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ABSTRACT 

 
This study examines the joint spatiotemporal variability of summertime climate linked 

to renewable energy sources (precipitation and streamflow, wind speeds, insolation) and 

energy demand drivers (temperature, relative humidity, and a heat index) across the 

contiguous United States (CONUS) between 1948 and 2015. Canonical correlation 

analysis is used to identify the primary modes of joint variability between wind speeds 

and precipitation and related patterns of the other hydrometeorological variables. The 

first two modes exhibit a pan-US dipole with lobes in the eastern and central CONUS. 

Composite analysis shows that these modes are directly related to the displacement of 

the western ridge of the North Atlantic subtropical high (NASH), suggesting that a 

single, large-scale feature of atmospheric circulation drives much of the large-scale 

climate co-variability related to summertime renewable energy supply and demand 

across the CONUS. The impacts of this climate feature on the U.S. energy system are 

shown more directly by examining changes in surface climate variables at existing and 

potential sites of renewable energy infrastructure and locations of high energy demand. 

Finally, different phases of the NASH are related to concurrent and lagged modes of 

oceanic and atmospheric climate variability in the Pacific and Atlantic basins, with 

results suggesting that springtime climate over both oceans may provide some potential 

to predict summer variability in the NASH and its associated surface climate. The 

implications of these findings for the impacts of climate variability and change on 

integrated renewable energy systems over the CONUS are discussed.  
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1. Introduction 

Continued growth in the U.S. renewable energy sector is critical to reduce national 

greenhouse gas emissions under growing population and energy demands. In 2017, 

hydropower, wind energy, and solar energy contributed 7.5%, 6.3%, and 1.3% of total 

U.S. generation, respectively. High growth in wind (8.65%/year) and solar (42%/year) 

over the last 5 years has been driven by declines in unit cost from technological 

advances, economies of scale in production, and federal and state tax incentives (EIA 

2017). As the penetration of non-dispatchable renewables into the national energy 

portfolio increases, variability in renewable energy sources (rainfall and streamflow, 

surface wind speeds, insolation) as well as climate drivers of energy demand 

(temperature and relative humidity) pose major challenges to the stability and reliability 

of the energy system (Zahedi 2011; Ronalds et al. 2014).  

 

Much attention has been paid to shortages and intermittency in renewables like wind 

speeds and insolation on short timescales (sub-hourly to daily). Gusts, squalls, stillings, 

and local cloud cover cause uncontrolled fluctuations in wind and solar power output 

on these time scales, reducing the compatibility of these power sources with the 

instantaneous supply-demand energy balance requirements of the electricity grid 

(Zahedi 2011; Chang et al. 2013; Sims 2014; Cardell and Anderson 2015). A host of 

solutions has been proposed to manage fluctuations on these time scales (Castronuovo 

and Lopes 2004; Fertig et al. 2010; Vasquez et al. 2010; Dunn et al. 2011; Kempton 

2012; Hirth 2016).  
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Presently, the impacts of long-term (inter-annual) variability in the climate system on 

renewable generation are best understood for hydropower systems. In the U.S. and 

globally, there has been substantial progress in our understanding of historic 

hydroclimate variability (Trenberth et al. 1988; Piechota and Dracup 1996; Barlow et 

al. 2001; Goodrich 2007; Fernández-González 2012; García-Ortega et al. 2014), and 

dynamic climate modeling has enabled attribution studies to link droughts and pluvials 

on multi-annual timescales with large-scale, quasi-oscillatory patterns of oceanic and 

atmospheric circulation (Schubert et al. 2009; Wang et al. 2010; Kushnir et al. 2010; 

Seager and Hoerling 2014). When these longer-term oscillations lead to prolonged 

drought, hydropower generation can fall substantially, requiring alternative generation 

sources to compensate (Miles et al. 2000; Cherry et al. 2005; Nobre et al. 2016).  

 

Recently, research has shown that wind shortages can also occur on longer timescales 

and manifest through climate anomalies such as persistent high-pressure systems that 

block low-level circulation (Abhishek et al. 2010; Li et al. 2010; Bichet et al. 2012; 

Watson 2014; Hamlington et al. 2015; Kirchner-Bossi et al. 2015; Yu et al. 2015). The 

2015 wind drought in the Western U.S provides a timely example, where wind speeds 

over parts of California fell as much as 20% below average and wind power, cubic with 

speed, fell even further (DNV-GL 2016). Importantly, the California wind drought 

occurred during the fourth year of the worst hydrologic drought in state history, causing 

concurrent shortfalls in two major sources of renewable power output (EIA 2015). The 

concurrence of wind and water droughts in 2015 was not coincidental, but rather was 

linked by the same persistent, high-pressure system that blocked winds and rain over 



  ix 

the Western U.S. coast (Swain et al. 2016). This system was also observed in previous 

years of the 2011-2016 California drought (Wang et al. 2014; Seager et al. 2015). 

Similarly, linkages have also been found between variations in insolation over the 

southwest US and other large-scale teleconnection patterns like the El Niño Southern 

Oscillation (ENSO; Mohammadi and Goudarzi 2018b), which is known to influence 

precipitation and temperature patterns in that region (Ropelewski and Halpert 1986). 

These studies suggest that large-scale atmospheric circulation organizes variations in 

surface climate at seasonal to inter-annual timescales related to renewable energy supply 

and demand (e.g., rainfall and streamflow, wind speeds, insolation, temperature, and 

relative humidity). This joint structure can manifest as either positive or negative 

anomalies among these hydrometeorological variables and could extend over regional 

or continental spatial scales, depending on the season and predominant circulation 

regimes at play.  

 

The exploration of long-term joint variability of renewable energy supply and sources 

of demand and the dynamical processes behind them have only very recently been 

considered, often with a focus on insolation and wind speeds (Widén 2011; Santos-

Alamillos et al. 2012; Jerez and Trigo 2013; Monforti et al. 2014; Bett and Thorton 

2016) or wind speeds and temperature (Thornton et al. 2017; Bloomfield et al. 2018). 

