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Abstract

:

This study evaluates projected changes to surface wind characteristics for the 2071–2100 period over North America (NA), using four Global Environmental Multiscale regional climate model simulations, driven by two global climate models (GCMs) for two Representative Concentration Pathway scenarios. For the current climate, the model simulates well the climatology of mean sea level pressure (MSLP) and associated wind direction over NA. Future simulations suggest increases in mean wind speed for northern and eastern parts of Canada, associated with decreases in future MSLP, which results in more intense low-pressure systems situated in those regions such as the Aleutian and Icelandic Lows. Projected changes to annual maximum 3-hourly wind speed show more spatial variability compared to seasonal and annual mean wind speed, indicating that extreme wind speeds are influenced by regional level features associated with instantaneous surface temperature and air pressure gradients. The simulations also suggest some increases in the future 50-year return levels of 3-hourly wind speed and hourly wind gusts, mainly due to increases in the inter-annual variability of annual maximum values. The variability of projected changes to both extreme wind speed and gusts indicate the need for a larger set of projections, including those from other regional models driven by many GCMs to better quantify uncertainties in future wind extremes and their characteristics.
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1. Introduction


Wind is a critical climate variable, as it transfers heat, moisture, and momentum between the Earth’s surface and the atmosphere [1,2], transports air pollutants [3], and affects evaporation rates in vegetated areas [4,5]. Wind is influenced by changes in atmospheric circulation, brought by climate variability and change, due to natural and anthropogenic forcing. Changes in surface wind speed and direction have significant implications for water cycle components [4], air pollution [6], arid and semiarid environments [7,8,9,10,11,12], fire activity [13], and wind energy production [14]. Moreover, changes in surface wind extremes and gusts have direct implications for buildings, infrastructure, agriculture, power lines, desert, and forestry [8,9,10,11,12,15,16,17,18,19,20]. Despite these implications, relatively fewer studies have focused on projected changes to wind characteristics compared to the temperature and precipitation fields [21,22].



Many studies detected decreasing/increasing changes in the mean and extreme values of 10-m near surface wind speed (hereafter, wind speed) based on observations. McVicar et al. [4] summarized 148 studies from across the globe. Several of these studies reported decreasing trends over many parts of North America (NA), but increasing trends for the Alaska, Yukon, and Central Arctic regions of Canada [2,23,24]. Griffin et al. [25] evaluated long-term trends in extreme wind speed for 92 meteorological stations located in the Pacific Northwest regions of NA and showed downward trends in maximum daily wind speed for inland stations, and no significant trends for stations in coastal regions. Hundecha et al. [26] reported increases in annual maximum wind speeds based on a regional reanalysis over southeastern parts of Canada for the 1979–2003 period.



Several studies concentrated on projected changes to mean and extreme wind speeds using global climate model (GCM) outputs. Mclnnes et al. [21] suggest consistent increases in mean wind speeds for south-eastern and northern parts of NA by the end of the 21st century based on the CMIP3 (Coupled Model Intercomparison Project Phase 3) multi-model ensemble for the SRES (Special Report on Emissions Scenarios) A1B scenario. Kumar et al. [22] reported projected increases in extreme wind speeds for some parts of the south-eastern USA and south-central and north-western Canada, and decreases for most parts of the USA and south-western and north-eastern Canada by the end of the 21st century, using the CMIP5 (CMIP Phase 5) multi-model ensemble for the Representative Concentration Pathway (RCP) 8.5 scenario, although the changes are mostly less than 6%. The IPCC [27], however, reported that projected changes to extreme wind speeds based on GCMs are more uncertain than those to mean wind speeds because of relatively fewer studies on extreme wind speeds and the difficulties in simulating these events with GCMs.



