary Statistics
The seven statistics of interest include minimum, maximum, 5th, 25th, 50th, 75th, and 95th percentiles. These statistics are to be calculated over seventeen timeframes include 12 monthly, four seasonal and an annual timeframes. The long-term means and linear trends for all statistics and timeframes were calculated and plotted. 
The climate change signal for each statistic and timeframe was also calculated. The climate change analysis focuses on three climate model time-slices: a base period (1986-2005); a mid-century future (2046-2065); and an end of century future (2081-2100). Differences between the long-term mean of the future periods and the base period (all statistics and time frames) are investigated to determine the impacts of climate change. 
[bookmark: _Toc481655144]Indices
Extreme wave height and wind speed indices are defined in Tables 2-1 and 2-2 respectively. Each set is based on the daily maximum significant wave height and surface wind speed respectively. Aside from monthly and annual maxima (also covered by the summary statistics above) the indices focus on the frequency of certain thresholds or deciles being exceeded. The long-term means and linear trends for all indices were calculated and plotted. In a manner similar to the summary statistics, the climate change signal for each index was also calculated.
[bookmark: _Toc481655181]Table 21: Extreme Wave Height Indices
	ID 
	Indicator name 
	Definitions 
	Unit 

	HsMx 
	Monthly max Hs 
	Monthly maximum value of significant wave height (Hs) 
	m 

	HsAx 
	Annual max Hs 
	Annual maximum value of significant wave height (Hs) 
	m 

	HsRo 
	Rough wave days 
	Annual count of days when daily max Hs > 2.5 m 
	days 

	HsHi 
	High wave days 
	Annual count of days when daily max Hs > 6 m 
	days 

	fHsRo 
	Frequency of rough wave days 
	Annual percentage of days when daily max Hs > 2.5 m 
	% 

	fHsHi 
	Frequency of high wave days 
	Annual percentage of days when daily max Hs > 6 m 
	% 

	fHs90p 
	Frequency of top decile wave days 
	Annual percentage of days when daily max Hs > 90th percentile of base period (1986–2005) (all calendar days share the same percentiles) 
	% 

	fHs10p 
	Frequency of low decile wave days 
	Annual percentage of days when daily max Hs < 10th percentile of base period (1986–2005) (all calendar days share the same percentiles) 
	% 

	HHsDI 
	Top decile wave spell duration indicator 
	Annual count of days with at least 2 consecutive days when daily max Hs > 90th percentile of base period (1986–2005) (all calendar days share the same percentiles) 
	days 



[bookmark: _Toc481655182]Table 22: Extreme Wind Indices
	ID 
	Indicator name 
	Definitions 
	Unit 

	WsMx 
	Monthly max wind speed 
	Monthly maximum value of wind speed (Ws) 
	m/s 

	WsAx 
	Annual max wind speed 
	Annual maximum value of wind speed (Ws) 
	m/s 

	WsB0 
	Calm wind days 
	Annual count of days when daily max Ws < 0.514 m/s (1 Knot, Beaufort Scale 0) 
	days 

	WsB7 
	Near gale-force wind days 
	Annual count of days when daily max Ws > 14.403 m/s (Beaufort Scale 7) 
	days 

	WsB8 
	Gale-force wind days 
	Annual count of days when daily max Ws > 17.222 m/s (Beaufort Scale 8) 
	days 

	WsB9 
	Strong gale-force wind days 
	Annual count of days when daily max Ws > 20.833 m/s (Beaufort Scale 9) 
	days 

	WsB10 
	Storm-force wind days 
	Annual count of days when daily max Ws > 24.722 m/s (Beaufort Scale 10) 
	days 

	fWsB0 
	Frequency of calm wind days 
	Annual percentage of days when daily max Ws < 0.514 m/s (1 Knot, Beaufort Scale 0) 
	% 

	fWsB7 
	Frequency of near gale-force wind days 
	Annual percentage of days when daily max Ws > 14.403 m/s (Beaufort Scale 7) 
	% 

	fWsB8 
	Frequency of gale-force wind days 
	Annual percentage of days when daily max Ws > 17.222 m/s (Beaufort Scale 8) 
	% 

	fWsB9 
	Frequency of strong gale-force wind days 
	Annual percentage of days when daily max Ws > 20.833 m/s (Beaufort Scale 9) 
	%

	fWsB10 
	Frequency of storm-force wind days 
	Annual percentage of days when daily max Ws > 24.722 m/s (Beaufort Scale 10) 
	% 

	fWs90p 
	Frequency of top decile wind days 
	Annual percentage of days when daily max Ws > 90th percentile of base period (1986–2005) (all calendar days share the same percentiles) 
	% 

	fWs10p 
	Frequency of low decile wind days 
	Annual percentage of days when daily max Ws < 10th percentile of base period (1986–2005) (all calendar days share the same percentiles) 
	% 

	HWsDI 
	Top decile wind spell duration indicator 
	Annual count of days with at least 2 consecutive days when daily max Ws > 90th percentile of base period (1986–2005) (all calendar days share the same percentiles) 
	days 

	LWsDI 
	Low decile wind spell duration indicator 
	Annual count of days with at least 2 consecutive days when daily max Ws < 10th percentile of base period (1986–2005) (all calendar days share the same percentiles) 
	days




[bookmark: _Toc481655145]Description of Datasets and Models
All datasets used in the analysis are described below.
[bookmark: _Toc481655146]MSC50 Atlantic
The MSC50 (MSC06min subset), wind and wave hindcast dataset (Swail et al. 2006) represents the state of the art and most comprehensive wind and wave database for Eastern Canada waters.  The MSC50 M6 Eastern Canada Subset domain covers from approximately 74°W to 42°W and from 40°N to 52°N at 0.1° resolution (approximately 10 km). The dataset covers hourly wind and wave parameters, from 1954 to 2015, for the North Atlantic Ocean and includes consideration of period with sea ice coverage (Swail et al. 2006). 
Ice concentration data considered is a mean monthly value through 1961 inclusive (Walsh and Johnson, 1979 as reported in Swail et al., 2006) and then Canadian Ice Service (CIS) mean weekly ice concentration for 1962 onwards. That is, ice is applied for an entire calendar week, e.g., one would see something like the 1st to 7th of the month is ice, then 8th to 14th isn’t, etc. 
While the MSC50 hindcast includes the below parameters, wind speed and direction as well as significant wave height were the only ones analyzed in this report. 
Wind direction, WD
Wind speed, WS, 1-hour average
For each of the primary partition (sea), secondary partition (swell), and total (sea+swell) wave spectrum: 
variance of spectrum (M0, spectral moment of order 0)
peak spectral period, Tp
vector mean direction of wave spectrum, to which waves are travelling, VMD
Significant wave height, (equal to four times the square root of M0), Hs
Spectral moment of order 2 ( M2)
Dominant direction, DD
Angular Spreading Function 
In-Line Variance Ratio, or directional spreading

For a complete data inventory see http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/waves-vagues/MSC50-eng.html.
[bookmark: _Toc481655147]NCEP CFSR
The National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR) dataset is the latest generation reanalysis dataset, developed with the intention of superseding the NCEP-NCAR Reanalysis in both scope and quality (Saha et al 2010). It is a global, high resolution (~38 km for atmospheric variables) coupled atmosphere-ocean-land-surface-sea ice system developed to provide an improved estimate of the state of these domains over the period 1979-2015. While the only variables used from for this study relate to surface winds, CFSR also publishes hourly, 0.5° latitude x 0.5° longitude output products for a variety of atmospheric, oceanic, and land surface variables. CFSR wind data is used in this study as a basis of evaluation for CMIP5 (below) simulated historical wind data.
Additional information can be found at http://cfs.ncep.noaa.gov/cfsr/.
[bookmark: _Toc481655148]CMIP5 Global Climate Models
The Coupled Model Intercomparison Project Phase 5 (CMIP5) is a coordinated global climate modeling effort involving 20 modeling groups from around the world. The output from the CMIP5 models provides the basis of the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5), (IPCC, 2014). CMIP5 promotes a standardized and intercomparable approach to climate modeling in order to evaluate the effectiveness of simulating past climates, encompass a broad range of model driven climate change projection uncertainty, as well as facilitating research into factors responsible for differences in model projections and representation of climate processes. 
Four CMIP5 global climate models (GCMs) were selected for inclusion in this study. Pertinent details are listed in Table 2-3 below. Ensemble Runs distinguish between closely related simulations from a single model, where “r#” is the ‘realization number’ and represents ensemble members that were initialized by differing initial conditions (providing a representation of internal variability of the climate model). See Section 2.3 in http://cmip-pcmdi.llnl.gov/cmip5/docs/cmip5_data_reference_syntax.pdf for details pertaining to i# and p#, the ‘initialization method indicator’ and ‘perturbed physics’ number, respectively.
[bookmark: _Toc481655183]Table 23: CMIP5 Model Information
	Model
	Modeling Institution
	Country
	Reporting Frequency
	Horizontal Resolution*
(Latitude
Longitude)
	Ensemble Runs 
Included

	GFDL-ESM2M
	National Oceanic and Atmospheric Administration (NOAA) Geophysical Fluid Dynamics Laboratory (GFDL)
	United States
	Waves: 6 hrs
Wind: 3 hrs
	2.0225° 
2.5°
	r1i1p1

	IPSL-CM5A-MR
	Institut Pierre Simon Laplace (IPSL)
	France
	Waves: 6 hrs
Wind: 3 hrs
	1.2676°
2.5°
	r1i1p1

	MIROC5
	Atmosphere and Ocean Research Institute (AORI), The University of Tokyo
	Japan
	Waves: 6 hrs
Wind: 3 hrs
	1.4008°
1.40625°
	r1i1p1
r2i1p1
r3i1p1

	MRI-CGCM3
	Meteorological Research Institute (MRI)
	Japan
	Waves: 6 hrs
Wind: 3 hrs
	1.12148°
1.125°
	r1i1p1


*Calibrated to the equatorial region, higher latitude variations may occur.
[bookmark: _Toc469997626][bookmark: _Toc481655149]Historical Wind and Waves Climate and Trend Analysis
This section discusses historical means and trends of significant wave height and surface wind speeds, as represented by the 1954-2015 coverage of the MSC50 hindcast dataset.
The following subsections present maps of the analysis results for the seven summary statistics across all 17 timeframes as well as the extreme wind and wave indices (defined in Tables 2-1 and 2-2). These include the calculation of long-term means as well as linear trends (using Kendall’s estimator, as described in Wang and Swail, 2001). Subsections are organized according to minimum, maximum and index values for significant wave heights and wind speeds. Means and changes in mean monthly wind direction are also presented.
Each figure consists of a map of the long term-mean (1954-2015) of the given statistic or index for the given timeframe (left side) as well as a map the linear trend over the same timeframe (right side). The ‘points of significance’ refer to those grid cells that experienced a statistically significant linear trend at the 5% level (i.e., there is less than a 5% chance that the trend is due to random inter-annual noise). Each grid cell in maps of this section correspond to a single MSC50 MSC06min node (see Section 2.3.1), which have a resolution of 0.1° latitude and longitude.
[bookmark: _Toc481655184]Table 31: Historical Significant Wave Height Statistics Summary 
	Significant Wave Height Statistics
	Minimum Wave Height
	Median Wave Height
	Maximum Wave Height

	
	Long-term mean
(m)
	Significant Trend (m/decade)
	Long-term mean
(m)
	Significant Trend (m/decade)
	Long-term mean
(m)
	Significant Trend (m/decade)

	Annual
	0
	-
	0.05 to 1.00
	0.015 to 0.030*
	1.5 to 6.4
	-

	Winter
	0 to 0.02
	-
	0.05 to 1.06
	-
	1.2 to 6.2
	-

	Spring
	0 o 0.02
	-
	0.05 to 0.80
	-
	1.0 to 4.2
	0.09*

	Summer
	0 to 0.11
	0.003 to 0.008*
	0.05 to 0.80
	0.015 to 0.030*
	0.8 to 4.0
	0.03 to 0.15*

	Fall
	0 to 0.22
	0.003 to 0.017*
	0.05 to 1.45
	0 to 0.030
	1.2 to 5.6
	0.09 to 0.15*


* Significant trend only in portions of the region, see maps for more details
[bookmark: _Toc481655185]Table 32: Historical Surface Wind Speed Statistics Summary 
	Surface Wind Speed Statistics
	Minimum Wind Speed
	Median Wind Speed
	Maximum Wind Speed

	
	Long-term mean
(m/s)
	Significant Trend
(m/s/decade)
	Long-term mean
(m/s)
	Significant Trend
(m/s/decade)
	Long-term mean
(m/s)
	Significant Trend
(m/s/decade)

	Annual
	0.1 to 0.45
	-0.01 to 0.01*
	3.1 to 7.0
	0.03 to 0.15*
	13.7 to 23.0
	0.3*