We were only able to identify a few studies that investigated the long-term (seasonal to 

inter-annual) co-variability of three or more hydrometeorological variables related to 

renewable energy supply and demand (Ely et al. 2013; Jerez et al. 2013; Mohammadi 

and Goudarzi 2018a). A recent review found a similar gap in the literature (Engeland et 
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al. 2017). Furthermore, the majority of previous work has focused on Europe and the 

impacts of the North Atlantic Oscillation (NAO) in the cold season. An exception is the 

analysis of Mohammadi and Gourdarzi (2018a), which focused on California and cold 

season teleconnections to ENSO. Notably however, a similar analysis for the contiguous 

United States (CONUS) is still missing, particularly for the summer season when energy 

usage has historically been most intense (Bartos et al. 2016; EIA 2017).  

 

There is a growing body of work showing that summer climate over North America is 

strongly influenced by the position and strength of the North Atlantic subtropical high 

(NASH). The NASH is a semi-permanent anticyclone established under the descending 

branch of the Hadley cell (Davis et al. 1997). In the summer, the NASH spans most of 

the subtropical North Atlantic Ocean, and clockwise circulation around its western ridge 

induces low-level southwesterly flow that transports warm, moist air from the Gulf of 

Mexico over the eastern U.S. (Gimeno et al. 2010; see Fig. 1). Importantly, the 

orientation and westward extent of the NASH western ridge largely determine 

precipitation patterns across much of the eastern U.S., particularly in the southeast and 

central CONUS region (Diem 2006; Li et al. 2011; Li et al. 2012a; Li et al. 2017). Past 

work also suggests that the position and strength of the NASH can be influenced by 

global modes of oceanic and atmospheric variability. For instance, Li et al. (2012a) 

found links between certain modes of the NASH and the Pacific Decadal Oscillation 

(PDO), while Wang et al. (2010) found that both Pacific and Atlantic sea surface 

temperatures (SSTs) can influence diabatic heating anomalies over the Gulf of Mexico, 

forcing low-level, anomalous cyclonic flow that influences NASH strength and its 
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westward extent. These results suggest that modes of Pacific and Atlantic SST 

anomalies like the PDO, Atlantic Multidecadal Oscillation (AMO), and North Atlantic 

Tripole (NAT) could inform seasonal forecasts of the NASH and by extension related 

surface climate linked to renewable energy supply and demand. Furthermore, recent 

work has projected that the western ridge of the NASH will extend westward in the 

summer under anthropogenic climate change (Li et al. 2012b; Thibeault and Seth 2014; 

Thibeault and Seth 2015; Ryu and Hayhoe 2017), with important implications for the 

sustainability of renewable energy systems.  

 

Despite the potential importance of the NASH as a major driver of renewable energy 

supply and demand in the summer across the CONUS, the link between the NASH and 

co-variability of summertime hydrometeorological variables relevant to renewable 

energy has been underexplored, including the potential for seasonal forecasting and 

long-term trends linked to climate change. In the context of this research gap, this study 

contributes the first investigation of co-variability of summertime (June-August, JJA) 

sources of renewable energy supply (precipitation and streamflow, surface wind speeds, 

insolation) and drivers of demand (temperature, relative humidity, and a heat index) 

across the entire CONUS between 1948-2015, along with an assessment of large-scale 

climatological drivers. In particular, we focus on the position of the western ridge of the 

NASH and its influence on these patterns of co-variability. We explore inter-annual 

variability and long-term trends in the location of the NASH western ridge to determine 

its link to global patterns of oceanic and atmospheric variability, the potential for 

seasonal forecasting, and whether there are significant trends in the climatology of the 
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NASH. We conclude with a discussion of the implications of the results for renewable 

power systems over the CONUS.  

 

2. Data 

Gridded monthly surface wind speed, relative humidity, and 850 hPa geopotential 

height at a 2.5°x 2.5° resolution were obtained over the CONUS from the National 

Center of Environmental Prediction/National Center of Atmospheric Research 

(NCEP/NCAR) Reanalysis Project Phase I (Kalnay et al. 1996) and averaged over JJA 

for the years 1948-2015. The NCEP/NCAR dataset provides a relatively long 

reanalysis-based record of surface winds (68 years), supporting the estimation of robust 

long-term patterns of co-variability with other climate fields. We also collect wind speed 

data from the ERA-20C reanalysis at a 1.25°x 1.25° resolution (Poli et al. 2016) and 

ERA-Interim reanalysis at a 0.75°x 0.75° resolution (Dee et al. 2011) to verify and 

support the results of the analysis based on the NCEP reanalysis data.  

 

Gauge-based, gridded precipitation data at a 0.25°x0.25° resolution for the CONUS 

were acquired from the National Oceanic and Atmospheric Administration (NOAA) 

Climate Prediction Center (CPC), as part of the Unified Precipitation Project (Chen et 

al. 2008; Xie et al. 2007; Xie et al. 2008). Summer totals of daily precipitation were 

used between the years 1948-2015. Similar to wind speeds, a separate precipitation 

dataset at a 0.25°x0.25° spatial resolution (Livneh et al. 2013) was also collected and 

averaged over each summer to verify patterns of co-variation identified using the CPC 

precipitation data.  



  xiii 

 

Gridded observation-based monthly average temperature from 1948-2015 at a 0.5°x0.5° 

resolution was acquired from NOAA CPC based on the Global Historical Climatology 

Network version 2 and the Climate Anomaly Monitoring System (GHCN+CAMS) 

datasets (Fan and van den Dool 2008).  

 

Gridded incident shortwave radiation was acquired from the NASA/GEWEX Surface 

Radiation Budget (SRB) monthly data set between 1984-2007 at a 1°x1° resolution and 

averaged across the summer season. The SRB data set includes cloud and surface 

properties from the International Satellite Cloud Climatology Project, which uses visible 

and infrared radiance data as model inputs (SRB Science Team 2010). 

 

Daily streamflow data was acquired from the United States Geological Survey (USGS) 

Geospatial Attributes of Gages for Evaluating Streamflow II (GAGES-II) dataset 

(Falcone et al. 2010). Reference gages with low anthropogenic impact and at least 40 

years of data between 1948-2015 were selected for the analysis. 

