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ABSTRACT 

Climate change and urbanization can alter coastal wind resources available for energy 

production by modifying pressure patterns, local thermodynamics, and land surface 

properties. The Mid-Atlantic U.S. has a burgeoning offshore wind industry, with strong 

potentials for drastic climate change and widespread urbanization. Here I investigate how 

climate change and urbanization over the 21st century collectively and respectively affect 

coastal winds, using the Mid-Atlantic U.S. as an example region. Urbanization causes 

increased summertime wind speeds over the ocean (0.4 – 0.6 m/s) and decreased wind 

speeds over land with minimal offshore impacts in other seasons. Similarly, climate 

change causes the largest impacts on wind resources in the summer, with offshore wind 

speed increases between 0.8 – 1.4 m/s. While urbanization strengthens the sea breeze 

circulation through enhanced land-ocean temperature gradients, climate change weakens 

it. Both climate change and urbanization cause substantial increases in extreme heat 

conditions in the Mid-Atlantic U.S. These findings suggest that the impacts of both 

urbanization and climate change are vital to consider as offshore wind energy develops 

along urbanizing coastal areas. 
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Chapter 1 

INTRODUCTION 

 

Offshore wind energy is a rapidly developing form of renewable energy, growing 30% 

globally between 2010 and 2018 (Wind Outlook, 2019). As this market expands, it is 

important to understand how climate change and land use change such as urbanization 

can impact offshore wind resources. Existing studies that simulate the impacts of climate 

change on wind speeds exhibit contradictory results and contain large uncertainties (Wu 

et al., 2020, Craig et al., 2019). The impacts of historical urbanization have been 

considered in several studies (Chen et al., 2020, Hou et al., 2013), however, the effects of 

future urbanization on wind resources have not been studied. Here I investigate the 

impacts of 21st century urbanization and climate change on regional climate conditions, 

especially wind resources, using high-resolution regional climate modeling in the Mid-

Atlantic U.S. due to the region’s rapidly developing offshore wind industry and potential 

for drastic climate change as well as widespread urbanization (Gao et al., 2020). 

 

Most studies investigating the impacts of climate change on wind speeds focus on global 

or continental scales using regional and global climate models (GCMs and RCMs) 
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(Martinez and Iglesias, 2022, Vu Dinh et al., 2022, Costoya et al., 2020, Pryor et al., 

2020, Chen, 2020, Sawadogo et al., 2020, Craig et al., 2019, Reboita et al., 2018, Davy et 

al., 2018, Karnauskas et al., 2018, Carvalho et al., 2017, Haupt et al., 2016,  Johnson and 

Erhardt, 2016) and there are limited regional climate simulations at convection-

permitting resolution (<4km). While there is still considerable uncertainty among 

projections, several studies find decreasing winds in the eastern U.S. as a result of future 

climate change (Martinez and Iglesias, 2022, Costoya et al., 2020, Pryor et al., 2020, 

Johnson and Erhardt, 2016). This is consistent with global and northern hemisphere 

decreases in historical surface wind speeds (Wu et al., 2020, Zhang et al., 2019), although 

one study (Zeng et al., 2019) finds a reversal to increasing wind speeds beginning in 2010 

and attributes much of the historical wind speed changes to decadal-scale patterns in the 

ocean and atmosphere. One simulation focused on temperature and precipitation in the 

Northeastern U.S. finds substantial value added through convection-permitting regional 

climate modeling (Komurcu, 2018). In the coastal Mid-Atlantic, mesoscale phenomena 

such as the sea breeze circulation are an important source of variability in the wind field 

(Xia et al., 2022, McCabe, 2021, Seroka et al., 2018, Hughes and Veron, 2015, Bowers, 

2004), particularly during the summer months when energy demands are high and 

average wind speeds are at an annual minimum (Veron et al., 2018). Therefore, I employ 

convection-permitting RCMs at 3-km resolution to investigate the local impacts of 

climate change on coastal wind patterns in the Mid-Atlantic. 
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Furthermore, urbanization is necessary to consider because of its impacts on surface 

roughness, heat, and moisture transfer which influence local and regional dynamics. 

Urban land in the coastal Mid-Atlantic U.S. can expand substantially over the 21st 

century under the Shared Socioeconomic Pathway 5 (SSP5, a fossil-fueled development 

scenario) (Gao & O'Neill, 2020, Kriegler et al., 2017) . Land-use changes are known to 

alter climate conditions (Bukovsky et al., 2021, Chen et al., 2020, Zhang et al., 2019, Yan 

et al., 2016, Wu et al., 2016, Hou et al., 2013, Kalnay and Cai, 2003) and have been 

shown to impact sea breeze circulations (Varquez et al., 2014, Chen et al., 2011, Childs 

and Raman 2005); however, little is known about how future urbanization may affect 

coastal winds. Additionally, while urbanization is known to cause slower wind speeds 

within cities (Chen et al., 2020, Yan et al., 2016, Hou et al., 2013) and has been found to 

impact precipitation and temperature in areas surrounding cities (Bukovsky et al., 2021, 

Daniel et al., 2019), the regional impacts of urbanization on winds in surrounding areas 

are not well studied. At the end of the 21st century, urban areas across the world are 

expected to experience up to 4 ℃ warmer temperatures than their surrounding areas 