	Winter
	0.2 to 0.7
	0.03 to 0.10*
	3.3 to 8.9
	0.03 to 0.15*
	13.3 to 22.5
	-0.20 to -0.75*

	Spring
	0.2 to 0.45
	0.01 to 0.03*
	3.1 to 6.4
	0.03 to 0.15*
	10.0 to 19.3
	0.30 to 0.55*

	Summer
	0.2 to 0.45
	-0.01 to 0.01*
	2.8 to 5.3
	0.03 to 0.15*
	8.3 to 15.0
	0.30 to 1.10*

	Fall
	0.2 to 0.75
	0.01 to 0.07
	3.1 to 8.1
	0.03 to 0.15*
	10.5 to 21.0
	0.30 to 0.55*


* Significant trend only in portions of the region, see maps for more details
Table 3-1 and 3-2 present representative values from the figures in this section and the Appendices, for annual and seasonal long-term means and trends. Summary Tables of extreme wave height indices (Table 3-3) and extreme wind speed indices (Table 3-4), are found in Section 3.3 and 3.6, respectively. While maps include a large portion of the Gulf of St. Lawrence, including the waters around Prince Edward Island, all discussion and summary table values focus on the St. Lawrence River from near Rimouski up to and including Anticosti Island, as outlined in Figure 1-1.
A detailed inspection of the results will reveal that annual minimum maps have lower values than the corresponding seasonal maps, which have lower values than the respective monthly maps. The primary reason for the difference is that the minimum wave height (or wind speed) value for any given season does not necessarily occur in the same month every year. As such the seasonal long-term mean maps will necessarily be lower than each of the three months that contribute. Similarly, the annual long-term means will necessarily be lower than each of the four seasons. The opposite is true for the annual, seasonal and monthly maximum maps. The annual values will necessarily be higher than the seasonal, which will in turn be higher than the corresponding monthly maps.
[bookmark: _Toc481655150]Minimum Wave Heights
The minimum annual significant wave heights (Figure 3-1) are 0 m for the entire region. There are some locations with statistically significant trends, however they are extremely small in magnitude.
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[bookmark: _Toc481655201]Figure 31 Annual minimum significant wave height. 

There are some differences between seasons, as seen in Figures 3-2 to 3-5. The minimum wave heights are close to 0 m in western, upstream regions for all seasons. Wave heights begin to increase around Anticosti Island, with the largest values of up to 0.22 m occurring in fall and heights up to 0.11 m in the summer. Winter and spring don’t experience minimum wave heights greater than 0.02 m. Summer and fall are experiencing significant upward trends in most of the eastern half of the region.
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[bookmark: _Toc481655202]Figure 32 Winter minimum significant wave height. 
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[bookmark: _Toc481655203]Figure 33 Spring minimum significant wave height. 
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[bookmark: _Toc481655204]Figure 34 Summer minimum significant wave height. 
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[bookmark: _Toc481655205]Figure 35 Fall minimum significant wave height. 

All maps for minimum and maximum, significant wave heights, as well as those for 5th, 25th, 50th, 75th, and 95th percentile wave heights for all seasons, months, and annual timeframes can be found in Appendix A.



[bookmark: _Toc481655151]Maximum Wave Heights
The annual maximum value of Hs (HsAx) is close to 1.5 m in western regions and transitions to wave heights up to 6.4 m south of Anticosti Island. There is no significant trend for maximum annual wave height. See Figure 3-6 for more details.
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[bookmark: _Toc481655206]Figure 36 Annual maximum significant wave height (HsAx).

Monthly maximum values of Hs (HsMx) experience a clear annual cycle (figures available in Appendix A). Values are highest in regions south of Anticosti Island with December seeing values on the order of 5.7 m while July having values 2.7 m and below. As sea ice become prevalent in February and March, monthly maximum values barely exceed 2.0 m. Western portions of the St. Lawrence River have relatively consistent monthly maximum significant wave heights year round, with values less than 1.0 m. Positive trends in HsMx, on the order of 0.1 to 0.25 m/decade, can be found north of the Gaspé Peninsula for May through November.
Figures 3-7 through 3-10 present long-term mean and trends for winter, spring, summer and fall respectively.
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[bookmark: _Toc481655207]Figure 37 Winter maximum significant wave height.
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[bookmark: _Toc481655208]Figure 38 Spring maximum significant wave height.
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[bookmark: _Toc481655209]Figure 39 Summer maximum significant wave height.
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[bookmark: _Toc481655210]Figure 310 Fall maximum significant wave height.

All maps for minimum and maximum, significant wave heights, as well as those for 5th, 25th, 50th, 75th, and 95th percentile wave heights for all seasons, months, and annual timeframes can be found in Appendix A.


[bookmark: _Toc481655152]Extreme Wave Height Indices
Maps of long-term means and linear trends of extreme wave height indices calculated from daily maximum wave height (defined in Table 2-1) are presented in this section. Table 3-3 provides a summary with representative values corresponding to each plot below.
[bookmark: _Toc481655186]Table 33: Historical Extreme Wave Height Indices Summary 
	Extreme Wave Height Indices*
	fHsRo
	fHsHi
	fHs90p
	fHs10p
	HHsDI

	Long-term mean
	0 to 22.0%
	0 to 0.45%
	8.0 to 9.0%
	20.0 to 26.0%
	18.5 to 25.7days

	Significant Trend
	0.02 to 0.12**
% pts / decade
	-
% pts / decade
	0.1 to 0.15**
% pts / decade
	-
% pts / decade
	0.2 to 0.35**
days / decade


* fHsRo - Frequency of rough wave days (Hs > 2.5 m)
  fHsHi - Frequency of high wave days (Hs > 6 m)
  fHs90p - Frequency of top decile wave days
  fHs10p - Frequency of low decile wave days
  HHsDI - Top decile wave spell duration indicator
** Significant trend only in portions of the region, see maps for more details
The frequency of rough wave days (fHsRo, Figure 3-11), when the daily maximum Hs is greater than 2.5 m, ranges from 0% in upstream portions of the river to 22% south of Anticosti Island. Regions close to Anticosti are seeing a significant positive trend in the frequency of rough wave days of 0.02 to 0.12 percentage points per decade.
As a point of reference, 10% corresponds to just over 36 days, 15% nearly 55 days and 50% over 182 days. One day is roughly 0.27% of the year while one week is around 1.9%.
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[bookmark: _Toc481655211]Figure 311 Frequency of rough wave days (fHsRo).
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[bookmark: _Toc481655212]Figure 312 Frequency of high wave days (fHsHi).

The frequency of high wave days (fHsHi, Figure 3-12), when the daily maximum Hs is greater than 6 m,  ranges from 0% in most of the river up to 0.45% south of Anticosti Island. No significant trend in the frequency of high wave days was found.
The annual percentage of days when daily max Hs > 90th percentile of the base period (1986–2005) Hs (fHs90p, Figure 3-13), is around 8% near the shore of the Gaspé Peninsula and approaches 9% around Anticosti Island. This is trending upwards by roughly 0.10-0.15% per decade near the north shore of the river and around Anticosti.
[image: E:\CLIMATE DATA\2 - AREA2\Area_2_St_Lawrence_E_Indices_Mean_HS\Image\Plan2.png][image: E:\CLIMATE DATA\2 - AREA2\Area_2_St_Lawrence_F_Indices_Trend_HS\Image\Plan2.png]
[bookmark: _Toc481655213]Figure 313 Frequency of top decile wave days (fHs90p).
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[bookmark: _Toc481655214]Figure 314 Frequency of low decile wave days (fHs10p). 

Annual percentage of days when daily max Hs < 10th percentile of base period Hs (fHs10p, Figure 3-14) ranges from 20-26% along most of the region with lowest values immediately south of Anticosti Island. This seemingly high frequency of low waves is most likely due to the presence of sea ice during the cold seasons. No significant trend was found for the frequency of low decile wave days in Area 2.
Annual count of days with at least 2 consecutive days when daily max Hs > 90th percentile of base period Hs (HHsDI, Figure 3-15), is around 18.5 days in western areas of the river and as high as 25.7 days immediately south of Anticosti Island. This is trending slightly upward in regions in the eastern half of Area 2 at 0.2 to 0.35 days per decade.
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[bookmark: _Toc481655215]Figure 315 Top decile wave spell duration indicator (HHsDI).

All maps of extreme wave height indices for the historical analysis can also be found in Appendix B.

[bookmark: _Toc481655153]Minimum Wind Speeds
Maps of long-term means and linear trends for minimum wind speeds are presented in this section. See Table 3-2 for a summary of values from the maps below. 
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[bookmark: _Toc481655216]Figure 316 Annual minimum wind speed.

The minimum annual wind speed ranges from 0.1 to 0.45 m/s across the region, with a predominantly positive significant trend of 0.01 m/s per decade, as shown in Figure 3-16. There is only a small annual cycle in minimum wind speeds, as can be seen in Figures 3-17 to 3-20. The lowest values are in spring and summer (0.2 to 0.45 m/s), which increase slightly into the fall and winter (0.2 to 0.7 m/s), with highest values of 0.75 m/s in the fall. No significant trends were found at the seasonal timeframe.
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[bookmark: _Toc481655217]Figure 317 Winter minimum wind speed.
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[bookmark: _Toc481655218]Figure 318 Spring minimum wind speed.
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[bookmark: _Toc481655219]Figure 319 Summer minimum wind speed.
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[bookmark: _Toc481655220]Figure 320 Fall minimum wind speed.

All maps for minimum and maximum wind speeds, as well as those for 5th, 25th, 50th, 75th, and 95th percentile wind speeds for all seasons, months, and annual timeframes can be found in Appendix C.


[bookmark: _Toc481655154]Maximum Wind Speeds
Maps of long-term means and linear trends for maximum wind speeds are presented in this section. See Table 3-2 for a summary of values from the maps below. 
The annual maximum wind speed (WsAx, Figure 3-21) ranges from 13.7 m/s in upstream regions to nearly 23.0 near Anticosti Island. This is significantly trending slightly upwards only in a small region north of Anticosti at a rate less than 0.3 m/s per decade.
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[bookmark: _Toc481655221]Figure 321 Annual maximum wind speed (WsAx).

Monthly maximum values of Ws (WsMx, Figures available in Appendix C) experience a clearly defined annual cycle. Highest values occur south of Anticosti Island in January and December (21 m/s), while July sees less than 13 m/s in the same region. In western portions of the river July’s values are as low as 7.1 m/s while December and January experience around 11 m/s. April through November show statistically significant trends north of the Gaspé Peninsula ranging from 0.3 to 0.7 m/s per decade, though the trend gets as high as 1.1 m/s per decade in June.
Figures 3-22 through 3-25 present long-term mean and trends for winter, spring, summer and fall respectively.
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[bookmark: _Toc481655222]Figure 322 Winter maximum wind speed.
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[bookmark: _Toc481655223]Figure 323 Spring maximum wind speed.
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[bookmark: _Toc481655224]Figure 324 Summer maximum wind speed.

[image: D:\CLIMATE - Andrew\CLIMATE DATA\2 - AREA2\IMAGES\Appendix C\Long-term-mean_1954-2015_Maximum_05_Fall-SON_Surface-Wind-Speeds_ARP-Zone2.png][image: D:\CLIMATE - Andrew\CLIMATE DATA\REVISED - March 30, 2017\Area_2_St_Lawrence_D_WS_Trend\Image\Linear-Trends_1954-2015_Maximum_05_Fall-SON_Surface-Wind-Speeds_ARP-Zone2.png]
[bookmark: _Toc481655225]Figure 325 Fall maximum wind speed.
All maps for minimum and maximum wind speeds, as well as those for 5th, 25th, 50th, 75th, and 95th percentile wind speeds for all seasons, months, and annual timeframes can be found in Appendix C.



[bookmark: _Toc481655155]Extreme Wind Speed Indices
Maps of long-term means and linear trends of extreme wind speed indices calculated from daily maximum wind speeds (defined in Table 2-2) are presented in this section. Table 3-4 provides a summary with representative values corresponding to each plot below.
[bookmark: _Toc481655187]Table 34: Historical Extreme Wind Speed Indices Summary 
	Extreme Wind Speed Indices*
	fWsB0 (%)
	fWsB7 (%)
	fWsB8 (%)
	fWsB9 (%)
	fWsB10 (%)
	fWs90p (%)
	fWs10p (%)
	HWsDI (days)
	LWsDI (days)

	Long-term mean
	0 to 0.013
	0.5 to 15.0
	0.10 to 5.4
	0.03 to 1.01
	0 to 0.055
	9.95 to 10.00
	9.85 to 10.05
	23.9 to 28.5
	17.7 to 22.0

	Significant Trend
	-
	0.10 to 0.72**
	0.25**
	-
	-
	0.5 to 2.0**
	-1.1 to 
-0.35
	1.5 to 6.0**
	-2.9 to -1.4**


* fWsB0 - Frequency of calm wind days (Ws < 0.5 m/s)
fWsB7 - Frequency of near gale-force wind days (Ws > 14.4 m/s)
fWsB8 - Frequency of gale-force wind days (Ws > 17.2 m/s)
fWsB9 - Frequency of strong gale-force wind days (Ws > 20.8 m/s)
fWsB10 - Frequency of storm-force wind days (Ws > 24.7 m/s)
fWs90p - Frequency of top decile wind days 
fWs10p - Frequency of low decile wind days 
HWsDI - Top decile wind spell duration indicator 
LWsDI - Low decile wind spell duration indicator
** Significant trend only in portions of the region, see maps for more details
The annual percentage of days when daily max Ws < 0.514 m/s (1 knot, Beaufort Scale 0) (fWsB0, Figure 3-26) is 0% in much of the region but up to 0.003% around Anticosti Island and portions of the river and near 0.013% in small pockets of the river. There is no discernable trend.
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[bookmark: _Toc481655226]Figure 326 Frequency of calm wind days (fWsB0).