 

A heat index (HI) was calculated for the CONUS using NCEP/NCAR relative humidity 

and GHCN+CAMS temperature and functions detailed by NOAA 

(http://www.wpc.ncep.noaa.gov/html/heatindex_equation.shtml). HI characterizes the 

heat stress one experiences and is more directly linked to energy demand for cooling. 

The HI is at the same spatial and temporal resolution as the temperature dataset. Relative 

humidity was interpolated to this resolution using a bilinear interpolation.  
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Monthly SST data was acquired from 1948-2015 on a 1°x1° resolution from the NOAA 

Extended Reconstructed Sea Surface Temperature V4 Dataset (Huang et al. 2014; Liu 

et al. 2014; Huang et al. 2015). 

 

Oceanic indices for the ENSO (Niño 3.4; Trenberth 1997), the PDO (Mantua et al. 

1997), and the AMO (Enfield et al. 2001), as well as atmospheric indices for the 

Pacific/North American pattern (PNA) and the NAO (Barnston and Livezey 1987), 

were acquired from NOAA’s Earth System Research Laboratory - Physical Science 

Division (https://www.esrl.noaa.gov/psd/data/climateindices/list/). Following 

Steinschneider and Brown (2011), we also develop an index representing the North 

Atlantic Tripole (NAT = SST1 - SST2 + SST3) by adding together averaged SSTs in 

three regions (Region 1: 43.1°N-58.2°N × 33.4°W-64°W; Region 2: 22.1°N-43.1°N × 

33.4°W-64°W; Region 3: 2°N-22°N × 33.4°W-64°W). 

 

All climate and hydrologic data above were averaged over the summer (JJA). All 

datasets used in this study are summarized in Table 1.  

https://www.esrl.noaa.gov/psd/data/climateindices/list/


  xv 

 

Table 1. Summary of the datasets used in this study. 

 

Finally, to more directly relate renewable energy infrastructure to climate patterns, we 

collected the locations of existing hydropower facilities and non-power dams that have 

potential to have turbines installed (Hadjerioua et al. 2012), wind turbines (Draxl et al. 

2015), solar power plants (EIA 2018), and high-population cities (US Census Bureau 

2015) across the CONUS.  

 

3. Methods 

3.1. Modes of Joint Variability  

Canonical correlation analysis (CCA; Wilks 2006) was used to extract the major modes 

of joint variability between surface wind and precipitation fields from 1948-2015. CCA 

identifies loading vectors (a,b) that maximize the correlation between canonical variates 
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u and v, which are linear combinations of JJA average, gridded wind speeds (w) and 

precipitation (p) across the CONUS, respectively:  

 

     𝑢𝑢 = 𝑤𝑤𝑎𝑎𝑇𝑇; 𝑣𝑣 = 𝑝𝑝𝑏𝑏𝑇𝑇    (Eq. 

1) 

     max
𝑎𝑎,𝑏𝑏

𝑐𝑐𝑐𝑐𝑐𝑐(𝑢𝑢, 𝑣𝑣)     (Eq. 2) 

 

The loading vectors identify the most prominent, concurrent spatial patterns in 

summertime wind speeds and precipitation, while the canonical variates represent the 

temporal variability of those patterns. To identify the canonical vectors and variates, 

CCA performs an eigendecomposition of a matrix formed by the product of covariance 

matrices of the two data fields. However, the annual data (1 value per summer season) 

only spans a 68-year period (1948-2015), and so there are substantially less observations 

than grid cells for both the wind speed and precipitation fields. The covariance matrices 

are singular in such an underdetermined system, impeding the eigendecomposition in 

CCA. Therefore, we use a regularized version of CCA (Vinod 1976; Leurgans et al. 

1993; Ho et al. 2016) to stabilize the inversion, which has the effect of smoothing the 

resulting spatial patterns. Different regularization constants for the precipitation and 

wind speed data are selected via a cross-validation procedure. We focus on the first two 

modes of variability, represented by pairs of canonical variates ((u1, v1) and (u2, v2)), 

and summarize the temporal variability of these patterns using simple averages (CC1 = 

(u1 + v1)/2 and CC2 = (u2 + v2)/2) because the correlation between pairs of canonical 

variates is very high (>0.99 for both (u1, v1) and (u2, v2)). Regularized CCA is performed 
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in the R programming language (version 3.3.1) using the rcc() function from the 

package “CCA” (González et al. 2008).  

 

CCA is designed to identify joint patterns between two climate fields. To consistently 

present how climate variables for renewable energy supply (precipitation and 

streamflow, wind speeds, insolation) and drivers of demand (temperature, relative 

humidity, and HI) co-vary with the patterns identified above, we correlate these data on 

a grid-cell by grid-cell basis with both CC1 and CC2 (gage by gage for streamflow), 

and then map the correlation coefficients across the CONUS. Statistical significance at 

the 5% level is tested using two-tailed t-tests for each correlation value in each grid cell. 

We also confirm the significance of the patterns using a false discovery rate for field 

significance. The patterns identified using NCEP reanalysis surface wind speeds and 

CPC precipitation data are verified by also applying regularized CCA to surface wind 

speeds from the ERA-20C reanalysis and precipitation from Livneh et al. (2013), and 

also by applying CCA to different pairs of climate fields (i.e., the HI paired separately 

with precipitation and wind speeds). This pairwise approach to verification was chosen 

in favor of conducting CCA over all hydrometeorological fields simultaneously because 

1) the partitioning of variables into separate matrices would have been arbitrary but 

would have influenced the final identified patterns, and 2) CCA over all 

hydrometeorological fields would have required a stronger regularization due to the 

higher ratio of variables to observations. In addition, we note that pairwise CCA was 

not attempted with streamflow or insolation because they did not have sufficient, 

continuous data over the 1948-2015 period to support robust pattern recognition, and 
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streamflow gages are unevenly distributed across the CONUS, which would unduly 

place more weight on certain regions in the CCA. 