Regional climate models (RCMs), which are used for dynamical downscaling of GCM outputs, were employed in regional-scale studies to analyze climate change impacts on mean and extreme wind speeds over Europe [28,29] and an East Asian region [30]. Over the contiguous USA, Pryor et al. [31] evaluated future wind climates based on an ensemble of RCM simulations, obtained from the North American Regional Climate Change Assessment Program (NARCCAP), for the A2 emissions scenario for the middle of the 21st century (2041–2062). They found some decreases in mean wind speeds for the western USA in future climate, but no significant changes to extreme wind speeds were reported. However, regional-scale projections of wind speed characteristics and directions based on RCM outputs and RCP emission scenarios are not widely available for Canada and NA. Canadian RCMs have been used in regional-scale studies to analyze climate change impacts on different climate variables and their extremes over NA, such as precipitation [32], temperature [33,34], snow [35], floods [36], freezing rain [37], and droughts [38]; however, they have not been used extensively to study wind characteristics.



The main purpose of this study is to evaluate projected changes to wind speed characteristics (i.e., seasonal and annual mean wind speeds, diurnal cycles, directional distributions, and extreme values) for the 2071–2100 period, with respect to the 1981–2010 period over NA, using four transient climate change simulations performed with the Global Environmental Multiscale (GEM) model, in limited area configuration, driven by two GCMs, Canadian Earth System Model 2 (CanESM2) and the Max-Planck-Institute Earth System Model (MPI-ESM), for the RCP 4.5 and 8.5 scenarios. As surface pressure gradient is a main factor that determines wind characteristics, projected changes to mean sea level pressure (MSLP) and its gradient are also assessed. Besides, projected changes to wind gusts are also evaluated for Canada for the same time period, based on GEM model simulations driven by CanESM2 for RCP 4.5 and 8.5 scenarios.




2. Model Simulations and Observation Datasets


2.1. GEM Simulations


The RCM used in this study is the limited area version of the GEM model, which is used by Environment and Climate Change Canada (ECCC) for numerical weather predictions in Canada [39]. Deep convection in the model is based on Kain and Fritsch [40], while shallow convection follows Bélair et al. [41]. Resolvable large-scale precipitation is calculated following Sundqvist et al. [42] and the planetary boundary layer scheme follows Benoit et al. [43] and Delage [44]. Radiation is computed by Correlated K solar and terrestrial radiation suggested by Li and Barker [45]. Canadian Land Surface Scheme (CLASS) 3.5 is used for simulating land components [46]. This version of CLASS allows for a user-defined number of soil layers, and employs prognostic equations for energy and water conservation. It also has a thermally and hydrologically distinct snowpack, which is treated as an additional variable-depth soil layer. The GEM model employs a physical approach to estimate wind gusts following Brasseur [47]. This approach assumes that the surface wind gust occurs with the deflection of air particles flowing higher in the boundary layer, which are transported by turbulent eddies to the surface.



The simulation domain covers whole of NA and neighboring oceans at 0.44° horizontal resolution. Atmospheric lateral boundary conditions are obtained from the ECMWF (European Centre for Medium-Range Weather Forecasts) gridded ERA-Interim reanalysis [48], CanESM2 [49], and MPI-ESM [50]. The simulation driven by ERA-Interim (hereafter, GEM-ERA) for the 1981–2010 period is used for evaluating the model and the simulations driven by CanESM2 and MPI-ESM (hereafter, GEM-CanHist and GEM-MPIHist) for the same time period are used to investigate boundary-forcing errors [33,34,51]. Four GEM model simulations driven by CanESM2 and MPI-ESM for RCP 4.5 and 8.5 scenarios for the 2011–2100 period are considered for the analysis of projected changes. These simulations are referred to as GEM-CanRCP4.5, GEM-CanRCP8.5, GEM-MPIRCP4.5, and GEM-MPIRCP8.5. RCP 4.5 is a medium-emission scenario in which radiative forcing reaches 4.5 W/m2 by 2100 compared to pre-industrial values [27]. However, RCP 8.5 is a high-emission scenario in which total radiative forcing reaches 8.5 W/m2 by 2100. It is an appropriate scenario for business-as-usual and non-climate policy conditions. Particularly, RCP 8.5 is reported to closely follow the recent emissions trend [52]. The outputs from these climate change simulations are generally available at 3-hourly intervals. However, simulations at a shorter time scale are essential to derive robust changes to wind gusts. Therefore, hourly data from GEM-ERA, GEM-CanHist, GEM-CanRCP4.5, and GEM-CanRCP8.5 are used to evaluate projected changes to wind gusts.




