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S| Materials and Methods. The model used for this study was GA-
TOR-GCMOM, a global-through-urban nested model (1-3). The
model was modified to treat wind turbines as an elevated sink of
momentum, where the kinetic energy extracted from the wind is
determined from a turbine power curve at the instantaneous
model wind speed. The treatment of turbines developed here
is similar in concept to that of Baidya Roy (4, 5) but differs in
the following ways: it (i) assumes each wind turbine occupies mul-
tiple vertical atmospheric layers rather than one layer, (ii) is
applied to numerous wind farms worldwide simultaneously rather
than one local farm, (iii) is applied in a global model where
momentum extraction feeds back to global dynamics rather than
a limited-area model with only regional feedbacks, and (iv)
accounts for the conservation of energy due to both electricity
use and turbulent dissipation of kinetic energy. In addition,
the new treatment allows distributed wind turbines in a grid cell
to extract energy from a staggered Arakawa C grid rather than
from the center of the cell. With the C grid, u, and v are located
at grid cell edges. As such, turbines distributed throughout a grid
cell alter wind speeds at four locations in the cell rather than at
one central location. Because cell edges join two cells, wind speed
changes with the C grid affect five cells simultaneously rather
than one.

The treatment of kinetic energy extraction by wind turbines
in the model is described as follows. Each turbine is characterized
by a rated power [P, 5 megawatts (MW)], a rotor diameter (D,
126 m), a hub height above the topographical surface (H, 100 m),
and a characteristic spacing area (m?) A, = xD x yD, usually de-
termined by convention to minimize interference of the wake of
one turbine with the next turbine. In this equation, x and y are
constants that provide distances perpendicular to and parallel
to, respectively, the prevailing wind direction. Some values used
previously have beenx =4,y =7; x =3,y = 10 (6).

Each model grid cell contains a specified number of turbines.
The maximum number of turbines in the grid cell is N, = A./A4;,
where A, is the ground area occupied by the cell (m?).

For determining extraction of energy, each turbine is assumed
to intersect one or more atmospheric layers of a grid column. This
configuration applies regardless of whether the turbines exist in
the boundary layer or jet stream and for either global or regional
domains. The configuration requires modification only when the
horizontal resolution of the model <D(= 126 m in the present
application). All simulations here were run at coarser horizontal
resolution than this resolution.

The momentum extracted from each layer k that the turbine
intersects is proportional to the ratio of the swept area of the tur-
bine residing in the layer (S}) divided by the total swept area (m?)
of the turbine, S, = nD?/4. The swept area residing in a layer is
determined from geometry. For example, the swept area falling in
the lowest layer of Fig. S1 (ABCDA) is the area HADCH minus
the area HABCH. Because the hub height (point H) and the
height above the ground of the edge of each layer (e.g., point
B) are known, the vertical distance HB is also known. Because
the distance HC, which is the turbine radius R = D/2, is also
known, the angle BHC is Opyc = arccos(HB/R). Therefore,
area HADCH = 20gycS,/2n, and area HABCH = HB X
Rsin(0gyc). The areas of subsequent layers are calculated from
bottom to top in a similar manner, taking into account the
summed areas determined already.

Kinetic energy is extracted from each model layer that inter-
sects the turbine rotor each time step Af due to conversion of the
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kinetic energy to electric power by the turbine. The global and
regional domains in the model use the Arakawa C grid structure;
thus, u scalar velocities are located at the west (i — 1/2, j) and
east (i + 1/2,j) edges of each grid cell in each layer k, v scalar
velocities are located at the south (i,j—1/2) and north
(i, j + 1/2) edges, and mass M (kg) and other scalars are located
at the center (i, j, k) of the cell. As such, the initial (subscript I)
total kinetic energy in grid cell i, j, k before energy extraction is

Ey;jx=05Evi—ip2k+ Evivipjk + Evijo1/2,)k
+ Evij1/2,)k)- [S1]

In this equation,

Evicijjie = 05Micyp jitiiy o i

where M;_y 5 jx = O.5(M,-_1,,-.k + M,-,j.k)
Eviviyajne = 05Mi o jalif i jae

where My ik =0.5(M;jx+ My i)
Evijoijok = 05Mi 101V i1 e

where M i = 0.5(M;j_1 1+ M; )

Evijiipk = O'SMi,j-H/Z,,kvlz,i,j+1/2..k’
where Mi,j+1/2,k = OS(Mljk +Mi.j+l,k)' [SZ]

The average horizontal wind speed at the vertical and horizon-
tal center of a cell, used to determine kinetic energy extraction
by a wind turbine to produce electricity, is thus W;;, =
[2E1;;«/M;;]'*. Bach time step, the kinetic energy extracted
from the turbine in a given cell is calculated as