 

3.2. Relations to the North Atlantic Subtropical High  

In order to examine the relation to the NASH, we follow Li et al. (2011, 2012a) and 

characterize the western ridge of the NASH as the intersection between the 1560 

geopotential meter (gpm) isohypse of seasonally averaged 850 hPa geopotential heights 

and the isotach at which the zonal component of seasonally averaged 850 hPa wind 

velocity is zero. The position of the western ridge of the NASH can then be categorized 

into quadrants based on its position relative to the mean climatological position (29°N, 

85°W; Fig. 1a), or more simply based on its longitudinal location (Fig. 1b). The 

quadrants are used to group the position of the NASH western ridge into four typologies: 

northwest (NW; Fig. 1c), northeast (NE; Fig. 1d), southwest (SW; Fig. 1e), and 

southeast (SE; Fig. 1f) ridging. Figure 1(c-f) shows the NASH orientation, 850 hPa wind 

velocities, and precipitation anomalies under these typologies. Extending the work of 

Li et al. (2012a), we composite all climate fields (precipitation, streamflow, wind speed, 

insolation, temperature, humidity, and the HI) for each NASH typology and compare 

the resulting patterns to those identified through CCA. We also compare the time series 

of discrete NASH typologies to CC1 and CC2 using multinomial logistic regression 

(model structure described later). This approach will help determine the degree to which 

the NASH accounts for the major modes of joint variability across the primary climate 

fields responsible for renewable energy supply and demand across the CONUS region. 

To assess the significance of the composite maps for the NASH quadrants, we utilize a 
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bootstrapping method. We generate composites from n randomly sampled years from 

the entire record 1000 times, where n is the number of years that are within a given 

quadrant of the NASH being tested. If the actual composite value for a particular grid 

cell and NASH quadrant fall outside of the 95% confidence interval for the 1000 

bootstrapped composites, the value is considered significant. A Mann-Kendall test is 

used to assess the monotonic trend of the longitudinal location of the NASH western 

ridge in order to examine whether the climatology of this dynamical atmospheric feature 

may be changing in response to anthropogenic climate change (Mann 1945). This 

analysis updates a related trend analysis conducted by Li et al. (2012a) on data from 

1948-1977 and 1977-2007 with data that extends to 2015 (see Fig. 1a). 
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Figure 1. (a) Location of the western ridge of the NASH relative to its climatological mean 
for 1948-1977 (black), 1978-2007 (red), and 2007-2015 (green). (b) Longitudinal position of 
the western ridge of the NASH from 1948-2015. The red and green lines are the years 
sectioned from panel a. Map of the NASH under the (c) NW, (d) NE, (e) SW and (f) SE 
typologies. Average 850 hPa geopotential heights for the summer season (solid contours; 20 
gpm width) are shown with the 1560 gpm isohypse highlighted (bold contour). The western 
ridge of the NASH (green dot) is located at the intersection of the 1560 gpm isohypse and the 
isohypse of zero zonal winds (dashed line). Wind velocity at 850 hPa (vector field) and 
precipitation anomalies (shaded) are also shown. All data are averaged for years when the 
NASH western ridge is in each typology and shown as standard anomalies from the 
climatological mean.  
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3.3. Impacts on Renewable Energy Supply and Demand 

The potential impacts of the NASH on energy systems is explored by examining shifts 

in the distribution of relevant surface climate variables at locations of renewable energy 

infrastructure and sites of high demand during different orientations of the NASH 

western ridge. We show the location of existing and potential hydropower facilities 

(Hadjerioua et al. 2012), wind turbines (Draxl et al. 2015), solar power plants (EIA 

2018), and high-population cities (US Census Bureau 2010), superimposed on climate 

patterns under two typologies (NW, SW) of NASH ridging. We also show the 

distribution of changes in precipitation, wind power (cubic of wind speed interpolated 

to 80 m hub height), insolation, and the HI in three sub-regions (Southeast, southern 

Great Plains, Midwest) under the NW and SW ridging typologies as compared to 

climatology. This analysis reveals how surface climate shifts under variability in the 

NASH directly impacts large-scale renewable energy supply and demand across the 

CONUS. While we only show results for two typologies for brevity, the analysis can be 

extended to the other typologies. 

 

3.4. Large Scale Teleconnections 

We end the analysis by examining summertime teleconnections between the NASH and 

global-scale modes of climate variability. We first composite concurrent (JJA) and 

lagged (March-May, MAM) SSTs for each of the four phases of the NASH western 

ridge to determine if there is any predictability in the ridge orientation and associated 

surface climate linked to oceanic forcing. Statistical significance for composite maps is 

assessed using bootstrapping, as described earlier. Based on the SST patterns identified 
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in the composites, we use multinomial regression to assess whether the position of the 

NASH western ridge has any concurrent or lagged association with oceanic indices for 

the ENSO (Niño 3.4), PDO, NAT, and AMO, as well as atmospheric indices for the 

PNA and NAO, for the JJA and MAM seasons. In this model, the probability of each 

state k of the NASH western ridge at year t is related to the teleconnection indices 

through a log-linear model: 

 

   log𝑃𝑃(𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑡𝑡 = 𝑘𝑘) = 𝜷𝜷𝑘𝑘𝑿𝑿𝑡𝑡 − log𝑍𝑍    

 (3) 

 

Here, 𝜷𝜷𝑘𝑘 is a vector of regression coefficients unique to the kth state of the NASH 

western ridge, 𝑿𝑿𝑡𝑡 is a vector of indices at time t (either MAM or JJA indices), and Z is 

a normalization term to ensure that the set of probabilities sum to one. Because of this 

summation constraint, only K-1=3 of the K=4 NASH states can have unique regression 

coefficients. We report regression results for the NW, NE, and SW ridging typologies, 

and use SE ridging as the pivot state (i.e., no regression coefficients are presented) 

because results show the response of surface climate under this state is least anomalous 

across the CONUS. To avoid issues of multicollinearity, the above model is developed 

separately for atmospheric and oceanic indices, because they often represent different 

manifestations of the same coupled mode of climate variability and are therefore highly 

correlated. 
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4. Results 

4.1. Modes of joint surface climate variability linked to renewable energy 

Pearson correlation coefficients between CC1 (Fig. 2a) and CC2 (Fig. 2b) and time 

series of CPC precipitation, streamflow, NCEP/NCAR reanalysis wind speed, 

insolation, relative humidity, temperature, and HI for each grid cell (reference stream 

gage) are shown in Figure 2c-p. The spatial patterns of correlation convey the structured 

organization in surface climate that emerges under the first two modes of joint 

variability between precipitation and wind speeds, as determined by CCA.  