2.2. Observed Datasets


For the validation of seasonal and annual mean wind speeds, the Climate Normals dataset of average wind speed for the USA [53] and homogenized surface wind speed dataset for Canada [2] for the 1981–2010 period are used. The Climate Normals dataset is the latest three-decade averages of climatological variables, including wind speed obtained from observations from 455 stations of National Oceanographic and Atmospheric Administration (NOAA)’s National Weather Service. The Canadian dataset is developed based on homogenized monthly mean wind speeds obtained from 156 stations of ECCC. As gridded sub-daily observations of wind speed are not available for the USA and Canada, the ERA-Interim reanalysis product, with 0.75° horizontal and 3-hourly time resolutions, for the 1981–2010 period (hereafter, ERA-Interim) is used for validating 3-hourly annual maximum wind speed. For validating wind gust, this study uses raw dataset of observed daily maximum gust for the 1981–2010 period from 166 stations of ECCC, located across Canada.





3. Methodology


The ability of the GEM model in simulating wind speed and gust was validated, prior to the investigation of future projections. GEM-ERA, GEM-CanHist, and GEM-MPIHist simulated 3-hourly wind speeds were validated by comparing the magnitude and spatial patterns of seasonal and annual mean wind speeds and characteristics of annual maximum values (i.e., mean, standard deviation, and 50-year return level (RL)) with those derived from station observations and ERA-Interim over NA for the 1981–2010 period. GEM-ERA and GEM-CanHist simulated hourly wind gusts are evaluated by comparing selected characteristics of annual maximum values to those obtained from raw station datasets over Canada for the same time period.



For all GEM model simulations and ERA-Interim, annual maximum 3-hourly wind speeds were compiled for the North American landmass for both current and future periods. Similarly, annual maximum values of hourly wind gust were compiled from the GEM model simulations driven by CanESM2 for the same time periods. Fifty-year RLs of wind speed and gust were estimated based on the Gumbel distribution, which is commonly considered for extreme value analysis of wind data in Canada [54,55]. The parameters of this distribution are estimated by the method of moments.



Spatial patterns of projected changes to the mean and extreme values of wind speed and gust and other important characteristics of wind speed (i.e., directional distribution, and seasonal and diurnal variability) for the future period relative to the current period are evaluated and discussed in the paper. Although the projected changes are assessed for all future years, given relatively small changes for near future periods, the projected changes are presented mainly for the 2071–2100 period.




4. Results


4.1. Surface Wind Speed


4.1.1. Validation


As wind is a response of air pressure differences, seasonal and annual MSLP and associated wind directions are evaluated first (Figure 1). ERA-Interim shows clearly, the climatic low and high pressure centers over NA and neighboring oceans in winter; i.e., the Aleutian Low located in the North Pacific Ocean, the Icelandic Low located in the North Atlantic, the Pacific High located in the middle-eastern part of the Pacific Ocean, the Beaufort High located over the Beaufort Sea in the Arctic Ocean, and the Canadian High located across North American continent. This dataset also shows a stronger Pacific High and weaker Aleutian Low and Icelandic Low in summer than in winter. Instead of the Canadian High, the thermal low is situated over the western and southern parts of NA in summer. The GEM model simulations generally reproduce well, the pressure systems and associated surface wind directions of ERA-Interim. The simulations, however, yield a more intense Canadian High than ERA-Interim for most of the North American continent in winter. Larger differences are noted for western coastal and central parts of Canada and most parts of the USA compared to the other regions. The simulations also display higher MSLP compared to ERA-Interim for the western coastal regions of Canada and the north-western USA in summer. GEM-CanHist (GEM-MPIHist) exhibits higher (lower) MSLP than ERA-Interim for the eastern USA in summer.