As a point of reference, 10% corresponds to just over 36 days, 15% nearly 55 days and 50% over 182 days. One day is roughly 0.27% of the year while one week is around 1.9%. For further reference 1 m/s equates to 3.6 km/hr. 
The annual percentage of days when daily max Ws > 14.403 m/s (Beaufort Scale 7) (fWsB7, Figure 3-27) is approximately 0.5% in upstream regions and as high as 15.0% around Anticosti Island. There are significant positive trends east of the Gaspé Peninsula on the order of 0.4 to 0.5 percentage points per decade and as high as 0.72 in the most eastern regions.
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[bookmark: _Toc481655227]Figure 327 Frequency of near gale-force wind days (fWsB7).

The pattern of annual percentage of days when daily max Ws > 17.222 m/s (Beaufort Scale 8) (fWsB8, Figure 3-28) and trends follow similar geographical distributions as fWsB7, with lower percentages in the west (0.1%) and higher percentages in the east (5.4%). Statistically significant trends of around 0.25 percentage points per decade were found in the most eastern regions.
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[bookmark: _Toc481655228]Figure 328 Frequency of gale-force wind days (fWsB8).

Similar to fWsB7 and fWsB8, the annual percentage of days when daily max Ws > 20.833 m/s (Beaufort Scale 9) (fWsB9, Figure 3-29) increases from west (0.03%) to east (1.01%), with no statistically significant trend.
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[bookmark: _Toc481655229]Figure 329 Frequency of strong gale-force wind days (fWsB9).

Continuing the pattern, the annual percentage of days when daily max Ws > 24.722 m/s (Beaufort Scale 10) (fWsB10, Figure 3-30) increases from 0% in the west to 0.055% in the east. No trend was found.
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[bookmark: _Toc481655230]Figure 330 Frequency of storm-force wind days (fWsB10).

The annual percentage of days when daily max Ws > 90th percentile of base period Ws (1986–2005) (fWs90p, Figure 3-31) is in the small range of 9.95-10.0% for the entire area. Trends were found to range from 0.5 to 2.0 35 percentage points per decade, with highest values just north of the Gaspé Peninsula.
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[bookmark: _Toc481655231]Figure 331 Frequency of top decile wind days (fWs90p).

The annual percentage of days when daily max Ws < 10th percentile of base period Ws (fWs10p, Figure 3-32) had a slightly larger range of values, predominantly from 9.85-10.05%. Small significant negative trends were found to be in the range of -1.1 to -0.35 percentage points per decade.
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[bookmark: _Toc481655232]Figure 332 Frequency of low decile wind days (fWs10p).

The annual count of days with at least 2 consecutive days when daily max Ws > 90th percentile of base period Ws (HWsDI, Figure 3-33) ranges from 23.9 days in the west to 28.5 days just north of the Gaspé Peninsula. Positive significant trends were found throughout the region and ranged from 1.5 days per decade near Anticosti Island up to 6.0 days per decade in small patches north of the Gaspé.
[image: E:\CLIMATE DATA\2 - AREA2\Area_2_St_Lawrence_G_Indices_Mean_WS\Image\Plan11.png][image: E:\CLIMATE DATA\2 - AREA2\Area_2_St_Lawrence_H_Indices_Trend_WS\Image\Plan11.png]
[bookmark: _Toc481655233]Figure 333 Top decile wind spell duration indicator (HWsDI).

The annual count of days with at least 2 consecutive days when daily max Ws < 10th percentile of base period Ws (LWsDI, Figure 3-34) ranged from 17.7 to 22.0 days, from west to east. A significant downward trend of -2.9 to -1.4 days per decade was found in all regions except for the most upstream.
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[bookmark: _Toc481655234]Figure 334 Low decile wind spell duration indicator (LWsDI).

All maps of extreme wind speed indices for the historical analysis can also be found in Appendix D.


[bookmark: _Toc481655156]Monthly Wind Direction
ARP Area 4 resides in a predominantly westerly wind regime, meaning the average wind direction blows from the west and towards the east. Figures 3-35 to 3-46 below show the monthly long-term (1954-2015) mean wind directions (left maps) together with the change in mean wind direction from 1980-1995 to 2000-2015 (right maps). Grid cells with a statistical significance of change (i.e., there was a less than 5% chance the change was random noise) are noted. 
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[bookmark: _Toc481655235]Figure 335 January Mean Wind Direction
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[bookmark: _Toc481655236]Figure 336 February Mean Wind Direction

The annual cycle of mean wind direction is east-southeastward in January (Figure 3-35), southeastward in February and March (Figures 3-36 to 3-37, respectively), to more south-southeastward in April (Figure 3-38), to north-eastward in June and July (Figures 3-40 and 3-41, respectively), east-north-eastward in August and September (Figures 3-42 and 3-43), back to eastward in October (Figure 3-44), east-south-eastward in November (Figure 3-45) and southeastward again in December (Figure 3-46). May experiences a wide range of mean wind directions (eastward, southeastward, northwestward), with wind directions appearing to converge in a location just north of the Gaspé Peninsula, as can be seen in Figure 3-39.
Most months experienced some significant change in mean wind direction from 1980-1995 to 2000-2015, though many were between 36° clockwise and anti-clockwise. Notable expectations include April and May, which experienced larger shifts. April saw rotations between 36 and 72° anti-clockwise for most of the region, but also up to 108 and 144° in the most eastern regions. May saw an interesting mix of both clockwise (up to 144°) and anti-clockwise (up to 108°) rotations of fairly large magnitudes, as can be seen in Figure 3-39.
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[bookmark: _Toc481655237]Figure 337 March Mean Wind Direction
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[bookmark: _Toc481655238]Figure 338 April Mean Wind Direction
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[bookmark: _Toc481655239]Figure 339 May Mean Wind Direction
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[bookmark: _Toc481655240]Figure 340 June Mean Wind Direction
[image: D:\CLIMATE - Andrew\CLIMATE DATA\2 - AREA2\Area_2_St_Lawrence_I_Wind_Direction\Image\Plan7_July.png][image: P:\PROJECTS\TA642 - Environment Canada\TA1664202 - Four Area Climatological & Sea State Study\GIS-CAD\Area_2_St_Lawrence_J_Wind_Direction_Deltas_v5\Image\Plan7.png]
[bookmark: _Toc481655241]Figure 341 July Mean Wind Direction
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[bookmark: _Toc481655242]Figure 342 August Mean Wind Direction
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[bookmark: _Toc481655243]Figure 343 September Mean Wind Direction
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[bookmark: _Toc481655244]Figure 344 October Mean Wind Direction
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[bookmark: _Toc481655245]Figure 345 November Mean Wind Direction
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[bookmark: _Toc481655246]Figure 346 December Mean Wind Direction

All historical wind direction maps are also available in Appendix E.
[bookmark: _Toc469997627][bookmark: _Toc481655157]Projected Future Changes based on four CMIP5 Models
This section discusses the investigation into the climatic changes between a base period of 1986-2005 and two future periods: mid-century, represented by the years 2046-2065, and; end-century, represented by 2081-2100. The climate change signal is determined by the difference between a climate model’s future projection and its base period simulation. The analysis included both a moderate an aggressive greenhouse gas emissions scenario, RCP 4.5 and RCP 8.5, respectively. While all results and maps for each scenario can be found in the appendices, the discussion in this section will focus exclusively on the RCP 8.5, which represents the higher GHG pathway and will therefore contain the stronger climate change signal.
An ensemble of climate models is used in the analysis in order to obtain a representation of climate projection uncertainty. This uncertainty is represented by the spread in the results of the climate change analysis across all individual models. Four global climate models (GCMs) are employed, details of which are provided in Table 2-3. Three different ensemble runs from the MIROC5 model are also incorporated (r1i1p1, r2i1p1, and r3i1p1) providing a total of six ensemble members.
It needs to be stressed that only four coarse resolution CMIP5 GCMs were used in the study. The 1° grid resolution for waves resulted in poor wave data coverage in areas directly adjacent to coastlines. This relatively small ensemble size and coarse resolution leads to large uncertainties in the projected results. All accompanying discussion herein refers to only those grid-points shown in the maps and results should be interpreted through this lens.
Each figure in this section consists of six maps: three rows and two columns. The middle row presents the ensemble mean projection, while the top and bottom rows show the ensemble minimum and maximum projections, respectively. The left column contains the impacts of climate change out to the mid-21st century (difference between 2046-2065 and 1986-2005), while the right column displays the impacts out to the end-21st century (difference between 2081-2100 and 1986-2005). Maps from the top-left to bottom-right will show the full ensemble spread of analysis results for a given change in waves or wind for the RCP 8.5 scenario.
Following Section 3, the climate change analysis included the calculation of seven statistics of surface wind speeds and significant wave heights for 17 timeframes as well as extreme wind and wave indices for the three time-slices. The mean wind direction for each month for the three time-slices was also calculated. As mentioned above, differences between future time-slices and the base period were calculated for each model to give an ensemble of projected climatological changes of extreme wind and wave indices.
The following subsections present maps of the analysis results across annual and seasonal timeframes. Subsections are organized according to minimum, maximum and index values for significant wave heights and wind speeds. Changes in mean monthly wind direction are also covered. While each map covers a large region of Canada’s Atlantic coastal waters, all discussion and summary tables focus on the ARP Pilot Area 2, the St. Lawrence River as far as Anticosti Island. The larger region is provided in the maps to provide context for any changes occurring in Area 2.
Section 4.8 shows the evaluation of simulated wind from the climate models against NCEP CFSR reanalysis data.







[bookmark: _Toc481655158]Minimum Wave Heights
This section presents the ensemble projected changes in minimum wave heights for the RCP 8.5 GHG scenario for the mid-century (2046-2061) and end-century (2081-2100). As described in Section 4.0, Figures 4-1 to 4-5 each contain six maps representing ensemble minimum (top row), mean (middle row) and maximum (bottom row) projections.
A summary of values representative of ARP Pilot Area 2 from the following figures are shown in Table 4-1. Overall, virtually no change in minimum significant wave height is projected.
[bookmark: _Toc481655188]Table 41: Projected Changes in Minimum Wave Height Summary 
	Climate Change Signal 
(m)
	Ensemble Minimum
	Ensemble Mean
	Ensemble Maximum

	
	Mid-Century
	End-Century
	Mid-Century
	End-Century
	Mid-Century
	End-Century

	Annual
	0
	0
	0
	0
	0
	0

	Winter
	0
	0
	0
	0
	0
	0

	Spring
	0
	0
	0
	0
	0
	0

	Summer
	0
	0
	0
	0
	0
	0

	Fall
	-0.03 to 0
	-0.03 to 0
	0
	-0.03 to 0
	0 to 0.03
	0



Every ensemble members for both mid and end century projections experienced virtually no change. The only season that is projected to have any change is fall, with ensemble minimum and mean changes of -0.03 to 0 m by end-century.
All maps for RCP 8.5 projected changes in minimum and maximum significant wave heights, as well as those for 5th, 25th, 50th, 75th, and 95th percentile significant wave heights for all seasons, months, and annual timeframes can be found in Appendix K. Corresponding maps for RCP 4.5 projections can be found in Appendix F.
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[bookmark: _Toc481655247]Figure 41 Annual minimum significant wave height projected changes. 
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[bookmark: _Toc481655248]Figure 42 Winter minimum significant wave height projected changes. 
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[bookmark: _Toc481655249]Figure 43 Spring minimum significant wave height projected changes. 
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[bookmark: _Toc481655250]Figure 44 Summer minimum significant wave height projected changes. 
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[bookmark: _Toc481655251]Figure 45 Fall minimum significant wave height projected changes. 