 

Several insights emerge from Figure 2. Under the first CCA pattern, all of the climate 

fields exhibit an east-west CONUS-wide dipole. When precipitation is anomalously 

high in the east and particularly in the Southeast, it is anomalously low in the Pacific 

Northwest and the northern extent of the central plains, and vice versa (Fig. 2c). As one 

would expect, the streamflow patterns under CC1 mirror those for precipitation (Fig. 

2d), albeit to a lesser extent and significance due to the moderating effects of antecedent 

conditions on discharge and the weaker connection between summertime precipitation 

and streamflow in drier regions of the CONUS. Wind speeds exhibit a similar dipole 

but with a more eastward orientation, with stronger southerly flow over the central 

plains and anomalous northerly flow off the southeastern U.S. coastline (Fig. 2e). The 

pattern of insolation anomalies more closely tracks the east-to-northwest orientation 

seen for precipitation (Fig. 2f). For HI, the dipole pattern is entirely zonal, and is 

primarily driven by similar changes in temperature that overwhelm opposing shifts in 

relative humidity (Fig. 2k-m). In large part, the precipitation, streamflow, insolation, 
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temperature, relative humidity, and HI patterns are physically consistent (lower levels 

of insolation and cooler temperatures accompany more humidity, rain, and cloudy skies) 

and are driven by the dipole in large-scale wind fields, which either direct Gulf of 

Figure 2. Results of the Canonical correlation analysis. a,b) Time series of CC1 and 
CC2. NASH typologies for each year are marked. Correlations between CC1 and CC2 
and renewable energy supply side (c-j) and demand side (k-p) climate variables. 
Statistical significance at the 95% level is shown by stippling (precipitation, insolation, 
relative humidity, temperature, heat index), triangles (streamflow) or the presence of 
wind vectors (wind speed). Local variance explained is given by the square of the local 
correlation coefficient.  
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Mexico moisture and cloud cover over the eastern U.S. coastline or further up the center 

of the CONUS region with the potential to curl towards the northwest (Smith and Baeck 

2017).  

 

 

 

Similar to CC1, the patterns under CC2 also exhibit CONUS-wide dipoles in all climate 

fields, but with a north-south orientation. For precipitation and streamflow, the pattern 

is strongest near Iowa, with a weaker southerly component (Fig. 2g,h). Wind speeds 

under CC2 are more spatially concentrated over the CONUS compared to CC1, with 

opposing lobes over the southern and northern plains (Fig. 2i). Similar to CC1, the 

insolation pattern under CC2 tracks that of precipitation closely, highlighting the link 

between rainfall and cloudy skies (Fig. 2j). Also similar to CC1, the HI dipole pattern 

under CC2 is driven by temperature, which overwhelms opposite variations in relative 

humidity (Fig. 2n-p). 

 

Similar results are achieved when the analysis is repeated using gage-based precipitation 

from Livneh et al. (2013) and ERA-20C-based wind speed data, although the order of 

the canonical covariates is reversed (Fig. 3a-h). In addition, we assess the sensitivity of 

the analysis to alternative pairs of hydrometeorological variables used in the CCA, 

including CPC precipitation and HI (Fig. 3i-p) and NCEP/NCAR wind speeds and HI 

(Fig. 3q-x). We find that each combination of variables results in very similar patterns 
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to those in Figure 2. There are some small differences, and the first two modes of 

variability switch order under certain pairings. Overall though, the relationships do not  

 

change substantially, indicating that the patterns in Figure 2 are reliable and not overly 

sensitive to the selected datasets or variables used in the analysis.  

Figure 3 The correlation of precipitation, wind speed, the heat index, and insolation to CC1 and CC2 
based on CCA conducted with wind speed (ERA20C) and precipitation (Livneh) (a-h), HI and 
precipitation (CPC) (i-p), and HI and wind speed (NCEP/NCAR) (q-x).  
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4.2. North Atlantic Subtropical High 

The patterns identified above in Figures 2 and 3 clearly demonstrate cohesion of surface 

climate features relevant to renewable energy production and demand across the 

CONUS, but the associated large-scale atmospheric circulation that is linked with these 

patterns remains unclear. This is revealed through correlation maps between CC1 and 

CC2 (from Fig. 2) and 850 hPa geopotential height anomalies across the North 

American sector (Fig. 4). These maps show that CC1 is associated with a pan-North 

American wave train that includes opposing height anomalies off the eastern U.S. coast 

and south of the Great Lakes, while CC2 is associated with lobes of anomalous 

geopotential height over the Great Lakes and Gulf Coast. These results are very similar 

to composites of 850 hPa geopotential height anomalies under different typologies of 

the NASH western ridge orientation, as shown by Li et al. (2012a). Using a multinomial 

Figure 4. Maps of (a) CC1 and (b) CC2 correlated to JJA average 850 hPa geopotential height. 
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regression, CC1 and CC2 also significantly relate to the temporal variability of NASH 

typologies (likelihood ratio test, p=0.00147). 