AE; = PijAtS,/ S, [S3]

where P; ; ; is the power extracted from the turbine at instanta-
neous wind speed W; ; , based on its power curve. Eq. 83 implies
that the power determined from the power curve is calculated
with a different wind speed in each model layer intersecting
the turbine. Whereas power curves are derived based on the wind
speed at hub height, the assumption of varying power extraction
for varying heights in the turbine is necessary, because otherwise
it would be possible to extract more energy from a layer than is
physically present. For example, suppose (in a hypothetical ex-
treme case), the wind speed were 0 m/s in the lowest layer inter-
secting the turbine and 10 m/s at hub height. Subtracting a
portion of the total energy extracted from the lowest layer would
be unphysical. Because wind speeds vary roughly logarithmically
with height and the height of a turbine swept area is only D, high-
er wind power extracted at the turbine top are roughly compen-
sated for by lower power extracted at the bottom. The error due
to this assumption is likely less than the error due to that of the
power curve, which is derived under neutrally stratified condi-
tions in the absence of wind shear.

For the REPower 5-MW turbine, a fit to the power curve data,
combined with a correction for air density, is
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based on manufacturer-provided power output vs. wind speed,
where p, grp = 1.225 kg/m3 is air density at standard tempera-
ture and pressure and p, (7', P, q) is air density at the current tem-
perature (T), pressure (P), and specific humidity (g) in the
model. The power curve indicates a cut-in wind speed of
3.5 m/s, a cut-out wind speed of 30 m/s, and a rated wind speed
of 13 m/s.

The final kinetic energy in each grid cell is thus Eg;;; =
Evijx— AE; k. The turbine also converts some kinetic energy
into turbulent kinetic energy (TKE), primarily in the vertical. This
conversion is roughly accounted for in the model because the re-
duction in wind speed due to the turbine results in wind shear,
creating subgrid-scale mechanical turbulence and TKE through
a level 2.5 TKE closure scheme (7). The increase in TKE in-
creases the turbulent diffusion coefficient for momentum, increas-
ing the vertical transport of horizontal momentum down gradients
(and reducing it up gradients) in the presence of the turbine-gen-
erated turbulence or large-scale shear- or buoyancy-driven turbu-
lence in a second-order local closure diffusion calculation in the
model. Energy, moisture, and trace chemicals are similarly trans-
ported across gradients due to turbulent diffusion. No treatment
of constructive or destructive interference by wakes is introduced
because wakes are not resolved at the scale of interest.

The change in total kinetic energy in the grid cell is next parti-
tioned proportionately among the kinetic energies of the sur-
rounding u and v points with

Eri12jk = Evici)2,jkEriji/ Evijk

Exivipjk = EvivipjkEriji/ Evijk

[S5]
Exij-i2k = Evijo12, kEriji/Evijk
Exijvi26 = Evijr12 kEriji/ Evijk-

The final wind speed at each u and v point is then
UEi_1/2,jk = Sign(\/2EF.1'—1/2.j4,k/Mi—1/2,j.k, ul,i—l/z,j,k)
UFit1/2,j,k = Sign (\/ZEF,HI/2,j.k/Mi+1/2.j,ks uI,i+1/2,j,k)

[S6]

VF,ij-1/2.k = Sign(\/2EF,i.j—l/2,k/Mi,j—l/2,kVI,i—1/2.j.k)

VEij+1/2,4 = Sign (\/ZEFJ.Hl/2,k/Mi.j+1/2,kV1.i+1/2,j.k) ;

where sign() indicates that the sign of the final scalar velocity
needs to be that of the initial value. Because each u and v point
borders two grid cells, it is necessary to ensure that all grid cells
are solved independently with initial wind speeds and that final u
and v wind speeds at each border point are determined by adding
differences from Eq. S6, such as ug;_; 5 j x — uyi—1/2,jx, for both
adjacent cells to the initial value, uy;_,, k, to obtain the final
wind speed at the border point.

Energy conservation due to power generation and frictional
dissipation of winds at the surface is maintained in the model
by converting all electric power generated by the wind turbines
to heat. The model also converts kinetic energy lost by natural
surface roughness to turbulence and then heat. The electric
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Wik <3.5002m/s or
35002 < Wi <10 m/s
10<W;jr<13m/s
13 < W, <30 m/s

Wlﬂj,k > 30 m/S
[S4]

power generated by turbines each time step, AE;;;, modifies
the surface air temperature (where the electric power is con-
sumed by human activity). Because the global model grid cells
for the present simulations are large, it is assumed that the elec-
tricity is consumed in the same column that it is generated in. The
temperature change (K) during a time step in surface layer ksfc
due to electric power extraction in the model layers k between the
bottom and top of a turbine rotor is

1 top

ATi,j,ksfc = c M.
pm L[ ksfe k=bottom

AE; i, [S7]

where ¢, ,, is the specific heat of moist air at constant pressure.
Similarly the u- and v-components of kinetic energy lost due to
friction and TKE generation at the topographical surface each
time step are converted to internal energy and added to the tem-
perature in the bottom model layer.