[bookmark: _Toc481655159]Maximum Wave Heights
This section presents the ensemble projected changes in maximum wave heights for the RCP 8.5 GHG scenario for the mid-century (2046-2061) and end-century (2081-2100). As described in Section 4.0, Figures 4-6 to 4-10 each contain six maps representing ensemble minimum (top row), mean (middle row) and maximum (bottom row) projections.
A summary of values representative of ARP Pilot Area 2 from the following figures are shown in Table 4-2. Overall, the ensemble projections vary from decreases, to little change, to increases in maximum significant wave height.
[bookmark: _Toc481655189]Table 42: Projected Changes in Maximum Wave Height Summary 
	Climate Change Signal 
(m)
	Ensemble Minimum
	Ensemble Mean
	Ensemble Maximum

	
	Mid-Century
	End-Century
	Mid-Century
	End-Century
	Mid-Century
	End-Century

	Annual
	-1.3 to -0.5
	-1.3 to -0.5
	-0.5 to 0
	-0.5 to 0
	0 to 0.5
	0 to 0.5

	Winter
	0
	0
	0
	0
	0 to 0.5
	0 to 0.5

	Spring
	0
	0
	0
	0
	0
	0

	Summer
	-0.9 to 0
	-0.5 to 0
	-0.5 to 0
	-0.5 to 0
	0 to 0.5
	0

	Fall
	-1.3 to -0.5
	-1.3 to -0.5
	-0.5 to 0
	-0.5 to 0
	0 to 0.5
	0



The ensemble minimum projected change in maximum annual significant wave height was found to range from -1.3 to -0.5 m in mid and end-century. The ensemble mean projected a slight decrease of -0.5 to 0 m by end-century. The ensemble maximum projected an increase on the order of 0 to 0.5 m in the maximum annual significant wave height by end-century. 
Ensemble minimum and mean project no changes for winter and spring. The ensemble maximum projects changes of 0 to 0.5 m for winter, summer and fall by mid-century, while spring is still expected to have no change. Decreases are projected by the ensemble minimum in summer and fall, as large as -0.9 and -1.3 m, respectively, by mid-century. The ensemble mean projections for summer and fall indicate a smaller decrease on the order of -0.5 to 0 m.
Projected changes in the median (50th percentile) significant wave height follow a similar pattern as changes in the minimum and maximum significant wave heights, though the ensemble mean is projecting no change.
All maps for RCP 8.5 projected changes in minimum and maximum significant wave heights, as well as those for 5th, 25th, 50th, 75th, and 95th percentile wave heights for all seasons, months, and annual timeframes can be found in Appendix K. Corresponding maps for RCP 4.5 projections can be found in Appendix F.


[image: C:\Users\jonas.roberts\Desktop\DRAFT_maps\WAVES_stats\All\Plan7.png][image: C:\Users\jonas.roberts\Desktop\DRAFT_maps\WAVES_stats\All\Plan7 (2).png][image: P:\PROJECTS\TA642 - Environment Canada\TA1664202 - Four Area Climatological & Sea State Study\GIS-CAD\Climate_Atlantic_Waves_85_A_stats_climdiffs_mid_rcp85\Image\Plan7.png][image: P:\PROJECTS\TA642 - Environment Canada\TA1664202 - Four Area Climatological & Sea State Study\GIS-CAD\Climate_Atlantic_Waves_85_B_stats_climdiffs_end_rcp85\Image\Plan7.png][image: C:\Users\jonas.roberts\Desktop\DRAFT_maps\WAVES_stats\All\Plan7 (5).png][image: C:\Users\jonas.roberts\Desktop\DRAFT_maps\WAVES_stats\All\Plan7 (6).png]
[bookmark: _Toc481655252]Figure 46 Annual maximum significant wave height (HsAx) projected changes.
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[bookmark: _Toc481655253]Figure 47 Winter maximum significant wave height projected changes.
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[bookmark: _Toc481655254]Figure 48 Spring maximum significant wave height projected changes.
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[bookmark: _Toc481655255]Figure 49 Summer maximum significant wave height projected changes.
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[bookmark: _Toc481655256]Figure 410 Fall maximum significant wave height projected changes.

[bookmark: _Toc481655160]Extreme Wave Height Indices
This section presents the ensemble projected changes in extreme wave height indices (as defined in Table 2-1) for the RCP 8.5 GHG scenario for the mid-century (2046-2061) and end-century (2081-2100). As described in Section 4.0, Figures 4-11 to 4-15 each contain six maps representing ensemble minimum (top row), mean (middle row) and maximum (bottom row) projections.
A summary of values representative of ARP Pilot Area 2 from the following figures are shown in Table 4-3. Overall, extreme wave conditions are projected to decrease slightly in frequency.
[bookmark: _Toc476650270][bookmark: _Toc481655190]Table 43: Projected Changes in Extreme Wave Height Indices Summary 
	Extreme Wave Height Indices*
	Ensemble Minimum
	Ensemble Mean
	Ensemble Maximum

	
	Mid-Century
	End-Century
	Mid-Century
	End-Century
	Mid-Century
	End-Century

	fHsRo 
(% pts)
	-0.7 to 0
	-0.7 to 0
	-0.7 to 0
	-0.7 to 0
	0
	0

	fHsHi 
(% pts)
	0
	0
	0
	0
	0
	0

	fHs90p 
(% pts)
	-0.013 to 0
	-0.013 to 0
	-0.004 to 0.004
	-0.004 to 0.004
	0 to 0.036
	0 to 0.036

	fHs10p 
(% pts)
	-0.030 to 
-0.015
	-0.015 to 0.015
	0
	0 to 0.015
	0.015 to 0.05
	0.030 to 0.140

	HHsDI 
(days)
	-0.75 to 
-0.25
	-1.05 to -0.5
	0 to 0.25
	-0.25 to 0
	0.5 to 1.05
	1.05 to 2.10


* fHsRo - Frequency of rough wave days (Hs > 2.5 m)
  fHsHi - Frequency of high wave days (Hs > 6 m)
  fHs90p - Frequency of top decile wave days
  fHs10p - Frequency of low decile wave days
  HHsDI - Top decile wave spell duration indicator
The ensemble minimum and mean projected changes in the frequency of rough wave days (fHsRo, Figure 4-11), when the daily maximum Hs is greater than 2.5 m, is -0.7 to 0 percentage points for both time horizons. The ensemble maximum projected change is 0 percentage points. 
As a point of reference, a change in one percentage point corresponds to just over 3.6 days. One day is roughly 0.27% while one week is around 1.9%.
The frequency of high wave days (fHsHi, Figure 4-12), when the daily maximum Hs is greater than 6 m,  is projected to experience no change by all ensemble members.
The annual percentage of days when daily max Hs > 90th percentile of the base period (1986–2005) Hs (fHs90p, Figure 4-13) and the annual percentage of days when daily max Hs < 10th percentile of base period Hs (fHs10p, Figure 4-14) are both projected to experience very little change. As can be seen in the corresponding figures, there is a scattering of slightly positive and slightly negative values throughout the region. The largest projected change for either of these indices is the ensemble maximum fHs10p change of 0.030 to 0.140 percentage points by end-century.
The ensemble mean projected change in the annual count of days with at least 2 consecutive days when daily max Hs > 90th percentile of base period Hs (HHsDI, Figure 4-15), is 0 to 0.25 days by mid-century but -0.25 to 0 days by end century. The ensemble minimum is projecting a decrease of -1.05 to -0.5 days by end-century while the ensemble maximum is projecting an increase of up to 1.05 to 2.10 days for the same time horizon.
All maps for RCP 8.5 projected changes extreme wave height indices can be found in Appendix L. Corresponding maps for RCP 4.5 projections can be found in Appendix G.
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[bookmark: _Toc481655257]Figure 411 Frequency of rough wave days (fHsRo) projected changes.
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[bookmark: _Toc481655258]Figure 412 Frequency of high wave days (fHsHi) projected changes.
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[bookmark: _Toc481655259]Figure 413 Frequency of top decile wave days (fHs90p) projected changes.
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[bookmark: _Toc481655260]Figure 414 Frequency of low decile wave days (fHs10p) projected changes. 
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[bookmark: _Toc481655261]Figure 415 Top decile wave spell duration indicator (HHsDI) projected changes.

[bookmark: _Toc476772868][bookmark: _Toc481655161]Minimum Wind Speeds
The ensemble minimum and mean projected changes in annual minimum wind speed are close to 0 m/s for mid and end-century horizons. Also for both horizons, the ensemble maximum indicates there could be an increase on the order of 0 to 0.07 m/s for both time horizons. Figure 4-16 gives more detail on the regional ensemble climate projections for minimum annual wind speeds.
The ensemble minimum projections for all seasons indicate a decrease of -0.07 to 0 m by end-century, while the ensemble mean projections indicate no change (except for winter, which may see an increase of 0 to 0.07 m). The ensemble maximum projections for spring, summer and fall show an increase of 0 to 0.07 m, and for winter an increase of 0.07 to 0.15 m.
Table 4-4 presents a summary of the projected changes in minimum wind speed for the figures presented in this section.
[bookmark: _Toc481655191]Table 44: Projected Changes in Minimum Wind Speed Summary 
	Climate Change Signal (m/s)
	Ensemble Minimum
	Ensemble Mean
	Ensemble Maximum

	
	Mid-Century
	End-Century
	Mid-Century
	End-Century
	Mid-Century
	End-Century

	Annual
	0
	0
	0
	0
	0 to  0.07
	0 to 0.07

	Winter
	-0.15 to 0
	-0.07 to 0
	0 to  0.07
	0 to 0.07
	0.07 to 0.15
	0.07 to 0.15

	Spring
	-0.07 to 0
	-0.07 to 0
	0
	0
	0 to  0.07
	0 to 0.07

	Summer
	-0.07 to 0
	-0.07 to 0
	0
	0
	0 to  0.07
	0 to 0.07

	Fall
	-0.07 to 0
	-0.07 to 0
	0
	0
	0 to  0.07
	0 to 0.07



All maps for RCP 8.5 projected changes in minimum and maximum wind speeds, as well as those for 5th, 25th, 50th, 75th, and 95th percentile wind speeds for all seasons, months, and annual timeframes can be found in Appendix M. Corresponding maps for RCP 4.5 projections can be found in Appendix H.
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[bookmark: _Toc481655262]Figure 416 Annual minimum wind speed projected changes.
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[bookmark: _Toc481655263]Figure 417 Winter minimum wind speed projected changes.
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[bookmark: _Toc481655264]Figure 418 Spring minimum wind speed projected changes.
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[bookmark: _Toc481655265]Figure 419 Summer minimum wind speed projected changes.
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[bookmark: _Toc481655266]Figure 420 Fall minimum wind speed projected changes.

[bookmark: _Toc476772869][bookmark: _Toc481655162]Maximum Wind Speeds
The end-century ensemble projected changes in annual maximum wind speed (WsAx) range from an ensemble minimum of approximately -8.7 to -1.2 m/s (-3.7 to 0 m/s for mid-century) to an ensemble maximum increase of 1.2 m/s (similar for mid-century). The ensemble mean change is around -1.2 to 0 m/s end-century horizons. See Figure 4-21 for more details.
The ensemble mean summer and fall maximum wind speed changes are 0 m/s for mid and end-century. The ensemble maximum changes for all seasons are all less than 1.2 m/s for both time horizons. The ensemble minimum changes indicate decreases up to -5.0, -11.3, -1.2 and -1.2 m/s for winter, spring summer, and fall, respectively. Though as can be seen in Figures 4-22 to 4-25, each season has regions of smaller decreases, primarily in the western, upstream portions of the St. Lawrence River.
Table 4-5 presents a summary of the projected changes in maximum wind speed for the figures presented in this section.
[bookmark: _Toc481655192]Table 45: Projected Changes in Maximum Wind Speed Summary 
	Climate Change Signal (m/s)
	Ensemble Minimum
	Ensemble Mean
	Ensemble Maximum

	
	Mid-Century
	End-Century
	Mid-Century
	End-Century
	Mid-Century
	End-Century

	Annual
	-3.7 to 0
	-8.7 to -1.2
	0
	-1.2 to 0
	1.2
	1.2

	Winter
	-3.7 to 0
	-5.0 to 0
	0
	-1.2 to 0
	0 to 1.2
	0 to 1.2

	Spring
	-7.5 to 0
	-11.3 to -1.2
	-1.2 to 0
	-2.4 to 0
	1.2
	1.2

	Summer
	-1.2 to 0
	-1.2 to 0
	0
	0
	0 to 1.2
	0 to 1.2

	Fall
	0
	-1.2 to 0
	0
	0
	0 to 1.2
	0 to 1.2



All maps for RCP 8.5 projected changes in minimum and maximum wind speeds, as well as those for 5th, 25th, 50th, 75th, and 95th percentile wind speeds for all seasons, months, and annual timeframes can be found in Appendix M. Corresponding maps for RCP 4.5 projections can be found in Appendix H.
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[bookmark: _Toc481655267]Figure 421 Annual maximum wind speed (WsAx) projected changes.
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[bookmark: _Toc481655268]Figure 422 Winter maximum wind speed projected changes.
[image: C:\Users\jonas.roberts\Desktop\DRAFT_maps\RCP85_Atlantic_WIND_Stats\RCP8.5_Mid21st_Ensemble-Min_Maximum_03_Spring-MAM_Wind-Speed_Atlantic.png][image: C:\Users\jonas.roberts\Desktop\DRAFT_maps\RCP85_Atlantic_WIND_Stats\RCP8.5_End21st_Ensemble-Min_Maximum_03_Spring-MAM_Wind-Speed_Atlantic.png]
[image: C:\Users\jonas.roberts\Desktop\DRAFT_maps\RCP85_Atlantic_WIND_Stats\RCP8.5_Mid21st_Ensemble-Mean_Maximum_03_Spring-MAM_Wind-Speed_Atlantic.png][image: C:\Users\jonas.roberts\Desktop\DRAFT_maps\RCP85_Atlantic_WIND_Stats\RCP8.5_End21st_Ensemble-Mean_Maximum_03_Spring-MAM_Wind-Speed_Atlantic.png]
[image: C:\Users\jonas.roberts\Desktop\DRAFT_maps\RCP85_Atlantic_WIND_Stats\RCP8.5_Mid21st_Ensemble-Max_Maximum_03_Spring-MAM_Wind-Speed_Atlantic.png][image: C:\Users\jonas.roberts\Desktop\DRAFT_maps\RCP85_Atlantic_WIND_Stats\RCP8.5_End21st_Ensemble-Max_Maximum_03_Spring-MAM_Wind-Speed_Atlantic.png]
[bookmark: _Toc481655269]Figure 423 Spring maximum wind speed projected changes.
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[bookmark: _Toc481655270]Figure 424 Summer maximum wind speed projected changes.
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[bookmark: _Toc481655271]Figure 425 Fall maximum wind speed projected changes.