(Zhao et al., 2021) and urban expansion has been linked to increased risks of heat-related 

illness (Chen et al., 2010). The sea breeze circulation serves an important role in 

temperature moderation of coastal populations by transporting cooler ocean air onshore 

(Zhou et al., 2019). Therefore, in addition to climate change impacts it is imperative to 

consider the effects of future urbanization on coastal winds. 
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Addressing these gaps in literature, I develop a high-resolution two-domain (15 km, 3km 

resolution) RCM configuration (Fig. 1) to investigate the separate and combined effects 

of climate change and urbanization at the end of the 21st century on wind resources in the 

Mid-Atlantic U.S. I use the Weather Research and Forecasting (WRF) model as an RCM 

with climate boundary conditions from the Community Earth System Model Version 2 

(CESM2) (Danabasoglu et al., 2020) and integrate spatially-explicit urban land change 

over the 21st century from a state-of-the-art SSP-consistent spatial urban land dataset 

(Gao and Pesaresi 2021, Gao and O’Neill 2020). Climate boundary conditions at the end 

of the century are based on Representative Concentration Pathway 8.5 (RCP8.5, an 

average carbon forcing of 8.5 W/m2) (Riahi et al., 2011), which pairs consistently with 

SSP5 in the Scenario Model Intercomparison Project (ScenarioMIP) (O'Neill et al., 

2016). I examine four 10-year scenarios: historical urban land extent and climate 

conditions (2005 – 2015) (HIST_HIST), SSP5 urban land extent in 2100 and historical 

climate conditions (SSP5_HIST), historical urban land extent and EOC RCP8.5 climate 

conditions (HIST_RCP8.5) (2090 – 2099), and urban and extent in 2100 and EOC 

RCP8.5 climate conditions (SSP5_RCP8.5). Urbanization (SSP5_HIST – HIST_HIST), 

climate change (HIST_RCP8.5 – HIST_HIST), and combined (SSP5_RCP8.5 – 

HIST_HIST) impacts are discussed in the following results sections. 
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Figure 1: Weather Research and Forecasting Model (WRF) domain configuration 

 

 

 

 

 



6 
 
 

 

 

Chapter 2 

RESULTS 

 

2.1 Urbanization Increases Summertime Offshore Wind Resources 

Urbanization (SSP5_HIST – HIST_HIST) causes increased average summertime (June, 

July, August) wind speeds over the ocean off New Jersey and Delaware. Surprisingly, 

much of these impacts are more than 100 km offshore. One potential cause of these 

changes is decreasing near-surface atmospheric pressure over land which creates a slight 

increase in the coastal pressure gradient during the summer. Changes in sea level pressure 

are known to have substantial impacts on average wind speeds (Antonini and Caldeira, 

2021): typically, the stronger the pressure gradient, the higher the wind speed.  Also, 

increasing temperatures over land caused by urbanization create a larger temperature 

gradient between ocean and land during the summer months, which strengthens the sea 

breeze circulation and can also increase coastal wind speeds. 

 

During the summer, wind speeds 120-m above the ground level (referred to as 120-m 

wind speeds) increase by 0.4 – 0.6 m/s over most of the ocean grid cells off New Jersey 

and Delaware in response to increased urbanization (Fig. 2a). These changes correspond 
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to a 2.5 – 5.0% increase in the amount of time with offshore wind speeds >10.59 m/s. 

The threshold 10.59 m/s represents the wind speed above which the International Energy 

Agency (IEA) 15-MW offshore reference turbine (Gaertner et al., 2020), a standard 

reference turbine used for design studies and collaborative research across different 

organizations, produces its maximum power output. During the day (8 am – 8 pm local 

time), 120-m wind speeds directly off the coast increase by 0.6 – 1.0 m/s (Fig. 2b), and 

overnight (8 pm – 8 am local time) 120-m wind speeds increase by 0.4 – 0.6 m/s further 

offshore (Fig. 2c).  Since wind speeds are the slowest (Hughes and Veron 2015) and 

energy demand is the highest during summer months in the Mid-Atlantic U.S. (Veron et 

al., 2018), increases in hub-height (100 – 150 m) winds over the ocean would supply 

much-needed boosts in energy output to match the high demand. Additionally, increasing 

temperature enhances the electrical demand for cooling in the summer months. Though 

changes in wind speed less than 1 m/s might seem small, power density and wind speed 

are cubically related (Manwell et al., 2009), that is, even small changes in wind speed can 

have substantial impacts on wind turbine power output. For example, a 0.45 m/s increase 

in wind speed in the 7-11 m/s range can increase the power output of the reference IEA 

offshore turbine by more than 12%, or 1.8 MW.  

 

 During the winter (December, January, February), spring (March, April, May), and fall 

(September, October, November), both offshore wind speeds and the mean sea level 

pressure (MSLP) gradient in the Mid-Atlantic U.S. show minimal changes (<0.2 m/s and 

0.1 hectopascals  (hPa), respectively) as a result of urbanization. In the summer, the 
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coastal pressure gradient increases by 0.3 hPa (Fig. 2d), corresponding with increased 

offshore wind speeds during that time. On summer days, when the sea breeze has the 

largest impact on local dynamics and near-shore 120-m wind speeds show the largest 

increases, the coastal pressure gradient strengthens by 0.5 hPa (Fig. 2e). Therefore, larger 

urbanization impacts on coastal pressure gradients in the summer correspond with larger 

wind speed impacts, and smaller urbanization impacts on coastal pressure patterns in the 

winter, spring, and fall correspond with smaller wind speed impacts. 