In Figure 2, observations indicate higher seasonal and annual mean wind speeds over north-eastern and north-western coastal regions of NA, the Great Plains (i.e., east of the Rocky Mountains of the United States and Canada), and the East Arctic (i.e., environs of Hudson Bay and northern Quebec). The observations display low wind speeds in western mountainous (Rocky Mountains) regions of NA, eastern mountainous (Appalachian Mountains) regions of the USA, and boreal forest regions of Canada because of high roughness length. The GEM model simulations (i.e., GEM-ERA, GEM-CanHist, and GEM-MPIHist) underestimate the observed annual mean wind speeds with negative mean biases in the range of −0.12 to approximately 0.3 m/s, whereas ERA-Interim overestimates with positive mean bias of 0.15 m/s. Seasonally, ERA-Interim shows a larger overestimation in winter with mean bias of 0.38 m/s, while the GEM model simulations yield similar mean biases in the range of −0.31–0.08 m/s, compared to their annual mean biases. The more intense Canadian High in GEM model simulations leads to reduced mean wind speed in winter over the North American continent compared to ERA-Interim. Overestimation of the annual mean wind speed was also noticed in the previous version of ERA-Interim; i.e., ERA-40, over the USA compared to station observations and other global reanalysis datasets [24]. However, the GEM model simulations and ERA-Interim reproduce well the spatial patterns of station-based observations and yield 0.70–0.68 and 0.68 spatial correlation coefficients, respectively. Results from the two GCM driven simulations (i.e., GEM-CanHist and GEM-MPIHist) are very similar to those of GEM-ERA, indicating that boundary forcing errors, i.e., the differences associated with the GCM boundary forcing data, reflected in the differences between the GEM model simulation driven by ERA-Interim and those driven by two GCMs, are generally modest. However, lower MSLPs of GEM-MPIHist result in higher mean wind speeds in summer over the eastern part of the USA compared to other simulations.



The mean and the 50-year RL of the annual maximum 3-hourly wind speed for ERA-Interim and GEM model simulations (Figure 3) exhibit similar spatial patterns as those of annual mean wind speed (Figure 2). Over the contiguous USA, spatial patterns of the mean and 50-year RL are in general agreement with those of the RCM-simulated and NCEP-2 reanalysis-derived mean annual 95th percentile wind speeds given in Pryor et al. [31]. Over Canada, spatial patterns of the mean and 50-year RL are mostly consistent with the contour maps presented in Hong et al. [55]. The contour maps were developed based on hourly wind speeds from 235 weather stations and the ordinary kriging method. It should be noted that GEM-ERA shows better consistency with observation-based contour maps than ERA-Interim for spatial patterns of the coefficient of variation (CV) over the western mountainous regions and of the mean and 50-year RL over northern parts of Canada, showing added value of GEM-ERA in simulating extreme wind speeds compared to its driving ERA-Interim reanalysis.




4.1.2. Projected Changes


Projected changes to summer, winter and annual mean wind speeds and MSLP are presented in Figure 4. The four climate change simulations consistently suggest increases in annual mean wind speeds for the northern parts of NA, particularly for regions between Beaufort Sea and Hudson Bay, as well as northern parts of Quebec. The simulations, however, suggest decreases in future annual MSLP for most of North American landmass and neighboring oceans, particularly for the northern parts of NA by more than 1.5 hPa in winter, which are collocated with regions of increases in mean annual wind speed. Increased future temperatures will lead to a reduced sea ice fraction, and therefore, increases in open water fraction in the Arctic and adjoining seas and oceans, which lead to further increases in winter temperature, lower-tropospheric thickness, and sensible heat flux, and decreases in sea level pressure [56]. Decreases in future MSLP can increase (decrease) intensities of low (high) pressure systems situated in the northern regions such as Aleutian Low, Icelandic Low, and Beaufort High, which in turn result in increases in future wind speed. The increases in mean wind speed are larger in winter than in summer in terms of both magnitude and areal extent over the northern parts of NA. Similarly, the increases in mean wind speed are larger for RCP 8.5 scenario compared to RCP 4.5 scenario. Increases in seasonal and annual mean wind speeds for the northern regions by the end of the 21st century have also been reported by Mclnnes et al. [21] and Kumar et al. [22], based on the CMIP3 multi-model ensemble for SRES A1B scenario and the CMIP5 multi-model ensemble for RCP 8.5 scenario, respectively. The GEM model simulations, however, suggest decreases in mean wind speed for western parts of NA in winter and for most of NA in summer.