[bookmark: _Toc476772870][bookmark: _Toc481655163]Extreme Wind Speed Indices
The ensemble minimum and maximum project slight decreases and increases in the frequency of calm wind days (fWsB0) for either time horizon, as shown in Figure 4-26. The ensemble mean projection ranges from -0.04 to 0.04 percentage points.
The ensemble mean and minimum both project decreases in the annual percentage of days when daily max Ws > 14.4 m/s (Beaufort Scale 7) (fWsB7, Figure 4-27).The ensemble minimum change for mid and end century are -2.7 to 0 percentage points. Correspondingly the ensemble mean changes are -0.9 to 0 percentage points. The ensemble maximum projects a slight increase of 0 to 0.9 percentage points for both time horizons.
Projected changes are similar for the annual percentage of days when daily max Ws > 17.2 m/s (Beaufort Scale 8) (fWsB8, Figure 4-28). The ensemble minimum projected changes range from -2.7 to 0 percentage points for mid and end-century. The ensemble mean and maximum are projecting no change.
The ensemble mean and maximum are also projecting no change for in the annual percentage of days when daily max Ws > 20.8 m/s (Beaufort Scale 9) (fWsB9, Figure 4-29). The ensemble minimum projected change is –2.4 to 0 percentage points for end-century.
The ensemble mean and maximum are also projecting no changes for in the annual percentage of days when daily max Ws > 24.7 m/s (Beaufort Scale 10) (fWsB10, Figure 4-30). The ensemble minimum projected change is -1.8 to 0 percentage points for end-century.
The annual percentage of days when daily max Ws > 90th percentile of base period (1986–2005) (fWs90p, Figure 4-31) is not projected to change by much. The projected changes across the entire ensemble ranges from -0.001 to 0.003 percentage points. A similar story can be told for the annual percentage of days when daily max Ws < 10th percentile of base period (fWs10p, Figure 4-32). The full ensemble range of projected changes is -0.014 to 0.015 percentage points.
The ensemble mean projected changes in the annual count of days with at least 2 consecutive days when daily max Ws > 90th percentile of base period (HWsDI, Figure 4-33) are from -0.4 to 0.4 days for mid-century and 0.8 days for end-century. The ensemble minimum changes range from -1.3 to 0.4 days for end-century, while the ensemble maximum changes range from 0.7 to 1.8 days and 0.7 to 3.4 days for mid and end-century respectively.
The annual count of days with at least 2 consecutive days when daily max Ws < 10th percentile of base period (LWsDI, Figure 4-34) also has a broad range of projected changes. The ensemble mean changes range from -0.3 to 0.3 and -0.3 to 1.4 days for mid and end-century, respectively. The ensemble minimum projected changes are -2.5 to -0.7 and -2.1 to -0.7 days for the respective time horizons. The ensemble maximum projections range from 0.7 to 1.8 and 0.7 to 3.4 days for the respective time horizons.
Table 4-6 presents a summary of the projected changes in extreme wind speed indices for the figures presented in this section. 
[bookmark: _Toc476650274][bookmark: _Toc481655193]Table 46: Projected Changes in Extreme Wind Speed Indices Summary 
	Extreme Wind Speed Indices*
	Ensemble Minimum
	Ensemble Mean
	Ensemble Maximum

	
	Mid-Century
	End-Century
	Mid-Century
	End-Century
	Mid-Century
	End-Century

	fWsB0
(% pts)
	-0.07 to 0
	-0.09 to 0
	-0.04 to 0.04
	-0.04 to 0.04
	0 to 0.16
	0 to 0.16

	fWsB7
(% pts)
	-2.7 to 0
	-2.7 to 0
	-0.9 to 0
	-0.9 to 0
	0 to 0.9
	0 to 0.9

	fWsB8
(% pts)
	-2.7 to 0
	-3.6 to 0
	0
	0
	0
	0

	fWsB9
(% pts)
	-1.7 to 0
	-2.4 to 0
	0
	0
	0
	0

	fWsB10
(% pts)
	-1.2 to 0
	-1.8 to 0
	0
	0
	0
	0

	fWs90p
(% pts)
	-0.001 to 0
	0 to 0.001
	0
	0.001
	0 to 0.001
	0.003

	fWs10p
(% pts)
	-0.014 to -0.001
	-0.011 to 0.001
	-0.002 to 0.002
	-0.001 to 0.005
	0.002
	0.002 to 0.015

	HWsDI
(days)
	-1.3 to 0
	-1.3 to 0.4
	-0.4 to 0.4
	0.8
	0 to 2.6
	1.7 to 3.0

	LWsDI
(days)
	-2.5 to -0.7
	-2.1 to -0.7
	-0.3 to 0.3
	-0.3 to 1.4
	0.7 to 1.8
	0.7 to 3.4


* fWsB0 - Frequency of calm wind days (Ws < 0.5 m/s)
fWsB7 - Frequency of near gale-force wind days (Ws > 14.4 m/s)
fWsB8 - Frequency of gale-force wind days (Ws > 17.2 m/s)
fWsB9 - Frequency of strong gale-force wind days (Ws > 20.8 m/s)
fWsB10 - Frequency of storm-force wind days (Ws > 24.7 m/s)
fWs90p - Frequency of top decile wind days 
fWs10p - Frequency of low decile wind days 
HWsDI - Top decile wind spell duration indicator 
LWsDI - Low decile wind spell duration indicator
All maps for RCP 8.5 projected changes extreme wind indices can be found in Appendix N. Corresponding maps for RCP 4.5 projections can be found in Appendix I.
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[bookmark: _Toc481655272]Figure 426 Frequency of calm wind days (fWsB0) projected changes.
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[bookmark: _Toc481655273]Figure 427 Frequency of near gale-force wind days (fWsB7) projected changes.
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[bookmark: _Toc481655274]Figure 428 Frequency of gale-force wind days (fWsB8) projected changes.
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[bookmark: _Toc481655275]Figure 429 Frequency of strong gale-force wind days (fWsB9) projected changes.
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[bookmark: _Toc481655276]Figure 430 Frequency of storm-force wind days (fWsB10) projected changes.
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[bookmark: _Toc481655277]Figure 431 Frequency of top decile wind days (fWs90p) projected changes.
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[bookmark: _Toc481655278]Figure 432 Frequency of low decile wind days (fWs10p) projected changes.
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[bookmark: _Toc481655279]Figure 433 Top decile wind spell duration indicator (HWsDI) projected changes.
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[bookmark: _Toc481655280]Figure 434 Low decile wind spell duration indicator (LWsDI) projected changes.

[bookmark: _Toc481655164]Monthly Wind Direction
In this section the projected changes in mean monthly wind direction are presented. Figures 4-35 through 4-46 (January through December, respectively) show the projected impact of climate change following the RCP 8.5 GHG scenario, as per Wang et al (2015). The mid-century time horizon change (left side of figures) is determined by subtracting the mean monthly wind direction of the future period 2046-2065 from that of the 1986-2005 base period. The end-century values (right side of figures) compared the future period 2081-2100 to 1986-2005. 
For most months in ARP Pilot Area 2, very little change in wind direction was projected for both time horizons. The majority of changes fell between 22.5° anti-clockwise (light blue) and 22.5° clockwise (light red). Many of the black arrows in the figures (representing mean monthly future wind direction, blowing toward the arrow heads) overlap almost completely with the green arrows (mean monthly base period wind direction), which indicates no change in direction.
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[bookmark: _Toc481655281]Figure 435 January mean wind direction projected changes.
January through April (Figures 4-35 to 4-38, respectively), June (Figure 4-40), and August through December (Figures 4-42 to 4-46) each showed almost no change, often having differing directions across the region and between time horizons. July showed a rotation of up to 22.5° clockwise by mid-century and up to 45° clockwise by end-century, with the largest changes projected just north of the Gaspé Peninsula. May’s projections (Figure 4-39) indicate a mix of large directional changes of up to 90° clockwise north of Anticosti Island by mid-century and up to 90° anti-clockwise just to the west, by end-century. 
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[bookmark: _Toc481655282]Figure 436 February mean wind direction projected changes.
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[bookmark: _Toc481655283]Figure 437 March mean wind direction projected changes.
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[bookmark: _Toc481655284]Figure 438 April mean wind direction projected changes.
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[bookmark: _Toc481655285]Figure 439 May mean wind direction projected changes.
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[bookmark: _Toc481655286]Figure 440 June mean wind direction projected changes.
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[bookmark: _Toc481655287]Figure 441 July mean wind direction projected changes.
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[bookmark: _Toc481655288]Figure 442 August mean wind direction projected changes.
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[bookmark: _Toc481655289]Figure 443 September mean wind direction projected changes.
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[bookmark: _Toc481655290]Figure 444 October mean wind direction projected changes.
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[bookmark: _Toc481655291]Figure 445 November mean wind direction projected changes.
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[bookmark: _Toc481655292]Figure 446 December mean wind direction projected changes.

All maps of projected changes in monthly wind direction for RCP 8.5 are also available in Appendix O. Corresponding maps for RCP 4.5 can be found in Appendix J.

[bookmark: _Toc481655165]Evaluation of Simulated Wind from Climate Models
To evaluate climate model fidelity, the simulated CMIP5 climate model data was compared with CFSR reanalysis data by calculating the root mean square error (RMSE) for each grid cell for each climate model. The RMSE represents the combined contributions of spatial pattern errors, seasonal cycle errors, and low-frequency variation errors in the simulated fields, as described in Section SM3 of Wang et al. (2014). Each model was given a score, derived from the mean of each grid cell’s score weighted by grid cell area.
To calculate the RMSE , wind speed fields were created from CFSR and CMIP5 members for 1981-2005. For each climate model k, 5-year monthly climatologies were created from these fields for each grid cell i. The square error is given by taking the squared difference between the simulated  and reanalysis  wind speed fields. The mean square error was calculated by taking the sum of the squared errors across each calendar month m in the 5-year period d, then dividing by the number of elements. The RMSE of the specified grid cell for a given climate model is found by taking the square root of the mean square error.

The model score represents the fidelity of the simulated climate model in comparison to the reanalysis data. The model score is the mean of each grid cell’s RMSE, weighted by grid cell area (ie. larger grid cells have a higher weight). The results for each ensemble members are shown in Figure 4-47, which includes a regional mean value located at the top right of the respective maps.
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[bookmark: _Toc481655293]Figure 447 Root Mean Square Error of Simulated Historical Surface Wind speed - CMIP5 Models compared to CFSR Reanalysis.