 

To assess the relationship between urbanization and surface level wind speeds (10-m) and 

temperatures (2-m) over land, I categorize grid cells in the study area into four classes 

according to each grid cell’s amount of increase in urban land fraction between the 

beginning and end of the 21st century: 0 – 0.2 (totaling 32.2% of all land grid cells), 0.2 – 

0.5 (23.5%), 0.5 – 0.8 (14.1%), 0.8 – 1 (24.2%). Roughly 6% of land area exhibits a 

decrease in urban land fraction. While the SSP-consistent urban land change data does 

not contain any decreases in urban land fraction over the 21st century, these minor 

decreases are caused by the interpolation of different urban datasets onto the WRF grid. I 

find, overall, annual average 10-m wind speeds decrease and 2-m temperatures increase 

proportionally to urban land development levels. Impacts on 10-m wind speeds primarily 

occur in regions with urban land fraction increasing by more than 0.5. Below that 

threshold, changes are below 0.1 m/s. 2-m temperatures increase by 0.5 – 1.0 ℃ where 

urban land fraction increases <0.5. In regions with urban land fraction increases between 
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0.5 – 0.8, 10-m wind speeds decrease by 0.4 m/s, and in areas where urban land fraction 

increases by >0.8, 10-m wind speeds decrease by 0.7 m/s due to increased surface 

roughness, and surface temperatures warm by 2.0 ℃ on average . The impacts of urban 

land expansions on 2-m temperatures do not extend to the ocean, even in high 

urbanization scenarios like SSP5. This creates a larger temperature gradient between the 

land and ocean, altering local dynamics during the entire year and especially during the 

summer when the sea breeze is prevalent.  
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Figure 2: Average summertime (a, b, c) 120-m wind speed and (d, e, f) mean sea level 

pressure (MSLP) impacts of Shared Socioeconomic Pathway 5 (SSP5) urbanization 

(SSP5_HIST – HIST_HIST) by the end of the 21st century during all hours, day and 

night. 
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2.2 Climate Change Increases Summertime Offshore Wind Resources 

Climate change (HIST_RCP8.5 - HIST_HIST) causes larger increases in summertime 

coastal wind speeds than urbanization due to shifts in the position of the Azores High. 

Climate change speeds up 120-m summertime wind speeds by 0.8 – 1.4 m/s over the 

ocean and 0.2 – 0.6 m/s over land (Fig. 3a). The largest increases occur directly to the 

east and southeast of the New York Bight where numerous offshore wind lease areas are 

located. These summertime increases are roughly double the increases in other seasons. 

Climate change and urbanization combined (SSP5_RCP8.5 – HIST_HIST) speed up 120-

m summertime wind speeds by 1.8 – 2.2 m/s off the New Jersey coastline and by 1.4 – 

1.8 m/s off of Delaware.  

 

Climate change increases the percentage of time when summertime 120-m offshore wind 

speeds are above 10.59 m/s (reference turbine producing at full power) by 10 – 15 % off 

the coast of New Jersey and Delaware (Fig. 3c). This increase in offshore wind resources 

during the summer represents a substantial positive impact on the efficiency of future 

wind farms. In the winter, this value increases by less than 2.5% over the entire coastal 

Mid-Atlantic region. 

  . 

The magnitude of offshore wind speed changes is directly related to changes in the 

coastal mean sea level pressure gradient. In the climate change scenario (HIST_RCP8.5), 

these changes are linked to a northwesterly shift and strengthening of the Azores High 
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found in CESM2 output at the end of the 21st century. During the summer, when offshore 

wind speeds increase the most, coastal pressure gradient changes are the largest (Fig. 3b). 

The correlation coefficient between monthly changes in 120-m wind speed over the 

ocean and coastal pressure gradients due to climate change is 0.77 (Fig. 4). This 

correlation coefficient is 0.90 for the urbanized scenario (SSP5_HIST) and 0.83 for the 

combined scenario (SSP5_RCP8.5) (Fig. 4).  
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Figure 3: Climate change impacts (HIST_RCP8.5 - HIST_HIST) on: (a) summertime 

120-m wind speeds, (b) mean sea level pressure (MSLP), and (c) the percentage of time 

with 120-m wind speeds >10.59 m/s. 

 

Figure 4: Correlation between monthly changes in 120-m wind speeds and the coastal 

pressure gradient due to urbanization (SSP5_HIST – HIST_HIST), climate change 

(HIST_RCP8.5 – HIST_HIST), and both combined (SSP5_RCP8.5 – HIST_HIST) 

 

2.3 Conflicting Impacts of Urbanization and Climate Change on Sea Breeze 

Circulation 

For sea breeze circulation, I analyze the east-west wind speed as a proxy, because the 

coastlines of the Mid-Atlantic U.S. are oriented in a nearly north-south direction. Overall, 

urbanization increases the strength of the sea breeze while climate change weakens it. In 

the following paragraphs describing impacts on the sea breeze, I focus on the summer 
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daytime (8am – 8pm local time) because the sea breeze is the most prevalent (Hughes 

and Veron, 2015) and I find larger impacts due to urbanization and climate change during 

that time. 