 

To better see the relationship between the NASH and both CC1 and CC2, we examine 

composites of precipitation, streamflow, wind speeds, and insolation (Fig. 5), as well as 

relative humidity, temperature, and HI (Fig. 6), during years of NW, SW, NE, and SE 

ridging. Many similarities can be seen between the maps associated with the CCA 

modes (Fig. 2,3) and the composite analysis over different NASH western ridge 

typologies (Fig. 5,6). For instance, surface climate anomalies under NW and SW 

typologies (Fig. 5a-h, and Fig. 6a-f) strongly mirror the two opposing manifestations of 

Figure 5. Associations of renewable energy supply side climate variables with the location of the western 
ridge of the NASH. Composites of climate anomalies (in standard deviations from the mean) under 
different NASH western ridge typologies for NW (a-d), SW (e-h), NE (i-l), and SE (m-p) ridging. Statistical 
significance at the 95% level is shown by stippling (precipitation, insolation), triangles (streamflow) or the 
presence of wind vectors (wind speed). 
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the dipole patterns identified for CC1, particularly in the Eastern US. Under SW ridging, 

precipitation and streamflow increase in the southeast U.S. and decrease in the northern 

plains (Fig.5e,f), with the opposite pattern seen for NW ridging (Fig. 5a,b). The effects 

for streamflow are strongest in wet regions (e.g., the Southeast) where precipitation has 

the largest impact on summertime streamflow. Similarly, wind speeds increase 

(decrease) in the central plains and decrease (increase) in the Southeast and off the 

eastern US coast under NW (SW) ridging (Fig. 5c,g). Here, though, there are some 

asymmetries across the two typologies, including the southeast wind speed anomaly that 

occurs further east during NW compared to SW ridging. NW and SW insolation patterns 

also resemble the CC1 pattern, but less strongly, with the clearest resemblance observed 

in the southeast US (Fig. 5d,h). Both temperature and HI under the SW and NW 

typologies also exhibit near identical (but opposing) anomaly patterns similar to that 

seen under CC1, while relative humidity exhibits an opposing pattern to temperature, 

but varies less under the NW and SW phases of the NASH (Fig. 6a-f). Overall, the 

patterns identified under CC1 are clearly active during summers when the western ridge 

of the NASH is west of its mean climatological position, with the dipoles in CC1 

associated with a NW or SW orientation of the ridge. This suggests that the position and 

orientation of the NASH drives a major pattern of co-variability in surface climate 

related to summertime renewable energy supply and demand across the CONUS.  
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A similar although weaker argument can also be made for CC2 and situations when the 

NASH western ridge is east of its climatological position. In particular, when the ridge 

sits to the NE of its mean position, precipitation decreases across most of the northern 

U.S. and also increases in the south, similar to the pattern under CC2 (Fig. 5i). The 

streamflow response, although consistent with that of precipitation, is less strong (Fig. 

5j). Similarly, wind speeds increase in the northern plains and decrease over Texas (Fig. 

5k), while insolation increases over the Midwest (Fig. 5l). Temperature and HI 

anomalies also have a similar north-south dipole to CC2, although shifted somewhat to 

the east. In addition, relatively humidity decreases in the north while increasing in the 

Figure 6. Same as Figure 5, but for climate variables related to energy demand.  
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south, opposing the patterns exhibited by temperature and HI (Fig. 6g-i). Importantly 

though, surface climate anomalies under SE ridging do not exhibit opposite patterns to 

NE ridging, and do not share features that are similar to the CC2 patterns, suggesting 

nonlinearity and asymmetric climate responses to the position of the NASH (Fig. 5m-p, 

Fig. 6j-l).  

 

4.3. Impacts on Renewable Energy Supply and Demand 

To relate the climate patterns identified above more directly to renewable energy 

infrastructure, Figures 7 and 8 show percent changes (with respect to climatology) in 

precipitation, wind power, insolation, and the HI at existing and potential hydropower 

facilities, wind turbines, solar power plants, and high-population cities, respectively, 

during the NW and SW ridging patterns. There is already hydropower and wind turbine 

infrastructure in place to leverage opposing climate patterns under these ridging 

typologies, suggesting there is currently the potential to partially balance renewable 

energy output and demand across regions of the CONUS. For instance, under the NW 

ridging typology, precipitation near hydropower dams in the Southeast declines by 15-

20% (Fig. 7c), but this hydropower loss could potentially be balanced by 15-50% 

increases in wind power at turbine locations in the southern Great Plains (Fig. 7f). Wind 

power from the Plains could be particularly beneficial during NW ridging years because 

many large cities in the Southeast would also likely be experiencing an anomalously 

high HI (up to 65% above average, Fig. 7o). While we would expect additional solar 

energy production in the Southeast to offset the expected demand increase given the 

large increase in HI, the percent change in insolation is small (< 5%, Fig. 7k) compared 
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to changes in HI. The abundance of non-powering dams along the upper Mississippi 

River could also be retrofit with turbines to further take advantage of precipitation 

increases and hydropower potential in the upper Midwest (Fig. 7a) when drought strikes 

the Southeast under NW ridging. A similar argument could be made for wind turbines 

in the Midwest (Fig. 7e). These results imply that increases in Southeastern US energy 

demand under NW ridging could be at least partially offset by wind energy and possibly 

hydropower to the north and west under a renewable energy based portfolio.  

Figure 7. The percent change (relative to the climatological mean) of a-c) precipitation, e-g) 
wind power (cubic of wind speed at 80 meter hub height), i-k) insolation and m-o) heat index at 
current and proposed infrastructure locations and major cities (d,h,l,p respectively)  during the 
NASH NW ridging typology in the Midwest (green bars/box), southern Great Plains (red 
bars/box), and Southeast (blue bars/box) regions.  Infrastructure mapped is d) existing 
hydropower infrastructure (green) and non-powering dams (red) with potential capacity scaled 
by size; h) wind farm sites that already exist, are proposed, or are under construction; l) existing 
solar power plant locations; p) major cities where populations are scaled by size. ERA Interim 
surface wind speeds (Dee, 2011) were used because of their finer resolution compared to the 
NCEP/NCAR reanalysis. 
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Under the SW typology, the anomalies are reverses across almost all variables, as 

compared to the NW typology (Fig. 8). Large decreases in wind power from the 

Midwest (Fig. 8e) and southern Great Plains (Fig. 8f) could be partially offset by 

increases in precipitation and hydropower potential from the Southeast (Fig. 8c). 