Overall the model were all found to have relatively high and comparable fidelity, particularly in regions removed from the coastline. The highest RMSE values for all ensemble members were found near the shore, which the coarse resolution of the CMIP5 models was not able to capture as well as the higher resolution CFSR. 
[bookmark: _Toc481655166]Discussion of Analysis Results
[bookmark: _Toc478971775][bookmark: _Toc526567492]The discussion of analysis results is divided into three sections. Section 5.1 will discuss the key risks and impacts for the marine transportation industry related to historical and projected future changes in significant wave heights and surface winds as well as a description of why changes in wind and wave climate (statistics and indices, as calculated above) are significant with respect to threats to the marine transportation industry. Section 5.2 presents a similar discussion for oil spill response considerations. Section 5.3 presents a qualitative, high-level description of marine climate elements (other than wave heights and surface winds) and their key risks and impacts on marine transportation and spill response.
[bookmark: _Toc469997629][bookmark: _Toc481655167]Key Risks and Impacts for the Marine Transportation Industry
The discussion presented in Sections 5.1.1 and 5.1.2 is based on the results of the historical analysis (Section 3) and projected future changes (Section 4). Refer to the respective sections and appendices for detailed analysis results.
Wind speed and wind direction are critical climatic variables to monitor for the marine transportation industry. Globally, wind speeds have increased in recent decades (Young et al., 2011) and increased wind speeds lead to increased wave heights. In combination, increased wind speeds and wave heights can cause damage to ships, cargo, marine facilities and coastal infrastructure.  Higher wind speeds and wave heights may affect shipping routes and maneuvering due to increased wind and hydrodynamic resistance factors. Storm frequency will likely be affected by a northward shift in storm tracks (Loder et al., 2013). The increased frequency and intensity of storms in this region could cause delays in shipping times.
[bookmark: _Toc481655168]Significant Wave Height
The historical analysis results of significant wave height are presented in Sections 3.1, 3.2 and 3.3 (and associated appendices) for long-term means and linear trends of the minimum wave heights, maximum wave heights, and extreme wave height indices respectively. The corresponding projected changes out to the middle and end of the 21st century can be found in Sections 4.1 to 4.3 and associated appendices.
Historical Analysis
Section 3.2 concludes that the annual maximum wave height (HsAx) is approximately 1.5 m in western regions and transitions to wave heights up to 6.4 m south of Anticosti Island. The highest waves are in the months of December. Additionally, the frequency of rough wave days (fHsRo) (daily Hs > 2.5 m) ranges from nearly 0% in upstream portions of the river to 22% south of Anticosti Island, while the frequency of high wave days (daily Hs > 6.0 m) (fHsHi) ranges from 0% in upstream portions of the river to 0.45% south of Anticosti Island. 
The linear trends analysis shows that there is no significant trend for maximum annual wave height.     
In general, marine safety is affected mainly by environmental conditions (winds, current and waves) when vessels arrive and depart a port or terminal, as well as berthing and loading/unloading at berth. The wave height limits for safe navigation, manoeuvring and marine operations recommended by the World Association of Waterborne Infrastructure (PIANC) are Hs ≤ 2 to 5 m for vessels travelling and manoeuvring in channel and harbour entrance, and Hs ≤ 0.3 to 2.5 m berthing and loading in basin and quay (varying with the types, sizes and orientation of vessels) (PIANC, 2012 and 2014).
Based on the above discussion, the sea states currently in ARP Pilot Area 2 present relatively favourable wave conditions for vessel navigation, manoeuvring and marine operations. 
Projected Changes
The results of the projected future changes show that the ensemble maximum projected changes in maximum annual significant wave height increase on the order of 0 to 0.5 m by end-century. The ensemble maximum projects changes in seasonal maximum wave heights are 0 to 0.5 m for winter, summer and fall by mid-century, while spring is expected to have no change.
The historical analysis indicates that the seasonal maximum wave heights range approximately from 1.5 m to 3.0 m in winter along the coastline from upstream portions of the river to south of Anticosti Island.
The ensemble maximum projected changes of 0.5 m will increase the wave heights and raise risk of downtime and damage for marine operations as the winter waves may exceed the operational limits (Hs ≤ 2 to 5 m in channel and harbour entrance and Hs ≤ 0.3 to 2.5 m in basin and quay). This may further results in decreasing time for ship manoeuvring and loading/unloading at terminal, consequently increasing berthing time and delaying departure. Also marine facilities and coastal infrastructure may be subject to greater damage from those winter high waves. 
[bookmark: _Toc481655169]Surface Wind Speed and Direction
The historical analysis results of surface wind speed are presented in Sections 3.4, 3.5 and 3.6 (and associated appendices) for long-term means and linear trends of the minimum wind speeds, maximum wind speeds, and extreme wind speed indices respectively. The corresponding projected changes out to the middle and end of the 21st century can be found in Sections 4.4 to 4.6 and associated appendices. Historical and climate change projections of wind direction can be found in Sections 3.7 and 4.7, respectively.
Historical Analysis
According to Sections 3.5 and 3.6, the annual maximum wind speed (WsAx) ranges from 13.7 m/s in upstream regions to nearly 23.0 near Anticosti Island. The annual percentage of days when daily max Ws (fWsB7) > 14.4 m/s is approximately 0.5% in upstream regions and as high as 15.0% around Anticosti Island. Figure 3-21 shows that significantly trending only in a small region north of Anticosti is less than 0.3 m/s per decade.
Highest monthly maximum wind speeds (WsMx) occur south of Anticosti Island in January and December (21 m/s), while July sees less than 13 m/s in the same region. In western portions of the river July’s values are as low as 7.1 m/s while December and January experience around 11 m/s.
As aforementioned marine transportation is affected mainly by environmental conditions near port or terminal. As per PIANC, the operational wind speed limits are Ws,1min ≤ 10 to 15 m/s (proportional to Ws,1hour ≤ 8.6 to 12.5 m/s) in channel and harbour entrance, and Ws,1min ≤ 10 to 30 m/s (proportional to Ws,1hour ≤ 8.6 to 23.1 m/s) in basin and quay (varying with the types, sizes and orientation of vessels). Ws,1min (Ws,1hour ) denotes 1-minite (1-hour) average wind speed at a height of 10 m above sea level. 
As per the discussion above, winds in winter season are a key risk factor for marine transportation in ARP Pilot Area 2 because the wind speed may exceed the operational limits and further result in shipping delays and vessel damage.   
Projected Changes
As shown in Table 4-5, the ensemble projected changes in annual maximum wind speed (WsAx) is 1.2 m/s by both mid-century and end-century. Similarly, the ensemble maximum changes for all seasons are all less than 1.2 m/s for both time horizons. 
As the summer monthly maximum wind speeds range from 7.1 to 13.0 m/s from western portions of the river to south of Anticosti Island, an increase in summer maximum wind speed of 1.2 m/s is not considered to be an issue with marine transportation. However the high wind speeds occur mostly in winter (approximately maximum 11 m/s western portions of the river and 21 m/s south of Anticosti Island), the ensemble maximum projected future increase of 1.2 m/s could lead to more downtime for marine transportation and raise higher risk of vessel damage in winter.      
In addition, the analysis shows that the projected changes in monthly wind direction are very little for most months in ARP Pilot Area 2. The large exceptions are in July with nearly 45° clockwise rotation by end-century north of the Gaspé Peninsula, and in May up to 90° northwest of Anticosti Island clockwise by mid-century and anti- clockwise by end-century. As winds are not crucial in May and July, the projected wind direction change is unlikely to cause impact on marine transportation in this area.         
[bookmark: _Toc481655170]Key Risks and Impacts for Oil Spill Response
This goal of this section is to discuss this study’s results for the provision of operational science to support oil spill emergency response and preparedness. The focus of the discussion is on the marine climate elements that could affect the fate and behavior of an oil spill and influence response and recovery efforts and is based on the results of the historical analysis (Section 3) and projected future changes (Section 4). 
Upon release into the marine environment oil will be subject to weathering processes, including spreading, evaporation, dissolution, dispersion of oil droplets into the water column, photochemical oxidation, emulsification, microbial degradation, adsorption onto particulate matter, ingestion by aquatic organisms, sinking and sedimentation. Winds and waves are key factors in these processes and also influence response efforts for containment and recovery of the spilled oil.
Immediately after the oil is spilled, it starts spreading over the sea surface, at a rate that is largely dependent on the viscosity (resistance to flow) of the oil. Viscosity is affected by the pour point - the lowest temperature at which the oil will flow. At temperatures below the pour point, the fuel solidifies rapidly and spreading is minimized. Pour point also affects dispersibility. The rate of spreading also depends on the wind speed, wave height, and the presence of tidal and mean currents.
Sections 5.2.1 and 5.2.2 discuss the role of waves and winds in spill fate and response together with observations on the potential utility of some of this study’s wave and climatology analyses for spill response efforts. 
In Section 5.3 some general discussion is provided on the role of other climate elements such as temperature and ice in spill fate and response.
[bookmark: _Ref477604278][bookmark: _Toc481655171]Significant Wave Height
Increased wind waves and swell introduce safety risks to personnel involved in spill response efforts. High seas will limit the windows of opportunity to employ mechanical containment booms, apply chemical dispersants or conduct in situ burning. As seas rise, uneven surface areas in a containment boom hamper the boom’s effectiveness in directing or containing floating oil; oil can also splash over the boom. There is added risk of equipment damage. For personnel offshore and equipment onshore the presence of large, unpredictable waves introduce other hazards. 
In addition to the expected wave climate for the area, including the analysis products prepared in this study, it is important to note that actual conditions will be affected by local weather and it is important for responders to make use of reliable local knowledge when available. Additional considerations are discussed as part of the role of winds in oil spill response in Section 5.2.2.
Historical Analysis
Two wave analysis products from this study are selected for discussion: the 50th percentile Hs, which reports median sea conditions; and fHsRo, the annual frequency of daily maximum Hs over 2.5 m. The fHsRo index is selected given its threshold of 2.5 m being close, albeit a bit above, the 1 to 2 m threshold generally considered for successful deployment and operation of mechanical booms for spill response in open water. 
To provide an overview of the range of median conditions, the maps of seasonal 50th percentile Hs, long-term mean for 1954-2015 (Appendix A) are considered. Values increase from west to east over the Area from near Rimouski to Anticosti Island. In winter, values range from less than 0.14 m in the western half of the area to about 0.5 m between Anticosti Island and Gaspé. The range of 50th percentile Hs is similar in spring and summer though with values farther up the river being slightly larger than in winter. Fall values range from 0.14 m near Rimouski to 1 m between Gaspé and the Quebec north shore. Values in fall around western Anticosti Island are 0.6 to 0.7 m. These statistics therefore indicate favourable wave conditions for most marine spill response activities could be expected over the area at least half of the time.  
The linear trends for the seasonal 50th percentile Hs values, the magnitude of changes are very small. For all seasons trends range are -0.009 to +0.03 m/decade from Rimouski to the mouth of the St. Lawrence. Only in winter, near Anticosti Island and toward the Quebec north shore are trends slightly larger, at +0.08 m/decade. There are numerous grid points in summer and fall with grid points of statistical significance in the linear trends; this includes all points near Anticosti Island in summer, and all points in fall; none in winter or spring.
Considering fHsRo, a lower frequency of rough wave days implies more times with conditions which might be favourable for spill response. The historical long term mean and linear trend for fHsRo are presented in Appendix B. The values of fHsRo are 2% or less west of Anticosti Island and reach up to about 5 to 8% at the eastern boundary of the Pilot Area. The linear trends in fHsRo range from about 0 to less than 0.02% / decade over most of the area with some values near 0.03% / decade. These increases are reported as significant for only a scattered few grid cells between Anticosti Island and Gaspé. Based on these statistics, wave conditions are favourable for marine spill response efforts. 
Projected Changes
The same two wave analysis products considered above for historical analysis are assessed for the future: the 50th percentile Hs and the fHsRo index. 
The projected changes for the 50th percentile Hs are presented in Appendix K. For winter, spring and fall, there are no changes (+0.03 m) in 50th percentile Hs between both mid- and end-century projections for virtually the entire area. Only in fall and winter near the southeastern portion of the Pilot Area are some changes of +0.08 m projected. In summer the ensemble minimum change (i.e., the lowest, most negative change projected by any of the six individual models) and ensemble mean change are negligible for most of the area and -0.08 m at the mouth of the St. Lawrence. Ensemble maximum changes for summer are negligible. These projected changes in the 50th percentile (median) Hs would not affect spill response planning or success.
The annual frequency of days with waves of Hs ≥ 2.5 m, fHsRo, are presented in Appendix L. The projected changes in fHsRo are less than 1%. The ensemble minimum and mean changes are negligible (+1/3%) for virtually the entire area; only near the eastern boundaries of the Pilot Area are changes of -1% projected. There are no changes projected for either mid- or end-century for ensemble maximum. These projected changes are so small in the frequency of time waves are exceeding an Hs of 2.5 m that by themselves they do not suggest any measurable change, due to sea state, to the windows of opportunity for conducting spill response.  
[bookmark: _Ref477604285][bookmark: _Toc481655172]Surface Wind Speed and Direction
Winds are a primary factor for oil spill spreading, they increase evaporation, and generate wind waves and currents. Wind speeds will limit the effectiveness of spill response options such as mechanical recovery such as booming, in situ burning or use of chemical dispersants. Typical windows of opportunity for response are as follows: 
Mechanical cleanup and burning[footnoteRef:1]: wind speeds up to about 7 m/s (between Beaufort Force (BF) 3 and 4) [1:  additional considerations for use include having a large enough average slick thickness (practical), and type, dosage, application techniques and use near specific ecological habitats (regulations requiring approval)] 