Projected changes to seasonal mean wind speeds are presented in Figure 5 for seven sub-regions of NA (see Figure 2), with different mean wind speed characteristics. The previously discussed overestimation of ERA-Interim and underestimation of GEM-ERA for mean wind speed can be clearly seen in this figure. Although projected changes to seasonal mean wind speed for the future period are mostly within ±6%, the simulations show an overall good agreement with respect to the climate change signal for the seven sub-regions of NA. For instance, the four climate change simulations suggest an increase in regional median values of winter mean wind speed for Far North (FN), North Central (NC), and North East (NE) regions and in spring mean wind speed for NC, NE, and South Central (SC) regions. Similarly, the simulations suggest a decrease in regional median values of summer mean wind speed for North West (NW), NC, NE, South West (SW), SC, and South East (SE) regions and in fall mean wind speed for SW, SC, and SE regions.



Wind speed generally shows highest values during ~13/15 h local time (i.e., ~18/21 h UTC) over Canada e.g., [57] and the USA; e.g., [58]. ERA-Interim and GEM-ERA reproduce well these diurnal cycles (Figure 6). The diurnal variation is known to be influenced by the diurnal evolution of the boundary layer thermal structure, as well as the presence of low clouds [59]. The simulations suggest overall increases in future diurnal mean wind speed for FN, NC, and NE regions and a slight increase for SC, particularly for 18–21 h UTC, in winter. The simulations, in particular, yield larger increases for NC, NE, and SC and smaller decreases for NW, SW, and SE in mean wind speed for the high wind speed hours compared to other times.



The climate change simulations suggest quite different spatial patterns of projected changes to the mean and CV of annual maximum 3-hourly wind speeds, reflecting the influence of the driving GCM and emissions scenario (Figure 7). Projected changes to the CV are larger compared to those in the mean values, indicating changes in the scale parameter are generally larger than the changes in the location parameter of the distribution which governs annual maximum wind speeds. Statistically insignificant differences between current and future periods are noted for the annual maximum wind speed for many cases. Projected changes to the annual maximum wind speeds yield more spatial variability relative to the changes to seasonal and annual mean wind speed presented in Figure 4. This might be because extremes of wind speed can be affected more by regional air circulations, due to instantaneous surface temperature and air pressure gradients and many other regional-scale effects [35]. Projected changes to 50-year RLs display strong spatial consistency with those for the CV, suggesting that changes in the inter-annual variability of annual maximum wind speed rather than those in the mean values are the main drivers for changes in the 50-year RLs. Pryor et al. [29] also reported increases in extreme wind speed over northern Europe, and attributed it to increases in the inter-annual variability. The change in the inter-annual variability could be due to the quasi-periodic inherent variability within the modeled climate system, possibly linked to the phase of large-scale climate oscillations (e.g., North Atlantic Oscillation). However, coincident increases in both extreme wind speed and MSLP gradient are shown in some cases, including GEM-CanRCP8.5 and GEM-MPIRCP8.5 over western Alaska and Hudson Bay coastal regions.



Spatial and temporal variability of annual mean and maximum wind speeds for each sub-region are investigated further in Figure 8. GEM-CanRCP4.5 and GEM-MPIRCP8.5 suggest increases in the spatial variability of both mean and extreme wind speeds, represented by the range of blue and red bands, for the FN region in the future period compared to the current 1981–2010 period, with generally increasing trends in the areal mean values. The two simulations also show increases in the inter-annual variability, represented by fluctuations of the time series, for both annual mean and maximum wind speeds for the FN region in the future. The two simulations, however, show disagreement in projections for some regions. For instance, increases in the spatial and inter-annual variability of annual mean and maximum wind speeds are suggested only by GEM-CanRCP4.5 for NW and SW regions and by GEM-MPIRCP8.5 for NE and SE regions. General decreases in annual mean wind speeds, but increases or approximately no changes in annual maximum wind speeds, are suggested by GEM-CanRCP4.5 for the NW, SW, and SE regions and by GEM-CanMPIRCP8.5 for the SE region.