Exports from the Southeast may be more feasible than in an average year since demand 

in that region will also likely fall as HI decreases substantially (Fig. 8o) and insolation 

only decreases slightly (Fig. 8k). Furthermore, demands in the Midwest and the southern 

Great Plains would also likely be less than average due to a low HI (Fig. 8m-n), making 

it easier to meet these demands using power exports from the Southeast. Importantly 

though, the benefits offered by opposing climate patterns require sufficient long-

Figure 8. Same as Figure 7, but for the NASH SW ridging typology. 
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distance transmission to support an integrated power network across regions (Shaner et 

al. 2018), the analysis of which was beyond the scope of this study.  

 

4.4. Large Scale Teleconnections 

A Mann-Kendall test suggests no significant monotonic trend in the longitudinal 

position of the NASH (see Fig. 1b) over the entire 1948-2015 period (p-value = 0.1153; 

τ= -0.13). Therefore, to explain past variations in the NASH western ridge position, we 

Figure 9. Summer (JJA) sea surface temperatures composited during different phases of the 
NASH western ridge. The North Atlantic Tripole (NAT) is defined in the three separate boxed 
regions above. 
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examine the relationship between different phases of the NASH and teleconnections 

from the Pacific and Atlantic basins. Figure 9 shows concurrent (JJA) SSTs composited 

during each of the four phases of the NASH western ridge, and Table 2 shows the results 

of two multinomial logistic regressions between these NASH states and a series of JJA 

oceanic and atmospheric teleconnection indices, respectively. During NW ridging, 

significant SST anomalies emerge in the extratropics, particularly in the Pacific, and 

resemble a positive PDO-like pattern (Fig. 9a).  This is consistent with the signal found 

Table 2.  Multinomial regression results between JJA NASH states and JJA oceanic and 

atmospheric teleconnection indices.   

 

Table 3. Multinomial regression results between JJA NASH states and MAM oceanic and 

atmospheric teleconnection indices.   
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in Li et al. (2012a). These SST correlations are consistent with air-sea interactions under 

a positive PNA, whereby atmospheric anomalies in the Aleutian Low region drive 

underlying SST anomalies in extratropical regions (Frankignoul 1985; Kushnir et al. 

2002; Wiedermann et al. 2016). Accordingly, the multinomial regression finds a 

stronger relationship between NW ridging and the PNA than the PDO, although both 

are insignificant at the 0.1 level. NE ridging is associated with an opposite, negative 

PDO-like pattern, as well as stronger negative SST anomalies in the tropical Pacific 

(Fig. 9b), yet the coefficients on the JJA Niño 3.4, PNA, and PDO indices in the 

multinomial regression are insignificant. It is important to recognize that the NE ridging 

pattern has the fewest observations (10 years), complicating the identification of 

significant relationships. Interestingly, both the NW and NE ridging patterns have 

strong negative (positive) relationships with the AMO (NAO), with the NW pattern 

more strongly linked to the AMO, and the NE pattern more closely associated with the 

NAO. This is consistent with the SST patterns for NW ridging (Fig. 9a), as the summer 

AMO index shows higher SST anomalies off the west coast of Newfoundland in JJA. 

Overall, when the NASH western ridge is to the north of its climatological mean 

position, the longitudinal variability in the ridge location appears to be associated with 

opposing patterns in the Pacific reminiscent of the PDO, as well as SST patterns in the 

Atlantic, both of which are associated with larger-scale atmospheric wave patterns 

associated with the PNA and NAO.  

 

When the ridge is to the south of its climatological average, Atlantic SSTs appear more 

strongly associated with the longitudinal position of the NASH western ridge than 
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Pacific SSTs. While SST anomalies during SE ridging are relatively muted (Fig. 9d), 

there are significant SST anomalies in the tropical North Atlantic Ocean and Caribbean 

Sea during SW ridging, as well as in the extratropical regions east of North America 

(Fig. 9c). This pattern strongly resembles the North Atlantic Tripole, which is confirmed 

by the statistically significant (at 90%) regression coefficient on the NAT index for SW 

ridging. SW ridging is also positively related to the NAO (statistically significant at 

95%), which has also been shown to impose a NAT pattern in the winter and spring 

(Marshall et al. 2001; Seager et al. 2012). Overall, this suggests that a southwestward 

shift of the NASH western ridge may be linked more to an Atlantic rather than Pacific 

forcing, although the roles of the ocean and atmosphere in this signal are not clear.  

 

Figure 10. As in Figure 9, but for spring (MAM) SSTs.  
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To better understand whether oceanic or atmospheric forcing might provide seasonal 

predictability of the JJA patterns identified above, Figure 10 and Table 3 show results 

for the relationships between JJA phases of the NASH and lagged (MAM) climate 

indices. Several insights emerge from Figure 10 and Table 3. First, under NW and NE 

ridging, a similar PDO-like signal emerges, but the influence of the tropical Pacific 

becomes more pronounced, particularly for the NW typology (Fig. 10a,b). Accordingly, 

the coefficient on the MAM Niño 3.4 index is stronger for the NW and NE NASH states 

in the multinomial regression as compared to the JJA Niño 3.4 index, although the 

MAM coefficients still remain insignificant. In addition, the relationship between NW 

ridging and the MAM PDO is significant at the 0.1 level. Most notably though, there is 

a strong, positive, and significant relationship between the MAM PNA index and both 

NW and NE ridging. The NW and NE typologies also have strong relationships with 

MAM Atlantic SSTs, including strong regression relationships to the AMO, although 

with no significant relationship to the NAO. Importantly, under the NW ridging pattern 

all significant patterns of Atlantic SSTs are also associated with a strong, positive MAM 

PNA (not shown), suggesting that this Pacific wave pattern may be driving the MAM 

SST signals seen in Figure 10a. This may also be the case for NE ridging, although 

variability unique to the Atlantic may also play a larger role, given the strong 

relationship between the MAM NAT index and NE ridging. Overall, the results suggest 

that a springtime Pacific wave train, possibly initiated by ENSO and modulated by 

Atlantic climate, has an effect that persists into the summer to influence the NASH 

western ridge when it is north of its climatological average.  
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During SW ridging, SST anomalies in the Atlantic during MAM are similar to that in 

JJA, and resemble a clear NAT pattern (Fig. 10c). This is also seen in the coefficient on 

the MAM NAT index in the multinomial regression for the SW pattern (p=0.12), which 

is the strongest relationship seen for the SW ridging state. Importantly, both MAM 

atmospheric indices (PNA, NAO) are unrelated to SW ridging, even though the JJA 

NAO is strongly related to SW ridging. This indicates that the spring NAT may provide 

a feedback to the atmosphere in the following summer, and thus provide some seasonal 

predictability for SW ridging.  