 

Figure 5: Urbanization (SSP5_HIST – HIST_HIST), climate change (HIST_RCP8.5 – 

HIST_HIST), and combined (SSP5_RCP8.5 – HIST_HIST) impacts on (a, b, c) daytime 

summer east-west 10-m wind speed and (d, e, f) 2-m temperature.  
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Urbanization (SSP5_HIST – HIST_HIST) strengthens the sea breeze through changes in 

local temperature gradients in the coastal Mid-Atlantic U.S. on summer days.  The largest 

increases in easterly winds, which represent a more robust sea breeze circulation, occur in 

the Delaware Bay between New Jersey and Delaware (0.6 m/s) and along the coastlines 

of southern New Jersey and Delaware (0.4 m/s) (Fig. 5a). Increasing easterly winds can 

be found as far as 100-km offshore, demonstrating the permeating urbanization effects 

during summer days. The 2-m air temperatures over land increase by 1.0 ℃ on average 

and by up to 3.5 ℃ in southern New Jersey and Delaware due to the urban heat island 

effect (Fig. 5d). Temperatures over the ocean are not affected by urbanization, creating a 

larger temperature gradient between the ocean and land initiating a stronger pressure 

gradient oriented perpendicular to the coastline.  

 

Climate change (HIST_RCP8.5 – HIST_HIST) increases the westerly 10-m wind speeds, 

directly counteracting and suppressing the development and propagation of the sea breeze 

(Fig. 5b). The largest impacts (>1.0 m/s) are found off of the New Jersey coastline. The 

increased westerly component of coastal winds is associated with the northerly shift of 
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the Azores High during the summer, which increases the pressure gradient in the 

southeast-northwest direction and strengthens the prevailing southwesterly winds. In the 

combined scenario (SSP5_RCP8.5), the enhanced westerly flow due to climate change 

exceeds increases in easterly flow due to urbanization, resulting in a mild weakening of 

the sea breeze along most of the Mid-Atlantic U.S. coast. (Fig. 5c). Further research is 

needed to fully understand factors and dynamics influencing the strengths of the 

contradictory forces from urbanization and climate change relating to the sea breeze 

circulation.  

 

2.4 Climate Change and Urbanization Both Increase Extreme Heat Events 

Both climate change and urbanization notably increase air temperatures in the Mid-

Atlantic U.S. Climate change causes average summer 2-m temperature increases between 

4.5 – 5.0 ℃ in coastal regions and 5.0 – 5.5 ℃ farther inland. Urbanization causes 2 – 3.5 

℃ over urbanizing areas during the same time period. The combined impacts of climate 

change and urbanization (SSP5_RCP8.5 – HIST_HIST) cause surface temperatures to 

increase by as much as 7 – 8.5 ℃ over urbanizing areas. 

 

The percentage of time with surface temperatures above 35 ℃ (95 ℉) is an indicator of 

extreme heat for public health concerns. In the Mid-Atlantic U.S., the combined effects 
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of climate change and urbanization causes the percentage of hours in the summer >35 ℃ 

to increase 10 – 40% (Fig. 6a). The increased time in extreme heat conditions is 

particularly concerning when the weakening of sea breeze associated with climate 

change, which creates a decrease in cooling, is considered. For comparison, in the 

historical scenario (HIST_HIST), the percentage of time with summertime 2-m air 

temperatures >35 ℃ is <5% throughout most of the domain and between 5 – 10% near 

Philadelphia, Baltimore, and Washington D.C. While the interaction between climate 

change and urbanization in the combined scenario is minimal for other variables, this 

interaction causes the fraction of time spent in extreme heat conditions to be 5 – 20% 

higher over urbanizing areas (Fig. 6b). 

 

Figure 6: (a) Summertime impacts of urbanization and climate change (SSP5_RCP8.5 – 

HIST_HIST) on the fraction of time with 2-m air temperatures >35℃ and (b) the 

interaction ((SSP5_RCP8.5 – HIST_RCP8.5) – (SSP5_HIST – HIST_HIST) between 

urbanization and climate change in the combined scenario. 
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Chapter 3 

DISCUSSION 

 

Increasing summertime coastal winds associated with urbanization and climate change 

are encouraging for the developing offshore wind industry. Even in future scenarios with 

less urban development and smaller climate impacts, it is likely that coastal wind speeds 

will increase to some degree due to synoptic-scale temperature and pressure patterns from 

climate change, and increasing pressure gradients perpendicular to the Mid-Atlantic U.S. 

coastline due to urbanization. At the same time, much higher summer temperatures will 

lead to increased air-conditioning usage and a potentially much higher energy demand. 

Balancing the magnitudes of the two conflicting effects in the study area, increases in 

available offshore wind resources would likely be substantially smaller than increases in 

energy demands, a problem that may be exacerbated by potential population growth. In 

the SSP5-consistent urbanization scenario, urban land fraction in rural southern New 

Jersey and Delaware increases by >0.8. The large increases in urban heat island effects 

and subsequently air-conditioning-related energy demands would be very difficult to 

meet through renewable energy alone. As the offshore wind industry develops in the U.S. 

and begins to account for a larger portion of regional electricity generation, it will be 

crucial to monitor changing urban and climate conditions and continue to evaluate future 

projections. 