The model was initialized with 1° x 1° reanalysis meteorologi-
cal fields (8) for simulations starting January 1, 2006 and run for-
ward in time for five years with no data assimilation, as described
in the main text. Oceans in the model were represented in 3D for
some calculations and 2D for others. A 2D time-dependent
mixed-layer ocean dynamics model driven by surface wind stress
was used to solve for mixed-layer velocities, heights, and horizon-
tal energy transport in each grid cell (9). The scheme conserves
potential enstrophy, vorticity, energy, and mass and predicts gyres
and major currents. Energy diffusion to the deep ocean was trea-
ted in 3D through 10 ocean layers below each surface grid cell.
Air-ocean exchange, vertical diffusion through the ocean, and 3D
ocean equilibrium chemistry and pH were solved as in (10).

Sea ice in the model could form on water surfaces, and snow
could accumulate on sea ice. The model solved for the tempera-
ture at the ice-ocean interface, the snow-ice interface, the air-
snow interface, and the air-ice interface as in (1), which assumed
single layers of sea ice and snow on top of sea ice whose thick-
nesses were solved for over time. When the weight of sea ice plus
snow caused the sea ice to submerge below sea level, snow was
converted to sea ice. Although snow on top of sea ice was treated
as one layer, the vertical density profile in the layer was calculated
and other properties of snow varied with density. For permanent
snow over land, the 10-layer subsurface model was used to trans-
port energy through snow. Snow densities were calculated as a
function of depth, and other properties varied with density. For
all snow, sea ice, and water surfaces, an additional layer was
added to the bottom of the atmospheric radiative transfer calcu-
lation to solve for radiation fluxes through snow, ice, and water,
respectively. The purpose of adding this layer was to predict,
rather than prescribe, the albedo at the snow-air, ice-air, and
water-air interface, particularly in the presence of pollutants such
as black carbon, brown carbon, and soil dust.

Fig. S2 compares near-surface wind speed predictions at 4 x 5
degree resolution from the model with 1.5 x 1.5 degree resolution
data over the oceans. Despite the nine times coarser resolution
of the model relative to the data, the model picked up the main
features of the data. Some other comparisons of model behavior
over the ocean can be seen in figure 2 of ref. 11, which compares
modeled monthly sea ice area over the Antarctic and Arctic with
data, and figure 2 of ref. 12, which compares modeled zonally
averaged (from the surface to 18 km) static stability with satellite
data. Static stability accounts for the vertical temperature profile.
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Fig. S1.

Illustration of how the swept area of a single wind turbine intersects multiple model vertical layers in a single grid column. Points A, B, C, D, and H are
discussed in the text.

Model wind speed 15 m AGL (m/s) (glb:6.07; 1d:4.55; 0c:6.68)

0

QuikSCAT 2006 wind speed 10 m AGL (m/s)

-180

Fig. S2. Modeled 2006 15-m wind speed at 4 x 5 degree resolution vs. 10-m data at 1.5 x 1.5 degree resolution (1) for the same year.
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1 Quikscat processed by Whitt D, Dvorak M (2010). Available at http:/podaac.jpl.nasa.gov/DATA_CATALOG/quikscatinfo.html. Accessed February 23, 2012.
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Fig. S3. (A) Modeled (4° x 5° horizontal resolution) annually-averaged (during the last year of simulation) 100-m wind speeds in the absence of wind turbine
power extraction (Simulation A). (B) Same as (A) but for power (W/m?2) extracted from wind turbines (/) and the resulting wind speeds (m/s) (ii) accounting for
worldwide turbine momentum extraction (Simulation B). (C) Same as (B) but for wind turbines over all land outside Antarctica (Simulation 1). (D-F) Same as (B)
but for the three cases of four million turbines (Simulation N-P), (G) Same as (B) but for turbine extraction in the jet stream at 10 km (Simulation Q). g = global
average; /| = land-average; ¢ = average over coastal ocean (water with depth less than 200 m outside Antarctica), and o = average over all other ocean.
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Fig. S4. Zonally averaged changes during the last simulation year in several meteorological variables between the global surface turbine case (Simulation B)
and the base case (Simulation A).
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Fig. S5. Zonally averaged changes during the last simulation year in several meteorological variables between the case with turbines at 10 km (jet stream case,
Simulation Q) and the base case (Simulation A).
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