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The energy sector comprises approximately two-thirds of global
total greenhouse gas emissions. For this and other reasons, renew-
able energy resources including wind power are being increasingly
harnessed to provide electricity generation potential with negligi-
ble emissions of carbon dioxide. The wind energy resource is natu-
rally a function of the climate system because the “fuel” is the
incident wind speed and thus is determined by the atmospheric
circulation. Some recent articles have reported historical declines
in measured near-surface wind speeds, leading some to question
the continued viability of the wind energy industry. Here we briefly
articulate the challenges inherent in accurately quantifying and
attributing historical tendencies and making robust projections
of likely future wind resources. We then analyze simulations from
the current generation of regional climate models and show, at
least for the next 50 years, the wind resource in the regions of
greatest wind energy penetration will not move beyond the histor-
ical envelope of variability. Thus this work suggests that the wind
energy industry can, and will, continue to make a contribution to
electricity provision in these regions for at least the next several
decades.

uncertainty | wind energy density | internal climate variability |
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he energy sector comprises approximately two-thirds of global

total greenhouse gas emissions and hence has been a focus
for climate change mitigation efforts (1). Accordingly, renewable
energy resources, including wind power, are being increasingly
harnessed to provide virtually greenhouse gas emission-free
sources of electricity. The global wind energy resource greatly
exceeds current total global energy demand (2). Accordingly, a
total of 47 GW of new wind energy electricity generation capacity
was added worldwide during 2007 and 2008 (3), which accounted
for over 10% of all new power generation capacity. New wind
projects installed in the United States over the last five years have
more than doubled wind-derived electricity generation capacity
(2) to over 40 GW by the end of 2010 (4). Further expansion
of the generation capacity is expected, and the 2008 US Depart-
ment of Energy report 20% Wind by 2030 (5) proposes that by
2030, 20% of US electricity supply could derive from wind
turbines.

The wind energy resource is dictated by the incident wind
speed and thus is determined by the atmospheric circulation. If
there are substantial changes in the near-surface atmospheric
flow and storm climates in a greenhouse-gas-warmed world, wind
energy, or at least the spatial manifestations thereof, may be
affected. Changes in measured near-surface (typically approxi-
mately 10 magl) wind speeds over the last 30 years have been
reported (e.g., 6, 7). However, assessing causality for these trends
has proved difficult. Key challenges to understanding how climate
nonstationarity has, or may, influence the spatial and temporal
distribution of near-surface winds and the wind energy resource
include:

www.pnas.org/cgi/doi/10.1073/pnas.1019388108

i. The potentially harnessable “power in the wind” (energy den-
sity) scales with the cube of wind speed. Further, electricity
generated by a wind turbine is a nonlinear function of the
incident wind speed. The power curve for a given turbine
describes the relationship between hub-height wind speed and
electrical power produced and typically shows a tilted “S”
shape—with zero electrical power below “cut-in” wind speeds
(typically approximately 4 ms™'), rapidly increasing to the
rated power at wind speeds approximately 15 ms~!, and then
electrical power output remains constant until the “cut-out”
wind speed (typically approximately 25 ms™!). Because hub-
height wind speeds above 25 ms~! are uncommon in most
locations where wind turbines are deployed, power production
from wind turbines is dominated by the upper percentiles
of the wind speed probability distribution (8). Hence, there is
a need for accurate data pertaining to metrics of the wind
climate beyond the central tendency, and trends in annual
mean wind speeds have little bearing on the viability of wind
energy.

ii. There is large inherent variability in the wind climate in many

locations at a range of time scales from minutes to decades (8),

with the latter being linked to large-scale inherent (natural)

climate modes of variability. Metrics of the El Nifio Southern

Oscillation, Pacific-North American pattern, and the North

Atlantic Oscillation all significantly influence the interannual

variability of the North American wind climate (9, 10). These

internal climate modes may manifest as decadal (or longer)
temporal trends in storm and wind climates, which could er-
roneously be interpreted as being associated with anthropo-
genic forcing of climate in the absence of detailed, robust,
long-term wind speed records (11). How such climate modes

may change as the climate evolves remains uncertain (12),

which further confounds extrapolation of historical ten-

dencies.