Directional distributions of winter mean and annual maximum 3-hourly wind speeds simulated by GEM-CanHist and GEM-CanRCP8.5 for the seven sub-regions are shown in Figure 9. For winter mean wind speed, GEM-CanHist shows diverse directions for FN but a general westerly for other sub-regions (Figure 9a). These westerly directional distributions of winter wind speed, based on observed data, are shown by several studies over southern Canada [57,60] and the USA [61]. For the directional distributions, GEM-CanRCP8.5 shows relatively high degree of agreement with GEM-CanHist for the seven sub-regions. Mean wind speeds for other seasons show different directional distributions compared to those for the winter. For instance, southerly winds are typical for the southern USA, as shown by Klink [61] and also shown in Figure 2 of this study. Seasonal variations in the mean wind speed are strongly related to seasonal changes in MSLP [61]. Although the four climate change simulations suggest some changes to future MSLP (Figure 4), absolute changes to future MSLP are small. Therefore, these changes may not result in significant changes to the directional distributions of seasonal mean wind speeds. The directional distributions of annual maximum 3-hourly wind speed certainly exhibit more diversity than the winter mean values (Figure 9b). Particularly, the current and future simulations display some southerly directional distributions for the annual maximum wind speeds for SC and SE regions and that might be due to South Atlantic tropical cyclones in summer. Again, GEM-CanRCP8.5 yields relatively high degree of agreement with GEM-CanHist for the directional distributions for the seven sub-regions. However, there are some notable differences as well, particularly for northern parts of NA. For example, future wind directions as simulated by GEM-CanRCP8.5 are more diverse for NW and NC regions, but less so and more westerly for the NE region.





4.2. Wind Gust


According to the station-based raw observation dataset, mean values of annual maximum wind gusts show high values for western, eastern, and northern coastal regions, and south-central regions, compared to the western mountainous and boreal forest regions. These observed spatial distributions are reproduced well by GEM-ERA and GEM-CanHist (Figure 10a). Unlike the case of mean wind speed, the two climate change simulations do not display an underestimation of the annual maximum wind gusts for the boreal forest and western mountainous regions. The underestimation of surface wind speed could be due to the overestimated forest canopy height, and therefore roughness length; however, gust parameterization is not directly influenced by these fields. Observations show higher magnitudes and larger spatial variability for the CV, particularly for southern parts of Canada, compared to the two climate change simulations. Uncertainty in the raw observation dataset due to missing data and observation error could result in large spatial variability in observations, while underrepresented inter-annual variability in the model could lead to underestimation in the simulated values of CV. Consequently, model simulations show lower 50-year RLs, particularly for southern Canada, compared to the raw observation dataset. The gust factor, the ratio of 50-year RL of annual maximum hourly wind gust to that of annual maximum hourly wind speed, is higher for the western mountainous and boreal forest regions compared to the other regions. Wind speed for forest regions is usually smaller than other regions due to higher canopy height and roughness length. However, general underestimation of 50-year RLs of annual maximum wind speed also could result in overestimation of gust factors for forest regions. Projected changes to the mean, CV, and 50-year RL of annual maximum wind guest (Figure 10b) show similar spatial patterns as of annual maximum 3-hourly wind speed (Figure 7). Increases in extreme wind gust, driven by increases in inter-annual variability, for northern Europe was also reported by Pryor et al. [29]. High spatial variability in the projected changes to extreme wind gust was also noted in that region [28,29]. General increases in future gust factor are noted in areas where increases in future 50-year RLs of annual maximum wind gust are identified.