20 
 
 

These findings differ from previous studies considering climate change or urbanization 

impacts on coastal wind resources and sea breeze circulation (no research has considered 

both together). For coastal winds, several studies predict decreases in annual average 

wind speeds in the coastal Mid-Atlantic U.S. (Martinez and Iglesias, 2022, Costoya et al., 

2020, Pryor et al., 2020, Johnson and Erhardt, 2016), while I find increases primarily due 

to amplified summer average wind speeds. The difference in findings may be a result of 

anticipated future shifts of large-scale pressure patterns (i.e., Azores High), which may 

evolve differently in other modeling studies. The contrary findings may have also arisen 

because the fine-resolution simulations capture changes in local dynamics that previous 

coarser-resolution continental-scale simulations could not resolve. For sea breeze, one 

idealized study examining the city of Houston finds urbanization to slow sea breeze 

propagation and surface wind speed due to increased surface roughness (Chen et al., 

2011). In contrast, I find mixed effects of urbanization on surface wind speeds, which 

decreases over Delaware and increases over New Jersey. At 120 meters above the 

ground, urbanization increases wind speeds throughout the coastal Mid-Atlantic U.S., 

especially on summer days (Fig. 2b). This is a young evolving interdisciplinary literature 

body. More high-resolution simulations are needed for understanding influences of 

various factors at play, such as, geographical locations, model resolutions, and input data.  

 

Due to a northwesterly shift of the Azores High in the summer (southeasterly in winter), 

surface pressure increases (decreases) by as much as 2.0 (2.5) hPa in the coastal Mid-

Atlantic U.S. These changes are in contrast to existing observational studies. For 
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example, one study (Taylor et al., 2012) finds a northerly shift in the Azores High over 

the entire year, while others (Falarz, 2019, Iqbal et al., 2019) find a pronounced northerly 

shift in January. These observational changes are linked to a strengthening Hadley 

circulation due to global warming (Iqbal et al., 2019). One study finds a general 

southwesterly shift of the Azores High in the summer, while an individual 10-year period 

may exhibit a different tendency (e.g., an easterly shift) (Falarz, 2019). Altogether, these 

observational studies suggest it is possible that the direction of the Azores High shifts 

during the 10-year future period of study (2090-2099) might somewhat differ from 

longer-term trends. However, both this and other studies (Iqbal et al., 2019, Taylor et al., 

2012) concur that the location and the strength of the Azores High can have considerable 

regional impacts on temperature, pressure, wind speed and direction. Therefore, the high 

uncertainty of future pressure pattern trends demands important future consideration. 

 

This exercise of co-investigating regional impacts of urbanization and climate change 

provides new insights to the broader field of regional climate modeling. Firstly, the 

impacts of large-scale urbanization on wind speeds are not only found in regions directly 

surrounding urban areas, but as far as 100 km offshore (Fig. 2 and 5) . Further 

simulations are needed to determine whether the wide-reaching urbanization impacts 

found here are limited to coastal regions, where wind speed is particularly sensitive to 

changes in temperature gradients, or if they are found further inland as well. Secondly, 

the increasing coastal wind speed from climate change found here may be specific to the 

shifting pressure patterns in this region and may not be generalizable to other regions. 
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Nonetheless, I find large variability between offshore and onshore climate impacts on 

wind speed (Fig. 3a) that are not found in previous studies (Martinez and Iglesias, 2022, 

Pryor et al., 2020), demonstrating the added value of increasing spatial resolution for 

detailed wind projections. 
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Chapter 4 

METHODS 

4.1 Climate Forcing Data 

In this study, Community Earth System Model Version 2 (CESM2) (Danabasoglu et al., 

2020) output is dynamically downscaled using the Weather Research and Forecasting 

(WRF) model version 4.2 (Skamarock et al., 2019) as a regional climate model (RCM). 

CESM2 is developed by the National Center for Atmospheric Research (NCAR) and is 

one of the earth system models used in the Coupled Model Intercomparison Project Phase 

6 (CMIP6) (Eyring et al., 2016) showing minimal surface wind speed bias in the 

equatorial Atlantic (Richter and Tokinaga, 2020). Dynamically downscaling CESM2 

using WRF has been shown to produce realistic climate simulations and this GCM-RCM 

pair has recently been integrated into an accessible regional earth system modeling 

framework (Fu et al., 2021) along with the Regional Ocean Modeling System (ROMS) 

(Haidvogel et al., 2008).  

 

The output from the 40-km top, limited chemistry version of CESM2 (CESM2-CAM6) 

with a horizontal resolution of 1.26̊ (longitude) x 0.94̊ (latitude) is used as forcing data in 

this study. Historical climate forcing from the early 21st century (2005-2014) is obtained 

from the r11i1p1f1 variant of the CESM2-CAM6 historical run (1850-2014). Global 
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climate conditions at the end of the 21st century (2090-2099) use the r11i1p1f1 

ScenarioMIP variant of CESM2-CAM6. The RCP8.5 scenario is selected here to 

simulate the regional impacts of uninhibited climate change and urbanization in the 

coastal Mid-Atlantic U.S. The drastic land use changes predicted under the SSP5 scenario 

in this region (Fig. 1) create a unique opportunity to investigate the effects of coastal 

urbanization within the megalopolis of the Northeastern U.S. 