Dispersants: wind speeds up to about 13 m/s (BF 6)

Wind direction will influence which coastal areas are at risk, and changes in direction may require repositioning or redeployment of booms to maintain containment or recovery effectiveness. 
Wind information is also required for spill trajectory models, a primary tool used in spill response to estimate the marine and coastal areas potentially affected as a result of a spill, together with the initial weathering fate of the fuel, e.g., change of volume of the spill over time.
Spill models rely on present observations and forecasts of environmental conditions, primarily wind and current. This study’s wind and wave climatology maps are therefore not of direct use for spill trajectory modelling; however, they have potential benefit for spill response planning. Indication of the seasonal or monthly wind and wave conditions likely to be encountered for a given response area, e.g., ARP Pilot Area 2, can assist in preparedness, planning and logistics and training efforts. As noted briefly above, wind and sea conditions define the typical windows of response. In this way, several of the study maps provide a general indication of conditions over the ARP Pilot Area 2.  
Historical Analysis
The seasonal 50th percentile wind speed, which reports median wind speed (maps in Appendix C), is about 3 m/s in the west and increases uniformly, as one moves east, to values of about 4 to 5 m/s in spring and summer and 7 to 8 m/s in fall and winter near Anticosti Island and the southern boundaries of the Pilot Area. These conditions would be generally favourable for most spill response efforts (e.g., median speeds less than the thresholds on the order of 10 m/s noted above). As noted above, and shown in the monthly wind direction maps of Appendix E, winds over the ARP Area 2 are predominantly from the west and northwest from fall through early spring moving to southwesterlies in the summer. Distances to shore are inherently short in the St. Lawrence: about 25 km or less up to Pointe Des Montes and 50 to 60 km between the Gaspé Peninsula, Quebec north shore and Anticosti Island. In other words, without timely and effective spill response efforts, oil reaching shore is likely except for the smallest of spills.
Projected Changes
The projected mid- and end-century changes for seasonal 50th percentile, or median, wind speed, are reported in Appendix M. Very little changes are projected. For both mid- and end-century projections compared with the historical base period, ensemble minimum and mean changes in 50th percentile wind speed are on the order of -0.5 to +0.2 m/s for all four seasons. Ensemble maximum changes are typically +0.5 m/s with a change up to +0.8 m/s near Sept-Iles and farther up river predicted for fall for the end-century projection. None of these projected changes would have a bearing on spill response.
As reported in Section 4.7, very little change in wind direction (the majority of changes falling between 22.5° anti-clockwise and 22.5° clockwise) is projected for both mid- and end-century time horizons. 
Winds are predominantly from the west turning to west-northwest from October through April over most of the area. Inspection of the change in mean wind direction maps indicates virtually no change. The same is true for most of the summer through September. Predominant wind directions in May are variably over the area historically, being from the west and northwest for most of the area but also southeasterly between the western tip of Anticosti Island and the Gaspé Peninsula. Projections for May indicate a mix of directional changes but most noticeably a shift to more southwesterly and southerly winds near Anticosti Island. 
To improve the potential utility of future operational science data products, such as this report, it is recommended that response agencies and other stakeholders should agree which thresholds or indices might be most useful. For example, a fWsB4 or fWB5 for annual frequency of moderate or fresh breeze (Beaufort) force wind days would likely offer more practical guidance than frequency of high winds for which response efforts are not safe or practical to undertake or are ineffective.
[bookmark: _Toc469997630][bookmark: _Toc481655173]Potential Impact of other Marine Climate Elements
This section presents a qualitative, high-level description of marine climate elements (other than wave heights and surface winds) and their key risks and impacts on marine transportation and spill response.
The St. Lawrence River (Montreal to Anticosti Island) Pilot Area is located in southeast Quebec. Climate change will influence a wide variety of climatic variables in this area, which in turn, will impact resource sectors and industries that rely heavily on marine resources and transportation. The climate variables discussed below include air temperature, sea surface temperature, fog, extreme winds, extreme waves, changes in wind direction, sea levels and storm surge, tides and currents, coastal profile characterization, sea ice, land-fast ice and possibility of icebergs. Winds and waves are the primary focus of this report due to their predominant influence on marine transportation and oil spill response. As such, a thorough quantitative climate change analysis is presented in Section 4 and accompanying discussion in Sections 5.1 and 5.2. That said, the climatic variables mentioned above also influence marine transportation and are the focus of the present section.
Much of the information below was found in Lemmen et al. (2016), a Government of Canada report entitled “Canada’s Marine Coasts in a Changing Climate,” and the corresponding references therein. The Lemmen et al. report provides a broad and recent literature review pertinent to the scope of this section. 
[bookmark: _Ref476210185][bookmark: _Toc481655174]Sea Surface Temperature and Air Temperature
As sea surface temperatures and air temperatures are closely related and can have similar affects, a combined discussion is presented here.
Figure 5-1 shows the seasonal sea surface temperature (SST) climatology (1981-2010) for Atlantic Canada. The plots were created using NOAA’s Optimum Interpolation (OI) SST data via the Earth System Research Laboratory’s (ESRL) online Monthly/Seasonal Climate Composites tool. (Values over land are an artifact of the interpolation scheme and should be ignored.) SSTs average from below 0 to 3°C in winter, 1 to 3°C in spring, 11 to 13°C in summer, and 6 to 10°C in autumn.
Figure 5-2 shows the seasonal air temperature climatology (1981-2010) for Atlantic Canada. The plots were created using NCEP-NCAR Reanalysis data via the Earth System Research Laboratory’s (ESRL) online Monthly/Seasonal Climate Composites tool. Historical winter air temperatures average -13 to -10°C, spring temperatures -1 to 1°C, summer 8 to 10°C, while autumn air temperatures average roughly 3°C. 
An increase in air temperature is the strongest climate trend and is one of the most immediate and noticeable effects of climate change. The Canadian Atlantic region has experienced a statistically significant increase in mean annual air temperature for the period 1900-2010. Air temperatures at stations located along the Atlantic Ocean increased by 0.75 ±0.34°C over this period (Ouranos, 2010). A 0.89°C increase in surface water temperature was observed for the Scotian Shelf during the period 1982-2006 (Sherman et al., 2009). Global-climate projections indicate widespread warming of 1 to 3°C by 2100 of Canada’s oceans during the 21st century, under an intermediate-emissions scenario (Meehl et al., 2007).
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[bookmark: _Toc481655294]Figure 51 Sea Surface Temperature 1981-2010 Climatology. DJF (top-left), MAM (top-right), JJA (bottom-left), SON (bottom-right).
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[bookmark: _Toc481655295]Figure 52 Surface Air Temperature 1981-2010 Climatology. DJF (top-left), MAM (top-right), JJA (bottom-left), SON (bottom-right).
Warmer air and sea surface temperatures will reduce freezing spray on marine facilities which impacts marine operation. However effect of the changes are considered to be minimal for this area. 
In terms of oil spill response, at cold temperatures spilled oil will be denser and more viscous than in warmer conditions. Warmer conditions will contribute to decreased viscosity (and hence increased spreading) and an increased rate and degree of evaporation.
[bookmark: _Toc481655175]Sea Ice and Icebergs
Sea ice is present frequently in the region, typically from as early as the beginning of December through to the end of April (CIS, 2011). Figure 5-3 shows the frequency of presence of sea ice for mid-March. Ice concentrations during that time are often 10/10. Corresponding ice thicknesses can range from less than 10 cm (new ice) to 30-70 cm (some thin first-year ice).
Rising air and sea surface temperatures will lead to shorter sea ice seasons. The average annual sea-ice cover on Canada’s east coast has decreased by 0.27% per year since the Canadian Ice Service began collecting data circa 1968 (Senneville et al., 2014). These trends are projected to continue, with modelling indicating that sea ice will be almost completely absent in most of the Gulf of St. Lawrence by 2100 (Senneville et al., 2014). Reduced amounts of sea ice and a shorter sea ice season will influence a number of other climatic variables such as wave height. Ice cover impedes wave formation, therefore, the shortening of the sea ice season increases the total energy of waves developing in an ice-free body of water (Neumeier et al., 2013). Reduced amounts of sea-ice will improve river navigability, presenting new opportunities for shipping. As shown in Figure 5-3 (available: http://iceweb1.cis.ec.gc.ca/30Atlas/page1.xhtml), the southeast coast of Nova Scotia has historically seen a moderate to high frequency of sea ice, implying changes caused by a shorter sea ice season will be significant for this area.
Warmer air temperatures and reduced amount of sea ice will cause glaciers in Greenland and the Canadian Arctic to melt faster (Herdes et al., 2012). Increased glacial melt will have a severe impact on the rates that icebergs are discharged into the ocean. While icebergs are not uncommon in the Gulf of St. Lawrence (as icebergs can drift through the Strait of Belle Isle from the North Atlantic), they are an unusual occurrence in the Pilot Area.
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[bookmark: _Toc481655296]Figure 53 Frequency of Presence of Sea Ice, Week of March 19th (Canadian Ice Service, 2011)

In addition to colder sea temperatures which will affect the weathering of an oil spill, the presence of sea ice can have numerous effects on an oil spill which will be considerations for spill trajectory prediction and tracking and for response efforts. For example, these include:
The ice can act as a physical barrier or retardant impeding the spread of fuel and provide some containment. 
In closer, more concentrated pack ice or brash ice (ice in chunks up to 2 m in diameter) fuel slicks may not reach their equilibrium thickness as spreading is slowed or stopped by the presence of ice floes in close contact or by slush. This can result in a smaller, confined slick area and greater oil thicknesses compared with open water. Ice leads and deformed ice features may create pools of fuel further reducing spreading. 
Ice presence will tend to dampen wind waves. With less wave energy emulsification of fuel (which reduces the rate of other weathering processes) is uncommon, usually being decreased or does not occur
Natural dispersion – the breakup of a slick into droplets of varying sizes which become mixed into the upper layers of the water column – will occur at lower rates with reduced wave conditions due to ice, even though ice floe motion can be a source of surface turbulence. 

While the magnitude of changes to sea ice is unclear, with global warming, some changes to sea ice and iceberg conditions should be expected. This may include reduced sea ice extent and ice thicknesses. Any shortening of the sea ice season would remove one potential complicating factor for spill response.
[bookmark: _Toc481655176]Fog
Fog is a climatic variable that is considered due to the risks that reduced visibility has on marine navigation and marine activities. Fog is prevalent in this region during the navigation season and most frequently it accompanies easterly winds and may last for several days. Fog is much less frequent and of short duration with west and northwest winds (NGA, 2014). 
Warmer winters can lead to increased incidence of fog. Ice decay caused by climate change introduces additional moisture and heat into the atmosphere, which can lead to more frequent cloudiness and fog (Asplin et al., 2012). This may increase risk for marine transportation in this area.
[bookmark: _Toc481655177]Sea-Level Rise, Storm Surge and Currents
Sea-level rise is an important climatic variable to consider due to the amplifying effect that rising sea-levels have on other climatic variables. Sea-level rise is influenced by the thermal expansion of the surface layer of the ocean, meltwater from glaciers and ice caps, projected changes in dynamic oceanography, and other smaller sources. For the high-emissions scenario, James et al. (2014) found a median ensemble projection of sea level rise by 2100 of 20 to 40 cm on the northern shore of the river and 40 to 60 cm on the southern shore (ensemble 95th percentile increases were 60 to 80 and 80 to 100 cm, respectively) as shown in Figure 5-4. 
Higher sea levels can leave marine facilities and coastal infrastructure vulnerable to flooding and ice loading as they can be associated with storm surges superimposed on high tides, coupled with an increase in storm frequency and intensity. Changes to ocean currents can lead to changes in the sea-surface topography and in turn, affect local relative sea levels. Sea-level rise due to the weakening of the Gulf Stream is predicted for northeastern coastal North America in the coming century (Yin et al., 2010; Yin, 2012; Church et al., 2013). Rising sea-levels as a result of climate change will cause more extreme water-level events in the future, accelerating erosion and putting marine facilities and coastal infrastructure at risk when combined with storm surge, high tides, and increased wave action. However, deeper water in harbours can also present new opportunities in the marine transportation industry by improving access for larger ships with deeper drafts.
As noted above, surface currents play a significant role in the drift of an oil spill, with slicks drifting with the same speed and direction as the current. Currents will be factors in spill response efforts as well, e.g., high currents and cross currents will introduce challenges in booming efforts, and large currents may also further limit windows of opportunity for use of chemical dispersants or burning.
As tides change there is a risk of losing oil that has been collected in booms. Knowledge of the timing of tides and nearshore bathymetry are important considerations in spill response. 
As aforementioned in Section 5.3.1, projected sea ice is in a trend of reducing. However as long as sea ice is present, due to sea-level rising sea ice and landfast ice will reach higher level of marine facilities and coastal infrastructure, consequently resulting in higher ice loads on these structures. This may cause potential risk of failure for marine facilities and coastal infrastructure.
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[bookmark: _Toc481655297]Figure 54 Projections of relative sea-level rise by the year 2100 for the ensemble median (left) and 95th percentile (right) value of the high-emissions (RCP 8.5) scenario (from Lemmen et al., 2016 after James et al., 2014)