There is a relative paucity of long-term records of near-surface

wind speeds, which—coupled with reporting, instrumentation

and siting inconsistencies (6), and the highly uneven spatial
coverage of surface observing stations (7)—can confound
accurate assessment of the presence or absence of temporal
trends and dynamical causes thereof. Local land-cover change
in the proximity of observational sites and resulting increases
of surface roughness, and thus frictional retardation of wind
very close to the surface, has been proposed as a primary cause
for some recent declines in 10-m wind speeds (7). The influ-
ence of such changes declines rapidly with height above the
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surface and may explain the discrepancies between observa-
tional and reanalysis datasets (6), because wind speeds in
reanalysis datasets are determined primarily by pressure
gradients that are insensitive to surface roughness.

For these and other reasons, temporal trends in observed
historical wind speed time series should not be interpreted as
evidence for likely future tendencies or states, or to make infer-
ences regarding the viability of wind energy now or in the future.

The current generation of coupled atmosphere-ocean general
circulation models (AOGCMs) are applied on spatial scales
(approximately 2 x2° or approximately 200 X 200 km) inap-
propriate to accurate characterization of wind climates (13).
However, tools have been developed to extract higher resolution
wind climate projections from coupled AOGCMs. One such
tool, the regional climate model (RCM), is increasingly skillful in
simulating wind speeds (14). Thus, here we use output from
RCM simulations conducted under the North American Regional
Climate Change Assessment Program (NARCCAP) (15) to
investigate possible changes in the US wind energy resource in
the near- to medium-term (i.e., to the middle of the current
century). In all cases the RCM simulations were conducted at
a grid resolution of approximately 0.44 x 0.44° (approximately
50 x 50 km), and the wind speeds output from the models were
archived at a 3 hourly interval. The future time period (2041-
2062) used herein is selected to represent a temporal window that
encompasses the possibility of a discernible climate change signal
but for which both current and planned wind farms will still be
within their operational lifetimes. To evaluate the RCM skill in
reproducing the magnitude and spatial variability of the current
wind resource over the United States, RCM-derived wind speeds
are extrapolated from 10-m height to 50 m, and the resulting wind
energy densities are compared with wind power resource esti-
mates from the National Renewable Energy Laboratory (NREL).

Climate projections for risk, vulnerability, and impact assess-
ments should incorporate assessment of projection uncertainty
(16). Thus herein we analyze output from a suite of model simu-
lations and apply statistical tools to quantify at least part of
the uncertainty in developing spatially discretized projections
of the wind resource. We analyze simulations from RCMs nested
within lateral boundary conditions from three AOGCMs and one
observationally derived dataset (the NCEP-DoE reanalysis) (17),
to examine the sensitivity of wind energy density estimates that
derives from the model used to provide information to the RCM
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about conditions outside the RCM model domain. Further we
compare and contrast the wind energy fields and climate change
signal that derives from variations in the RCM used to conduct
the simulations. The future simulations are used to infer a climate
change signal in the wind energy resource over the contiguous
United States via comparison with wind energy density derived
from simulations for a historical period of 1979-2000. Simula-
tions of the future period (2041-2062) are conducted assuming
a relatively high greenhouse gas emission scenario and thus
climate change forcing (SRES A2) (18). This emission scenario
is at the higher end of those considered by the Intergovernmental
Panel on Climate Change. It equates to global greenhouse gas
emissions of approximately 80 Gt CO,-eq per year (twice the rate
in 2000) by approximately 2055, but given the future period
considered is relatively near-term, variations in climate forcing
between the different emission scenarios is rather modest (19).
Thus, results presented herein are likely representative of a
broad suite of possible future greenhouse gas emissions and
atmospheric concentrations.