 

5. Discussion  

Results show that NW and NE ridging patterns are associated with both Pacific and 

Atlantic climate variability in the summer, and are strongly related to a PNA-based 

atmospheric wave pattern and the AMO in the preceding spring. This suggests that 

springtime, synoptic-scale climate variability in the Pacific and SST variability in the 

Atlantic could be used to predict these NASH states and their associated surface climate 

in the following summer. For SW ridging, the strongest relationship emerged for the 

summer NAO, while a springtime NAT pattern provided the most seasonal 

predictability. The NAT has been previously shown to represent the SST response to a 

winter NAO (Marshall et al. 2001) and mid-tropospheric height anomalies off the 

eastern coast of Newfoundland in the spring (Seager et al. 2012), but also has been 

linked with feedbacks on atmospheric circulation in the spring (Peng et al. 2002) and 

summer (Gastineau and Frankignoul 2015). Past work has also shown that NAT 

anomalies in the spring have a link to streamflow anomalies over the Northeast U.S. 
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during the following summer (Steinschneider and Brown 2011; Steinschneider and 

Brown 2012; Ahn et al. 2017). Given the positive precipitation and streamflow 

anomalies seen during SW NASH ridging in the Northeast US (see Fig. 5e,f), this 

suggests that the influence of the MAM NAT on the orientation of the NASH may at 

least partially explain the forecasting signals identified in those previous studies. All of 

the forecasting signals mentioned above could be used to inform season-ahead planning 

for energy systems, such as tailoring the price of demand-response contracts (Cardell 

and Anderson 2015) based on the risk of high peak energy loads or renewable energy 

supply reductions in the coming summer season. One limitation of our approach and the 

identified forecasting signals is the limited number of available years for each NASH 

typology, which ranged from 10 (NE) to 18 (SW) years. Future work should utilize 

numerical experiments from coupled climate models to confirm the relationship 

between NASH ridging and different modes of Atlantic and Pacific climate variability. 

 

The results are also consistent with past work that has linked variability in the NASH 

specifically to variations in tropical Atlantic SSTs. Modeling experiments suggest that 

colder (warmer) Caribbean and tropical Atlantic waters incite a Gill-type sea level 

pressure response (Gill 1980) over the Gulf of Mexico that strengthens (weakens) the 

NASH and displaces its core to the southwest (northeast) (Wang and Lee 2007; Wang 

et al. 2008; Weaver et al. 2009; Kushnir et al. 2010). Thus, the intensity of the NASH, 

as forced in part by an underlying SST anomaly, may impact whether a SW ridging 

event emerges (Li et al. 2012a). Importantly, decadal-scale persistence in tropical 

Atlantic SSTs can excite this Gill-type response persistently from year to year (Weaver 
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et al. 2009; Schubert et al. 2009; Kushnir et al. 2010; Seager and Hoerling 2014), 

suggesting that the joint distribution of surface climate linked to westward and eastward 

positions of the NASH western ridge could also exhibit decadal scale variability. This 

behavior not only has implications for the stability of summertime renewable energy 

generation and demand across the eastern U.S., but also could complicate the detection 

of longer-term changes in the NASH position forced by anthropogenic climate change 

(Li et al. 2012b; Thibeault and Seth 2014; Thibeault and Seth 2015; Ryu and Hayhoe 

2017). For instance, Li et al. (2011, 2012a) observed westward movement of the western 

ridge of the NASH for the period from 1978-2007 as compared to the 1948-1977 period. 

In apparent disagreement, Diem (2011) found the western ridge of the NASH trending 

eastward from the late 1970’s to 2010. Through our extension of the western ridge 

location up until 2015 (Fig. 1b), we observe that in 6 of the last 8 years following 2007 

the western ridge was located east of its mean climatological position, and there was no 

significant long-term trend in the longitudinal position of the NASH. Though a 

definitive pattern cannot be inferred from this short extension, the addition of this most 

recent data suggests that any trends in the east-west displacement of the NASH western 

ridge, if present, are masked by a substantial amount of natural, decadal-scale 

variability. If long-term trends could be confidently established, the surface climate 

relationships linked to variability in the NASH could help in the development of 

infrastructure and policy to mitigate the effects of long-term climate change by 

improving the inter-annual reliability of existing and potential future renewable energy 

infrastructure in the U.S. However, the climate response reported in this study is not 

necessarily linearly associated with continued westward movement of the NASH 
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western ridge, and so further research is needed to quantify changes in surface climate 

under potential orientations of the NASH not previously seen in the historic record. 

 

6. Conclusion 

This study is the first to demonstrate substantial, pan-continental coherence in the 

largest modes of joint variability between a suite of summertime hydrometeorological 

variables across the CONUS that are directly relevant to renewable energy supply and 

demand, and their link to the orientation of the western ridge of the North Atlantic 

subtropical high. Different typologies of NASH ridging were found to be associated 

with changes in temperature and insolation, atmospheric flow, and moisture from the 

Gulf of Mexico over the Eastern US, providing opportunities to balance renewable 

energy production and demand across different regions of the country. Certain patterns 

in NASH ridging are also related to lagged, large-scale patterns of Pacific and Atlantic 

atmospheric and oceanic variability, raising the potential for seasonal forecasts that 

could inform renewable energy system management. Existing renewable energy 

infrastructure and sites of high energy demand are found to already be in locations that 

could leverage coherent climate patterns for certain NASH typologies. However, 

sufficient long-distance transmission would be required to support such a strategy. The 

cost-benefit analysis of developing that transmission system (given existing long-

distance transmission lines) versus the reliability provided through balancing 

renewables is currently unknown. We leave this assessment for future work.   
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