 

In order to downscale CESM2 using WRF, I follow the methods from a recent paper 

(Rahimi et al., 2022). Intermediate files are needed to be read into the WRF Pre-

Processing System (WPS). These binary intermediate files must contain the 16 

atmospheric, oceanic, and land-based variables that WPS requires to run. Conversion of 

CESM2 output to the required intermediate format took considerable processing, 

including horizontal interpolation to the Community Atmosphere Model (CAM) grid and 

vertical interpolation of atmospheric variables to 25 pressure levels ranging from 1000 – 

10 hpa. Finally, soil moisture and soil temperature variables from CESM2 are converted 

to the soil levels required by WPS and intermediate binary files are created for every 6-

hour period throughout each of the 10-year model simulations. 
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4.2 Urban Land Change Data 

I represent spatial urban land change in the WRF domains using a new dataset of SSP-

consistent global decadal 1-km urban land fraction projections throughout the 21st 

century (Gao and Pesarasi, 2021). The dataset is produced by the first and the most 

current empirically-grounded long-term spatial urban land modeling framework, 

CLUBS-SELECT (CLUBS: Country-Level Urban Buildup Scenario, Gao and O’Neill, 

2020; SELECT: Spatially-Explicit, Long-term, Empirical City developmenT, Gao and 

O’Neill, 2019), taking advantage of the 15 best available global datasets on urbanization 

and its driving forces. The spatial urban land fraction projections are integrated into the 

static land use files for the urbanized WRF scenarios (SSP5_HIST, SSP5_RCP8.5), and I 

represent the end-of-century urbanization as the SSP5 urban land conditions in the year 

2100 (Fig. 7c,d). For scenarios using historical urban conditions, the default land use 

fraction in WRF is used, which is NASA's Moderate Resolution Imaging 

Spectroradiometer (MODIS) satellite-derived land use data (Justice et al., 2002, Fig. 

7a,b).  
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Figure 7: (a and b) Historical urban land cover (%) in model domains from NASA's 

Moderate Resolution Imaging Spectroradiometer (MODIS data), (c and d) Shared 

Socioeconomic Pathway 5 (SSP5) 2100 urban land cover (%), and (e and f) SSP5 2100 

urban land cover minus historical land cover (%). 

 

While the effects of future urbanization based on SSP scenarios are included in the EOC 

CESM2 data used in this study (Danabasoglu et al., 2020, Oleson and Feddema, 2020, 

Jiang and O’Neill, 2017, O'Neill et al., 2016), these changes are not represented in the 

WRF domains. To integrate urbanization into WRF, I apply the same method as 

Bukovsky et al., 2021. SSP5 urban land fraction data are first interpolated onto new grids, 

altering their initial spatial resolution to fit WRF grid spacing. Next, urban fraction 

differences between SSP5 2100 and MODIS data are calculated and integrated into the 

urbanized scenarios (SSP5_HIST and SSP5_RCP8.5). These differences are also used to 

update the dominant land use category for each grid cell. Finally, each of the other land 

use fractions are scaled down proportionally to adjust for the changes in urban land. 
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4.3 WRF Configuration and Simulated Scenarios 

I simulate four regional climate scenarios in this study aimed at investigating the 

independent and combined impacts of urbanization and climate change on coastal wind 

patterns in the Mid-Atlantic U.S. The scenarios are as follows:  

 HIST_HIST, historical urban land extent (MODIS) and climate conditions (2005 

– 2014) 

 SSP5_HIST, SSP5 urban land extent in 2100 and historical climate conditions 

 HIST_RCP8.5, historical urban land extent and EOC RCP8.5 climate conditions 

(2090 – 2099), and 

 SSP5_RCP8.5, urban land extent in 2100 and EOC RCP8.5 climate conditions 

For each scenario, the same RCM configuration and suite of physics options (Table 1) are 

used. In order to downscale the coarse CESM2 forcing data to a high resolution 

simulation, I use two, two-way nested domains in WRF. The outer domain (15-km 

resolution, 101 east-west x 101 north-south grid points) is centered on the eastern U.S. 

and the inner domain (3-km resolution, 131 east-west x 111 north-south grid points) 

spans the coastal Mid-Atlantic U.S. (Fig. 1). At a spatial resolution of 3 km, WRF is able 

to resolve mesoscale processes which play an important role in local wind patterns. An 

integration time step of 90 seconds is used (consistent with 6 x dx rule of thumb), and 

adaptive time-stepping is applied in order to save on computational costs (Hutchinson, 

2007). In order to realistically capture the entire troposphere in these regional climate 

simulations, I use 54 vertical levels and a model top at 50 hPa. Simulations were 
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performed on NCAR’s supercomputer Cheyenne (Computational and Information 

Systems Laboratory, 2019) and CESM2 data were acquired using the NCAR CMIP 

Analysis Platform (more details in acknowledgements).  