Results
Spatial patterns of average annual mean energy density over the
contiguous United States for the historical period (1979-2000)
from the four RCM-AOGCM combinations show a high degree
of qualitative similarity (Fig. 1). There are differences in the wind
energy density estimates from RegCM3 in the three different sets
of lateral boundary conditions (Fig. 1), which indicates the key
importance of the AOGCM in determining the storm climate
and thus wind climate in RCMs (14). However, wind energy den-
sity at 10 m from the three RegCM3 RCM simulations (nested in
NCEP reanalysis, GFDL and CGCM3) of the current climate
show greater spatial coherence than the simulations from the
two RCMs nested in CGCM3 (RegCM3 vs. CRCM), indicating
the RCM wind climate is not solely a product of the nesting
AOGCM. This is further emphasized by the differences in the
wind energy resource particularly within the central plains and
western United States in simulations of the historical period
derived using the three RCMs nested within the NCEP-DoE
reanalysis dataset (Fig. S1). These comparisons thus indicate the
value of using multimodel simulations or “ensembles” in devel-
oping wind resource assessments and climate change projections.
Although the absolute magnitudes of wind energy density show
considerable discrepancies between the RCM-AOGCM cou-
plings, comparison with the NREL resource assessments for a
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Fig. 1. Mean energy density (in Wm~2) for 1979-2000 at a height of 10 m above the surface computed using output from RCM simulations with Regional
Climate Model 3 (RegCM3), Canadian Regional Climate Model (CRCM), and Third Generation Hadley Centre Regional Climate Model (HRM3). The different
frames show the RCM-AOGCM model chains. The AOGCM abbreviations are Geophysical Fluid Dynamics Laboratory model (CM2.1) (GFDL), Canadian model
third generation (CGCM3), third generation Hadley Centre model (HadCM3). A shows an example of the wind energy density from the RegCM3 simulation
using observed lateral boundary conditions (as specified by the NCEP-DoE reanalysis dataset). Grid cells that are shown in white have an energy density below
21 Wm~2, or in the case of the CRCM-CGCM3 simulation, lie beyond the boundaries of valid RCM output. Note the scale used to depict the wind energy density

is logarithmic.
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Fig. 2. The wind resource at 50 m in wind power classes: 2, “marginal,” wind energy density = 200-300 Wm~2; 3, “fair,” 300-400 Wm~2; 4, “good,”
400-500 W m~2; 5, “excellent,” 500-600 Wm~2; 6, “outstanding,” 600-700 W m~2; and 8, “superb,” 700-800 W m~2 (28). A-D show the RCM simulations
for 1979-2000 vertically extrapolated from 10 m to 50 m using the NREL procedure of applying the power law with an exponent of 1/7. D and E show estimates
of the annual average wind resource at 50 m from NREL. Estimates in D were derived primarily from observational data (28) and have a spatial resolution of
0.25° of latitude by 0.33° of longitude. Estimates depicted in E are derived primarily based on modeling assessments for specific states or regions. The original
raster data from which the shape files were derived varied in resolution from 200 m to 1,000 m. States or regions with no shading indicate the data have not

been made publicly available.

nominal height of 50 m (Fig. 2 D and E) indicates some degree of
skill in all of the RCM simulations. Simulations from the HRM3-
HadCM3 model chain exhibit least skill and are negatively biased
relative to the other simulations and the wind power resource
estimates from NREL. The agreement with the NREL wind
power resource estimates is highest for the simulation with
CRCM nested in CGCM3, particularly in the central plains states.
The central plains region (Fig. 3) is of particular importance
because it has the highest wind energy potential (2), and as of
the end of 2010, two-thirds of the total national installed wind
power capacity was located in the central plains (CP) and Mid-
west regions (Fig. S2).