5. Summary and Discussion


This study investigates projected changes to near-surface wind speed (10-m) characteristics (i.e., annual and seasonal means, diurnal cycle, directional distribution, and extreme values) for the 2071–2100 period relative to the 1981–2010 period over NA, using four simulations from the GEM model, driven by two GCMs for RCP 4.5 and 8.5 scenarios. Projected changes to wind gusts for the same future period over Canada, using the GEM model simulations driven by CanESM2 under the same two RCP scenarios are also evaluated. Validation of an ERA-Interim driven GEM model simulation (GEM-ERA) indicates that the model reproduces well, the spatial distributions of annual and seasonal MSLP and associated mean wind speed and direction, diurnal cycle, and characteristics of annual maximum values when compared to ERA-Interim. GEM-ERA can also reproduce observed spatial patterns of annual maximum wind gust. GEM-ERA, however, shows slight underestimation of MSLP and associated mean wind speed over NA compared to ERA-Interim. This simulation also shows some underestimation of mean wind speed for western and south-eastern mountainous regions and boreal forest regions of NA, but not for wind gust, indicating that geophysical fields in the GEM model, such as the canopy height of forests, may need to be verified/modified. The model yields modest boundary forcing errors, as the two GCM driven simulations (i.e., GEM-CanHist and GEM-MPIHist) show results that are similar to those of GEM-ERA for studied wind speed and gust characteristics.



The climate change simulations show increases in future annual mean wind speed for the northern parts of NA, possibly due to decreases in future MSLP, which can increase (or decrease) intensities of low (or high) pressure systems situated in those regions, such as the Aleutian Low, Icelandic Low, and Beaufort High. The increases in future mean wind speed are larger in winter than in summer and are so, too, for RCP 8.5 simulations than RCP 4.5 simulations. The climate change simulations also suggest increases in future winter mean wind speed for the Far North, North Central, and North East regions and in future spring mean wind speed for North Central, North East, and South-Central regions of NA. In addition, the simulations also suggest larger increases for North Central, North East, and South-Central regions and smaller decreases for North West, South West, and South East regions in winter mean wind speed for the high diurnal wind speed hours (i.e., 12~15 h local times) compared to other times of the day. Although, sea level pressure is a dominant parameter in controlling surface wind speed [62], changes in sea surface temperature, meridional temperature gradient, and atmospheric moisture levels in response to global climate change can also explain, partly, the noted changes in surface wind speed [61,63]. The changes in sea level pressure and the associated atmospheric circulation changes can be driven by regional changes in precipitation, surface temperature, ocean circulation, and the greenhouse gas concentrations [64]. Therefore, further investigation of the relationship between projected changes to surface wind speed and relevant climate variables is needed.



Spatial patterns of projected changes to the 50-year RL of annual maximum wind speed are different from those for the mean wind speed. Important differences are also noted among the simulations, particularly in the spatial patterns of projected changes to the 50-year RL of annual maximum 3-hourly wind speed, reflecting the influence of the driving GCM and RCP scenario. Changes in the inter-annual variability of the annual maximum wind speed are detected as the main attributable component to changes in the 50-year RLs, as the GEM model simulations show strong spatial consistency between the projected changes to the 50-year RL and the variance of the annual maximum wind speed. Directional distributions of annual maximum wind speed show more diversity than those of winter mean wind speed. However, future directional distributions for both annual mean and maximum wind speeds exhibit a high degree of agreement with their historical distributions. Projected changes to the 50-year RL of annual maximum wind gust, evaluated based on two hourly simulations, generally show similar spatial patterns as those of annual maximum 3-hourly wind speed. It is important to note that small increases in extreme wind speed could have significant impacts on the design and management of buildings and other structures, as design wind pressure is directly proportional to the square of the design wind speed [35,54].