Table 1: Weather Research and Forecasting (WRF) model physics options 

Planetary Boundary Layer Physics MYNN2.5 

Shortwave Radiation RRTMG 

Longwave Radiation RRTMG 

Land Surface Physics Noah-MP Land Surface Model 

Surface Layer Physics Eta Similarity Scheme 

Microphysics Morrison 2-moment Scheme 

Cumulus Parametrization Kain-Fritsch Scheme (Parent 

Domain) 

 

Since runoff and soil-moisture are not a focus of this study, the model spin-up time 

leading up to the simulations is two months. Each of the simulations run continuously for 

the entire 10 years and two months without any cold starts. In order to navigate wall-time 

limitations for job submissions, restart runs were initiated every 12 hours of run-time. 

Spectral nudging, which can be used to prevent RCM drift from boundary conditions, is 

not used in this study for several reasons. The outer domain used here (1515 km) is near 

the bottom limit for the typical size of studies using spectral nudging and it is more-
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commonly used in historical simulations (Schaaf et al., 2017). It has been found to 

produce minimal changes in small domains (Schaaf et al., 2017) and is avoided in one 

high-resolution regional climate simulation of the Northeastern U.S. to prevent artificial 

signals introduced at regional scales (Komurcu et al., 2018). I do not use an urban model 

due to the high-sensitivity to parameters that are unique to each city (Chen et al., 2010, 

Salamanca et al., 2011) although the Building Effect Parametrization (BEP) has been 

shown to improve the simulation of some urban environments and may be useful to 

consider in future work (Barlage et al., 2016). The physics options used in this study are 

targeted to optimize the accuracy of WRF in the coastal Mid-Atlantic U.S. based on a 

recent sea breeze study in Delaware (Allen, 2021) (Table 1). 

 

4.4 Analyzing the Effects of Urbanization and Climate Change 

Various analysis methods are applied to the RCM output to evaluate the impacts of 

urbanization and climate change on coastal wind patterns in the Mid-Atlantic U.S. Output 

is available every hour from the inner domain and every 6 hours from the outer domain, 

totaling 12 TB of data spanning the 40 years of simulations. The list of variables assessed 

includes: 120-m wind speed, 10-m wind speed, 2-m air temperature, 2-m dew point 

temperature, MSLP, planetary boundary layer height (PBLH), and east-west 10-m winds. 

The 120-m wind speed is vertically interpolated from the lowest few layers of wind speed 

output using a built-in NCL interpolation function and the 10-m wind speed is calculated 

using the east-west and north-south components of the wind at 10 meters.  
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To quantify the independent and combined effects from urbanization and climate change, 

I compute annual and seasonal averages in each grid cell, and subtract the historical 

scenario (HIST_HIST) from the perturbation scenarios (SSP5_HIST, HIST_RCP8.5 and 

SSP5_RCP8.5) for each variable. These seasonal and annual differences reveal the spatial 

impacts of each scenario compared to the historical scenario. In order to better 

characterize these spatial differences, I performed averages of 120-m wind speed and 2-m 

temperature across the entire domain for land and ocean grid cells. For the same reason, 

percentage difference calculations between scenarios is avoided to prevent falsely 

amplified results over the land, where wind speeds are typically lower. 

 

The amount of time 120-m wind speed and 2-m temperature are above a certain threshold 

is assessed to determine changes in wind resources and extreme heat events. A wind 

speed threshold of 10.59 m/s is used to determine how frequently offshore winds are at or 

above the rated wind speed for the International Energy Agency (IEA) offshore reference 

turbine (Gaertner et al., 2020). This 15-Megawatt turbine designed by collaborators at the 

National Renewable Energy Laboratory (NREL), Technical University of Denmark 

(DTU), and the University of Maine is selected to represent the near future of rapidly 

growing offshore wind turbine designs. As a metric for extreme heat events, the 

percentage of time when surface temperature >35 ℃ (95 ℉) is calculated during summer 

months. This calculation includes nighttime hours and provide more information on the 
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duration of extreme heat conditions than a simple count of days with daily maximum 

temperatures above a certain threshold.  

Offshore wind speed distributions, analysis based on urban land fraction, and interaction 

between scenarios are considered in addition to the spatial and threshold analyses. 

Distributions of annual and summer wind distributions at 120-m over the ocean are 

analyzed to determine the impacts of climate change and urbanization on offshore wind 

resources. The frequency of wind speeds at 1-m/s intervals between 0-25 m/s are 

calculated and compared for each scenario. In order to identify the specific impacts of 

changing urbanization on surface winds and temperature, the land grid cells are 

categorized by the following urban land fraction changes: 0.0 – 0.2, 0.2 – 0.5, 0.5 – 0.8, 

0.8 – 1.0. Surface temperature and wind speed from each scenario are then averaged by 

class and compared to each other. Finally, the level of interaction between urbanization 

and climate change is determined by performing the following calculation on the grid-cell 

average of each variable: (SSP5_RCP8.5 – HIST_RCP8.5) – (SSP5_HIST – 

HIST_HIST). This calculation produces a non-zero result if there is an interaction 

between the urbanization and climate change. It should be noted that the level of 

interaction can also be determined using the following equation: (SSP5_RCP8.5 – 

SSP5_HIST) – (HIST_RCP8.5 – HIST_HIST).  
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Appendix A 