When the wind energy resource computed from simulations of
the future period (2041-2062) is compared with historical values
(1979-2000), all four model combinations indicate only modest
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differences in the wind resource (Fig. 3). The maximum fraction
of grid cells from any simulation that lie beyond the 95% confi-
dence interval on the mean computed from 1979-2000 (i.e.,
beyond + 1.966//n) is 25% and derives from the simulation
with RegCM3 nested in CGCM3. If a study analyzed only output
from this simulation (RegCM3 nested within CGCM3) the infer-
ence might be made that the mean wind resource in both the
western and eastern United States is projected to be up to 15%
lower in the future period (Fig. 3B). However, no such inference
can, or should, be drawn from simulations with CRCM nested
in CGCM3 or HRM3 in HadCM3 (Fig. 3 C and D). All four
simulations indicate fairly stable or slightly increased wind re-
source magnitudes in the southern CP states of Texas, Oklahoma,
and Kansas (Fig. 3), which have over one-quarter of currently
installed wind capacity (Fig. S2).
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Fig. 3. Difference in the mean wind energy density (in %) for 2041-2062 vs. 1979-2000. A-D show the different AOGCM-RCM combinations. The sign and
magnitude of change is only shown for grid cells where the value for the future period beyond the 95% confidence intervals on the mean value during 1979-
2000. The colors depict both the sign and magnitude of the difference using the legend in D. The climate regions as derived from the National Assessment and
used in Fig. 4 are denoted in A.
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When the climate change signal from each model combination
is contextualized in terms of the wind resource variability during
the historical period that derives from the lateral boundary
conditions (i.e., the nesting used, Fig. 1) or the RCM applied
(Fig. S1), then one can readily infer that the “climate change
signal” is of very modest magnitude. In each of the six regions
used in the National Climate Assessment (see Fig. 34 and ref. 20)
for all model combinations, the climate change signal (i.e., differ-
ence between the spatial patterns computed for 2041-2062 vs.
1979-2000) is of comparable magnitude to the uncertainty in
the historical period due to different model combinations (Fig. 4).
The correlation, rmsd, and ratio of spatial standard deviation in
the wind energy density patterns for each region are of compar-
able magnitude in comparisons of spatial fields of energy density
from a given RCM nested in either an AOGCM or NCEP, and for
the climate change signal derived from simulations by RCMs
within a single AOGCM (Fig. 4). Further, the climate change
signal is smaller than differences in the wind energy density
for the historical period computed using the different RCM-
AOGCM combinations (cf. Fig. 1 A-C). Thus the inference that
must be drawn is that there is no statistically significant, or robust,
climate change signal in the wind energy density over the contig-
uous United States projected to the middle of the twenty-
first century.

Discussion and Concluding Remarks

Global climate change may change storm dynamics and/or storm
tracks and thus the wind resource or the context in which the wind
energy industry operates at a given location (8). There has been
only very limited research conducted to date, and more research
is certainly warranted. Nevertheless, based on an array of RCM
simulations, there does not appear to be a consistent climate

A Pacific N\W

change signal in the wind resource over the continental United
States. Whether the results presented herein are reflective of
the true climate change signal or are indicative of model weak-
nesses cannot yet be definitively asserted. The current formula-
tions and parameterizations used in these RCMs and the
application at a 50-km grid spacing precludes treatment of some
important phenomena. It is possible that future high-resolution
RCM simulations conducted using the next generation of models
may exhibit different sensitivity to greenhouse gas forcing (21).
However, based on the analysis presented herein and the litera-
ture cited, there is no clear tendency in the near- to medium-term
for the wind resource over the contiguous United States.

Similar analyses over northern Europe found comparable
results. In the near-term (i.e., to the middle of the current cen-
tury) natural variability exceeds the climate change signal (14). In
the longer term, there is some weak evidence for increases in the
wind energy resource at least over Scandinavia (14).

Materials and Methods

The energy density in the wind, and hence the power that can potentially be
harnessed by wind turbines, scales with the cube of the wind speed at wind
turbine hub height:

1
— Z U3
E—2pU, 1]

where E is the instantaneous energy density (Wm=2), p is the air density
(kgm=3), and U is the instantaneous wind speed (m s=').