[bookmark: _Toc481655178]Summary
This study focuses on the recent climatology and projected effects of climate change on wind and waves in Area Response Plan (ARP) Pilot Area 2: St. Lawrence River (Montreal to Anticosti Island). This work supports the Government of Canada’s ARP Initiative which aims to strengthen national marine oil spill preparedness and response.
Climatological analysis components include the calculation of descriptive statistics (minimum, maximum, 5th, 25th, 50th, 75th, and 95th percentiles) for significant wave heights and wind speeds as well as numerous extreme value indices (defined in Tables 2-1 and 2-2), for annual, seasonal and monthly timescales. Mean monthly wind directions were also investigated. The climate change signal for all statistics, indices and wind directions were calculated for two greenhouse gas emissions scenarios out to the middle (2046-2065) and end (2081-2100) of the 21st century. The minimum, mean and maximum ensemble projection results were then mapped to ensure a broad range of climate projection uncertainty was represented.
As summarized in Table 6-1, the long-term mean of minimum annual wave heights was 0 m, median annual wave heights were between 0.05 and 1.00 m, and maximum annual wave heights ranged from 1.5 to 6.4 m. Significant wave height values were found to increase with distance downstream and out towards the Gulf of St. Lawrence. Only median wave heights have been found to have a significant trend, with some regions experiencing 0.015 to 0.030 m per decade.
Also in Table 6-1, the long-term mean of minimum annual wind speeds were 0.1 to 0.45 m/s, the median annual wind speeds were around 3.1 to 7.0 m/s, and the maximum annual wind speed ranged from 13.7 to 23.0 m/s. While the median and maximum wind speeds were trending slightly upwards in some areas, the minimum wind speed was experiencing slightly negative or positive trends, depending on the specific location.
[bookmark: _Toc481655194]Table 61: Historical Annual Statistics Summary 
	Annual Timeframe
	Wave Height
	Wind Speed

	
	Long-term mean
(m)
	Significant Trend (m/decade)
	Long-term mean
(m/s)
	Significant Trend
(m/s/decade)

	Minimum
	0
	-
	0.1 to 0.45
	-0.01 to 0.01*

	Median 
(50th percentile)
	0.05 to 1.00
	0.015 to 0.030*
	3.1 to 7.0
	0.03 to 0.15*

	Maximum
	1.5 to 6.4
	-
	13.7 to 23.0
	0.3*


* Significant trend only in portions of the region, see maps for more details
As summarized in Table 6-2, there was a broad range of frequency of rough wave days from 0% of days per year upstream to 22% of days near Anticosti Island. The frequency of high wave days ranged from 0 to 0.45%. The number of consecutive days with top-decile wave heights was between 18.5 and 25.7 days. Indices either experienced a small positive trend or no significant trend.
[bookmark: _Toc481655195]Table 62: Historical Extreme Wave Height Indices Summary (from Table 3-3)
	Extreme Wave Height Indices*
	fHsRo
	fHsHi
	fHs90p
	fHs10p
	HHsDI

	Long-term mean
	0 to 22.0%
(0 to 80.3 days)
	0 to 0.45%
(0 to 1.6 days)
	8.0 to 9.0%
(29.2 to 32.9 days)
	20.0 to 26.0%
(73.0 to 94.9 days)
	18.5 to 25.7days

	Significant Trend
	0.02 to 0.12**
% pts / decade
	-
% pts / decade
	0.1 to 0.15*
% pts / decade
	-
% pts / decade
	0.2 to 0.35**
days / decade


* fHsRo - Frequency of rough wave days (Hs > 2.5 m)
  fHsHi - Frequency of high wave days (Hs > 6 m)
  fHs90p - Frequency of top decile wave days
  fHs10p - Frequency of low decile wave days
  HHsDI - Top decile wave spell duration indicator 
** Significant trend only in portions of the region, see maps for more details
Table 6-3 shows that 0 to 0.013% of days could be considered calm wind days. Long-term means of high wind indices, which measured frequencies of days with wind speeds greater than 14.4 m/s (52 km/hr) up to the frequency of days with wind speeds greater than 24.7 m/s (88.9 km/hr), ranged from 0.5 to 15.0% down to 0 to 0.055%, respectively. Consecutive days experiencing top-decile and bottom-decile wind speeds were 23.9 to 28.5 and 17.7 to 22.0 days, respectively. Some small positive significant trends were found in various high wind indices while small negative trends were found in low wind indices.
The annual cycle of mean wind direction is east-southeastward in January, southeastward in February and March, to more south-southeastward in April, to north-eastward in June and July, east-north-eastward in August and September, back to eastward in October, east-south-eastward in November and southeastward again in December. May experiences a wide range of mean wind directions (eastward, southeastward, northwestward), with wind directions appearing to converge in a location just north of the Gaspé Peninsula.
Most months experienced some significant change in mean wind direction from 1980-1995 to 2000-2015, though many were between 36° clockwise and anti-clockwise. Notable expectations include April and May, which experienced larger shifts. April saw rotations between 36 and 72° anti-clockwise for most of the region, but also up to 108 and 144° in the most eastern regions. May saw an interesting mix of both clockwise (up to 144°) and anti-clockwise (up to 108°) rotations of fairly large magnitudes.
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	Extreme Wind Speed Indices*
	Units
	fWsB0
	fWsB7
	fWsB8
	fWsB9
	fWsB10
	fWs90p
	fWs10p
	HWsDI
	LWsDI

	Long-term mean**
	%
	0 to 0.013
	0.5 to 15.0
	0.10 to 5.4
	0.03 to 1.01
	0 to 0.055
	9.95 to 10.00
	9.85 to 10.05
	-
	-

	
	days
	0 to 0.05
	1.8 to 54.8
	0.4 to 19.7
	0.1 to 3.7
	0 to 0.2
	36.3 to 36.5
	35.6 to 36.7
	23.9 to 28.5
	17.7 to 22.0

	Significant Trend
	% / decade
	-
	0.10 to 0.72**
	0.25**
	-
	-
	0.5 to 2.0**
	-1.1 to 
-0.35
	1.5 to 6.0***
	-2.9 to -1.4***


* fWsB0 - Frequency of calm wind days (Ws < 0.5 m/s)
fWsB7 - Frequency of near gale-force wind days (Ws > 14.4 m/s)
fWsB8 - Frequency of gale-force wind days (Ws > 17.2 m/s)
fWsB9 - Frequency of strong gale-force wind days (Ws > 20.8 m/s)
fWsB10 - Frequency of storm-force wind days (Ws > 24.7 m/s)
fWs90p - Frequency of top decile wind days 
fWs10p - Frequency of low decile wind days 
HWsDI - Top decile wind spell duration indicator 
LWsDI - Low decile wind spell duration indicator
** Significant trend only in portions of the region, see maps for more details
*** Units for HWsDI and LWsDI trends are days per decade
Tables 6-4 to 6-6 present an overview of the ensemble mean projected changes according to RCP 8.5 as presented in Section 4. The ensemble minimum and maximum projections of Section 4 and the corresponding appendices should be viewed in conjunction with the ensemble mean projections to ensure a range of potential climate change signals are considered. Projections for RCP 4.5 (a lower GHG scenario) are also available in Appendices F to J.
According to the ensemble mean projections, maximum wave heights are generally expected to decrease slightly in the coming decades, while minimum and median wave heights will remain unchanged. The frequency of rough and high wave days are projected to decrease or stay the same, while the number of days with consecutive top-decile wave days is projected to decrease slightly.
The ensemble mean projections show no changes for minimum and median wind speeds, while the maximum wind speed is projected to decrease by up to 0.5 m/s. The frequencies of days with highest winds are not projected to change, while a small changes are projected for the number of calm days or those with near gale-force winds. The number of consecutive days experiencing top- or bottom-decile wind speeds are both projected to increase.
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	Ensemble Mean
	Wave Height (m)
	Wind Speed (m/s)

	
	Mid-21st Century
	End-21st Century
	Mid-21st Century
	End-21st Century

	Minimum
	0
	0
	0
	0

	Median 
(50th percentile)
	0
	0
	0
	0

	Maximum
	-0.5 to 0
	-0.5 to 0
	0
	-1.2 to 0



[bookmark: _Toc481655198]Table 65: Ensemble Mean Projected Changes in Extreme Wave Height Indices Summary
	Extreme Wave Height Indices
	fHsRo 
(% pts)
	fHsHi 
(% pts)
	fHs90p 
(% pts)
	fHs10p 
(% pts)
	HHsDI 
(days)

	Mid-Century
	-0.7 to 0
	0
	-0.004 to 0.004
	0
	0 to 0.25

	End-Century
	-0.7 to 0
	0
	-0.004 to 0.004
	0 to 0.015
	-0.25 to 0



[bookmark: _Toc481655199]Table 66: Ensemble Mean Projected Changes in Extreme Wind Speed Indices Summary
	Extreme Wind Speed Indices
	fWsB0 (% pts)
	fWsB7 (% pts)
	fWsB8 (% pts)
	fWsB9 (% pts)
	fWsB10 (% pts)
	fWs90p (% pts)
	fWs10p (% pts)
	HWsDI (days)
	LWsDI (days)

	Mid-Century
	-0.04 to 0.04
	-0.9 to 0
	0
	0
	0
	0
	-0.002 to 0.002
	0.8
	-0.3 to 1.4

	End-Century
	-0.04 to 0.04
	-0.9 to 0
	0
	0
	0
	0.001
	-0.001 to 0.005
	0 to 2.6
	0.7 to 1.8



According the World Association of Waterborne Infrastructure (PIANC) criteria, the sea states in ARP Pilot Area 2 present favourable wave conditions for vessel navigation, manoeuvring and marine operations. The ensemble maximum projected changes of 0.5 m will increase the wave heights and raise risk of downtime and damage for marine operations as the winter waves may exceed the operational limits (Hs ≤ 2 to 5 m in channel and harbour entrance and Hs ≤ 0.3 to 2.5 m in basin and quay). This may further results in decreasing time for ship manoeuvring and loading/unloading at terminal, consequently increasing berthing time and delaying departure. Also marine facilities and coastal infrastructure may be subject to greater damage from those winter high waves.  Projected changes are unlikely to impact significantly on marine activities in the St. Lawrence River in spring, summer and fall.
With regard to spill response capability, median sea conditions provide some insight. Considering the historical trends for the seasonal 50th percentile Hs values, the magnitude of changes are very small. For a threshold of 1 to 2 m for successful boom operation, results indicate favourable conditions could be expected over the area about half of the time. Projected changes in median wave conditions are unlikely to measurably affect spill response planning or success. Projected changes in the frequency of rough wave days (fHsRo) are so small that by themselves they do not suggest any measurable change to the windows of opportunity for conducting spill response.  
Winter winds are a key risk factor for marine transportation in the region as wind speeds may exceed the operational limits and result in shipping delays and vessel damage. Ensemble maximum projections in winter wind speeds could lead to more downtime for marine transportation and produce higher risk of vessel damage. Projected changes in monthly wind direction mostly occur in summer meaning the impact on marine transportation due to wind direction changes will not likely be an issue.
With regard to spill response, average historical wind conditions would be generally favourable for most spill response efforts (e.g., median speeds less than the thresholds on the order of 10 m/s). Distances to shore are inherently short in the St. Lawrence River and without timely and effective spill response efforts, oil reaching shore is likely except for the smallest of spills. Very little change in wind direction (the majority of changes falling between 22.5° anti-clockwise and 22.5° clockwise) is projected for both mid and end-century time horizons. Projections for May however, indicate a mix of directional changes but most noticeably a shift to more southwesterly and southerly winds near Anticosti Island.
With regard to other climatic variables, warmer winters can lead to increased incidence of fog. Ice decay caused by climate change introduces additional moisture and heat into the atmosphere, which can lead to more frequent cloudiness and fog. This may increase risk for marine transportation in this area due to more instances of reduced visibility.
Rising sea-levels as a result of climate change will cause more extreme water-level events in the future, accelerating erosion and putting marine facilities and coastal infrastructure at risk when combined with storm surge, high tides, and increased wave action. However, deeper water in harbours can also present new opportunities in the marine transportation industry by improving access for larger ships with deeper drafts.
In terms of oil spill response, warmer conditions will contribute to decreased viscosity (and hence increased spreading) and an increased rate and degree of evaporation. The projected decrease in the presence of sea ice, however, could remove several complicating factors for spill response.  Surface currents will continue to play a significant role in the drift of an oil spill, with slicks drifting with the same speed and direction as the current.
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