OFFSHORE WIND SPEED DISTRIBUTIONS 

The distribution of annual offshore wind speeds at 120-m shifts slightly towards faster 

wind speeds as a result of urbanization (SSP5_HIST – HIST_HIST) and more 

substantially due to climate change (HIST_RCP8.5 – HIST_HIST) (Fig. 8a,b). On 

summer days, both urbanization and climate change have substantially larger impacts on 

the shift towards more frequent higher wind speeds, although climate change impacts are 

larger during this time frame as well (Fig 9a,b). 
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Figure 8: (a) Annual average 120-m offshore wind speed distribution for each scenario 

and (b) changes to that distribution due to urbanization (SSP5_HIST – HIST_HIST), 

climate change (HIST_RCP8.5 – HIST_HIST), and their combined effects 

(SSP5_RCP8.5 – HIST_HIST). 
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Figure 9: (a) Summer daytime (8am – 8pm) 120-m offshore wind speed distribution for 

each scenario and (b) changes to that distribution due to urbanization (SSP5_HIST – 

HIST_HIST), climate change (HIST_RCP8.5 – HIST_HIST), and their combined effects 

(SSP5_RCP8.5 – HIST_HIST). 
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Appendix B 

ANNUAL IMPACTS ON WIND SPEED 

Climate change causes increasing annual average 120-m wind speeds throughout the 

coastal Mid-Atlantic and similar to summertime impacts, the largest changes are found 

offshore (Fig. 10b). Urbanization causes slight increases in 120-m wind speed offshore 

(<0.2 m/s) and decreasing wind speed over land (Fig. 10a). At 10-m above the surface, 

climate change shows minimal impacts on annual wind speeds (Fig. 10e) while 

urbanization causes substantial wind speed decreases over urbanizing areas (0.6 - 1.2 m/s, 

Fig. 10d).  
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Figure 10: Urbanization (SSP5_HIST – HIST_HIST), climate change (HIST_RCP8.5 – 

HIST_HIST), and combined (SSP5_RCP8.5 – HIST_HIST) impacts on annual average 

(a, b, c) 120-m and (d, e, f) 10-m wind speed. 
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Appendix C 

ANNUAL IMPACTS ON TEMPERATURE AND DEW POINT TEMPERATURE 

Urbanization causes annual average surface temperatures to increase by 1 - 2.5 ℃ (Fig. 

11a) as a result of the urban heat island effect and causes surface dew point temperatures 

to decrease by 0.5 - 2.0 ℃ (Fig. 11d) by removing the moisture released by vegetation. 

Climate change causes substantial increases in both temperature (3.0 - 6.0 ℃, Fig. 11b) 

and dew point temperature (3.5 - 6.5 ℃, Fig. 11e). Temperature increases are amplified in 

the combined scenario (SSP5_RCP8.5, 11c) while drying surface conditions as a result of 

urbanization mitigate the increasing dew point temperatures due to climate change in the 

combined scenario (Fig. 11f).  
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Figure 11: Urbanization (SSP5_HIST – HIST_HIST), climate change (HIST_RCP8.5 – 

HIST_HIST), and combined (SSP5_RCP8.5 – HIST_HIST) impacts on annual average 

(a, b, c) 2-m temperature and (d, e, f) 2-m dew point temperature. 
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Appendix D 

ANNUAL IMPACTS ON SEA LEVEL PRESSURE AND PLANETARY 

BOUNDARY LAYER HEIGHT 

Urbanization causes slight decreases in annual average sea level pressure centered over 

coastal New Jersey and Delaware (Fig. 12a), which creates a marginally stronger coastal 

pressure gradient. Climate change causes larger increases in the coastal pressure gradient 

(Fig. 12b) as a result of decreasing pressure over land and increasing pressure over the 

ocean. Combined urbanization and climate change forcing causes the largest increases in 

the coastal pressure gradient (Fig. 12c). While climate change causes slight decreases in 

PBLH over the ocean (50 - 100 m, Fig. 12e), urbanization causes larger increases in 

PBLH over urbanizing areas (100 - 250 m, Fig. 12d) likely due to increased surface 

roughness.  
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Figure 12: Urbanization (SSP5_HIST – HIST_HIST), climate change (HIST_RCP8.5 – 

HIST_HIST), and combined (SSP5_RCP8.5 – HIST_HIST) impacts on annual average 

(a, b, c) sea level pressure and (d, e, f) planetary boundary layer (PBL) height. 
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Appendix E 

ANNUAL AVERAGE INTERACTION BETWEEN CLIMATE CHANGE AND 

URBANIZATION 

Annual average interaction between climate change and urbanization ((SSP5_RCP8.5 – 

HIST_RCP8.5) – (SSP5_HIST – HIST_HIST)) is minimal for 120-m wind speed and 

MSLP (<0.1 m/s, hPa) (Fig. 13a,b). Similar to interaction effects on extreme heat 

conditions in the summer, annual average 2-m temperature interaction effects are mostly 

positive and larger than other variables. The largest positive interaction between climate 

change and urbanization on 2-m temperature is in southern New Jersey (0.2 – 0.6 ℃) 

(Fig. 13c). 
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Figure 13: Interaction effects ((SSP5_RCP8.5 – HIST_RCP8.5) – (SSP_HIST – 

HIST_HIST) on annual average (a) 120-m wind speed, (b) mean sea level pressure 

(MSLP), and (c) 2-m temperature. 

 

 

 

 

 

 

 

 

 

 