Herein we use RCM output at a standard height of 10 m above ground as
an analogue of the wind speed at wind turbine hub height and compute the
annual mean energy density for each RCM simulation and grid cell
using Eq. 1.
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Fig. 4. Taylor diagrams of wind energy density in each of the six regions shown in Fig. 3A, (A-F depict each of the regions) for each RCM simulation. The
metrics shown are computed by comparing the spatial patterns of average wind energy density in each region from each simulation. They are the correlation
(r), normalized standard deviation (c,,/c,, derived from a given model (subscript m) and a reference simulation [subscript r)], and rmsd of the spatial fields. The
comparisons were undertaken for each of the different AOGCM-RCM combinations during the historical period and for the climate change projection period
relative to the historical period (i.e., 2041-2062 vs. 1979-2000). For the climate change simulations (denoted by the squares) the comparison is for a given
AOGCM-RCM combination. Thus the model field represents 2041-2062, while the reference field is for 1979-2000. For analysis of the importance of lateral
boundary conditions (denoted by the circles) the RCM is held constant and the reference field shows simulations nested in NCEP reanalysis, while the model
field derives from the specified AOGCM. The color of the outer ring indicates the nesting AOGCM, while the inner portion of the symbol denotes the RCM used.
The shape of the outer ring denotes the following: The squares show the climate change signal (i.e., 2041-2062 vs. 1979-2000), while the circles denote the
differences in the historical period (1979-2000) due to the lateral boundary (nesting) conditions. In each frame the correlation coefficient (r) is shown by the
azimuthal angle; the ratio of the standard deviation in the fields (s,,/5,) is shown by the radial distance from the origin (o, which is located atr = 1, 6,,, /6, = 1,
and rmsd = 0), and the rmsd in the fields is shown by the distance from the origin (o).
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The RCM simulations analyzed herein were conducted as part of NARC-
CAP (15). The model experiment was designed to sample multiple RCMs
nested in multiple coupled AOGCMs. Herein we use output from three RCMs:
regional climate model 3 (RegCM3) (22), Canadian regional climate model
(CRCM) (23), and third generation Hadley Centre regional climate model
(HRM3) (24). The three AOGCMs used to provide the lateral boundary con-
ditions are Geophysical Fluid Dynamics Laboratory model (GFDL) (CM2.1)
(25), Canadian model version 3 (CGCM3) (26), and Hadley Centre model, third
generation (HadCM3) (27). Further, a set of numerical experiments in which
the RCMs are nested within output from the NCEP-DoE global reanalysis (17)
are analyzed to investigate differences in wind energy density during the
historical period that derive from using AOGCM output rather than observa-
tions (as approximated in the reanalysis dataset). The model combinations
analyzed herein represent the entirety of simulations available from the
NARCCAP project as of December 2010.

To evaluate the RCM skill in reproducing the magnitude and spatial varia-
bility of the current wind resource over the United States, RCM-derived wind
speeds are extrapolated from 10-m height to 50 m using the power law with
an exponent of 1/7 (i.e,, Usy = U;o x (33)"/7) following the approach used
in developing the Wind Resource Map at NREL (28), and the results are
compared with NREL-derived wind power resource estimates.

Differences in the wind resource spatial patterns from different models in
the historical period (1979-2000) are used to contextualize the climate
change signal derived from simulations of 2041-2062. We present results
of climate change projections in the context of the historical period and show
percent changes in the mean wind energy density in a given grid cell during
the future period if it lies beyond the 95% confidence intervals (Cl) on the
mean energy density computed for 1979-2000. These Cl are computed from
the standard error as C/ = ‘3,6-1", where n = sample size (22 years), and s is the
standard deviation of annual mean energy density computed for 1979-2000.

We provide a synthesis of comparisons of the climate change signal with
the sensitivity to lateral boundary conditions by comparing the spatial fields
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of wind energy density for different model periods and combinations. Thus
the field of mean wind energy density for a simulation with a given RCM
nested in output an AOGCM is compared to a reference field derived from
the same RCM nested within data from the NCEP reanalysis product. This
comparison quantifies the difference in wind energy density that derives
from differences in the lateral boundaries (i.e., the model used to provide
information beyond the domain for which the RCM computes atmospheric
conditions). This difference is then compared to the climate change signal in
wind energy density computed by running a given RCM nested in AOGCM
output for the future time period relative to the reference field derived from
simulations by that same RCM nested in AOGCM output for the historical
period. In each time period and model combination we make comparisons
of the spatial patterns of mean wind energy density in geographic regions
(see Fig. 3). These regions broadly represent those used in the US National
Climate Assessment (20). Key metrics used for this comparison are the corre-
lation coefficient (r) of the fields shown by the azimuthal angle on a Taylor
diagram (29), the degree of spatial variability as depicted by the ratio of the
standard deviation in the fields (5,,/5,) (shown by the radial distance from
the origin, where ¢,,/6, = 1), and the root mean square difference (rmsd)
between the fields (shown by the distance from the origin) (Fig. 4).
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