Projected changes to extreme wind speed characteristics evaluated in this study, based on high-resolution GEM model simulations, will be useful to assess detailed regional impacts, particularly for air pollution, fire activity, and wind-energy production related studies. Similarly, the results of the analyses, focused on wind extremes and gusts, presented here will be useful for the better design and management of built (e.g., buildings, power transmission lines, and other infrastructures) and natural (e.g., trees, crops, etc.) environments. However, finer resolution (<10 km) regional climate simulations should be considered to simulate regional wind extremes, as 50 km resolution climate model simulations have difficulty in simulating small-scale phenomena, such as tornados and convective wind storms. Moreover, the climate change signal associated with extreme wind speed and gust, found here to be dependent on the driving GCM and emissions scenario, warrants a broader set of projections, considering many regional models and driving global models to properly quantify uncertainties in future projections.
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Figure 1. Summer (JJA), winter (DJF), and annual mean wind vector (arrow) and mean sea level pressure for ERA-Interim and three GEM model simulations (i.e., GEM-ERA, GEM-CanHist, and GEM-MPIHist) over North America for the 1981–2010 period. 
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Figure 2. Summer (JJA), winter (DJF), and annual mean wind speed for observations, ERA-Interim, and GEM model simulations (i.e., GEM-ERA, GEM-CanHist, and GEM-MPIHist) for the 1981–2010 period. Observed mean wind speeds are presented using circles, which are color coded following the side bar. 
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Figure 3. Mean (first column), coefficient of variation (second column), and 50-year return level (RL) (third column) of annual maximum 3-hourly wind speed for ERA-Interim reanalysis and GEM model simulations for the 1981–2010 period. 
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Figure 4. Projected changes to summer, winter, and annual mean wind speeds (legend) for the future 2071–2100 period relative to the current 1981–2010 period. Projected changes to mean sea-level pressure (MSLP, unit: hPa) are represented by red (for increases) and blue (for decreases) contours. 
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Figure 5. Seasonal mean wind speeds for observations, ERA-Interim, and GEM-ERA for North America (NA) and seven sub-regions of NA, shown in (a), for the 1981–2010 period (upper panels in sub-plots in (b)). For ERA-Interim and GEM-ERA, grid points nearest to the observation stations are considered for calculation. Projected changes (in %) to seasonal mean wind speeds for the four GEM model simulations for the future 2071–2100 period, with respect to the current 1981–2010 period, are presented in the lower panel of each sub-plot in (b) based on all grid points of each region. Symbol and error-bar represent median and 1-sigma (15.9%–84.1%) range, respectively. 
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Figure 6. Diurnal 3-hourly mean wind speed (WS) for ERA-Interim reanalysis and GEM-ERA simulation for the seven sub-regions of NA for the 1981–2010 period (upper panel in each sub-plot) for summer and winter based on all grid pints of each sub-region. Projected change (PC; in %) to 3-hourly mean wind speeds for the four GEM model simulations for the 2071–2100 period with respect to the 1981–2010 period are presented in the lower panel of each sub-plot. Symbol and error-bar represent median and 1-sigma (15.9~84.1%) range, respectively. 
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Figure 7. Projected changes to the mean, coefficient of variation (CV), and 50-year RL of annual maximum wind speed for the future 2071–2100 period with respect to the current 1981–2010 period. Grid points are marked by open circles when the mean and 50-year return period values for current and future periods are statistically different at the 10% significance level. Projected changes to annual MSLP gradient are provided in the fourth column. 
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Figure 8. Projected changes to the annual mean (blue) and maximum (red) wind speeds with respect to the mean values for the current 1981–2010 period for GEM-CanRCP4.5 (first column) and GEM-MPIRCP8.5 (second column) for the seven sub-regions (shown in Figure 5a) of North America. Lower and upper boundaries and solid lines respectively represent the 5th, 95th, and 50th percentiles of the projected changes from the grid points located in each sub-region. Blue and red dotted lines represent linear trends of the 5th and 95th percentiles of the projected changes. Current and future analysis periods are indicated with grey background. 
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Figure 9. Directional distributions of (a) winter mean and (b) annual maximum wind speeds (3-hourly) for seven sub-regions of NA (shown in Figure 5a) for the GEM-CanHist current 1981–2010 simulation (left column) and GEM-CanRCP8.5 future 2071–2100 simulation (right column). Radial axes represent the relative frequency (in each 15° sector), and color bins indicate wind speeds shown in the legend. 
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Figure 10. (a) Mean, coefficient of variation (CV), and 50-year RL of annual maximum wind gust, as well as gust factor (the ratio of 50-year RL of annual maximum wind gust to that of annual maximum wind speed), for observations and two GEM model simulations (i.e., GEM-ERA and GEM-CanHist), for the 1981–2010 period. (b) Projected changes to the same characteristics as shown in (a) for the future 2071–2100 period with respect to the current 1981–2010 period. 
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