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Abstract. Jet streams are regions of sustained high windmaximum wind power is extracted from the jet streams, it
speeds in the upper atmosphere and are seen by some asesults in significant climatic impacts due to a substantial in-
substantial renewable energy resource. However, jet streantgease of heat transport across the jet streams in the upper
are nearly geostrophic flow, that is, they result from the bal-atmosphere. This results in upper atmospheric temperature
ance between the pressure gradient and Coriolis force in thdifferences of-20°C, greater atmospheric stability, substan-
near absence of friction. Therefore, jet stream motion is astial reduction in synoptic activity, and substantial differences
sociated with very small generation rates of kinetic energyin surface climate. We conclude that jet stream wind power
to maintain the high wind velocities, and it is this gener- does not have the potential to become a significant source of
ation rate that will ultimately limit the potential use of jet renewable energy.

streams as a renewable energy resource. Here we estimate
the maximum limit of jet stream wind power by consider-
ing extraction of kinetic energy as a term in the free energy1
balance of kinetic energy that describes the generation, de-

pletion, and extraction of kinetic energy. We use this balanceE . ith bon dioxid . d
as the basis to quantify the maximum limit of how much ki- nergy o_ptlons .W't out carbon dioxide emissions and asso-
ciated climatic impacts are necessary to avoid the current

netic energy can be extracted sustainably from the jet streams "~ .~ . . i
of the global atmosphere as well as the potential climatic im_predlcnons of global climate changtPCC, 200§. Renew

. . . . ble energy sources are seen as such options, in particular,
pacts of its use. We first use a simple thought experiment o ay P P

. . ; ... __the use of naturally generated wind power of the atmosphere
geostrophic flow to demonstrate why the high wind velocities by wind turbines. Surface-based wind turbine installations

of the jet streams are not associated with a high potential fo'have proven themselves to be economically attractive ex-

renewabl_e energy generation. _We then use an a.tmOSpher!'f\:mples of a renewable energy technology with tremendous
general circulation model to estimate that the maximum sus-

tainable extraction from jet streams of the global atmospherésggcé\?gt?ozrggg;eg;ﬁ;ghgtgjttgsreg(:e;ﬁ%lglgf Eal?ggogs_
is about 7.5 TW. This estimate is about 200-times less tha X P

previous estimates and is due to the fact that the common EA, 2009 EWEA, 2009. Yet wind power is not necessar-

expression for instantaneous wind OV%QI 3 merelv char- ily limited to the atmospheric region near the surface. Strong
b P Y y winds in the upper atmosphere, concentrated into so-called

acterizes th_e transport .Of k!netlc energy by the_ flow, but nOt'et streams at 7-16 km altitude with velocities exceeding 50
the generation rate of kinetic energy. We also find that whe . ; X
nots (or about 25ns, American Meteorological Soci-

ety, 1999, are seen by some as particularly rich sources of
renewable wind powerRoberts et a).2007 Vance 2009

Correspondence td:. M. Miller Archer and Caldeira2009. Archer and Caldeir42009 es-
BY (Imiller@bgc-jena.mpg.de) timated the potential of jet stream wind power as “...roughly
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100 times the global energy demand”. If we take the presena) geostrophic balance b) quasi-geostrophic balance
global energy demand of 17 TW of 201BI4A, 2010, then

this estimate would imply that1700 TW of wind power can F,
be sustainably extracted from jet streams. However, this es A
timate is almost twice the value of the total wind power of
~900 TW (Lorenz 1955 Li et al., 2007 Kleidon et al, 2003 - (W)
Kleidon, 2010 that is associated withll winds withinthe 1 > (u,0) e

)

low pressure
Fy—v

global atmosphere.

Here we resolve this contradiction between the energy
that can maximally extracted from the jet stream and the to-
tal power involved in generating all winds within the atmo- v F.= f(v,—u)
sphere. We start from the free energy balance that describe Fe=—fu
motion in the jet stream and accounts for the generation o high pressure
kinetic energy, its dissipation, and the potential extraction of
kinetic energy by wind turbines (see aléans et al.2010.

With this approach, we provide a more realistic upper limit of the jet stream ir(a) the geostrophic balance (pressure gradient

for high altitude wind power that is consistent with atmo- force Fg, Coriolis forceFt, with Coriolis parametey’), and(b) the

spheric energetics. The contradiction originates from thequasi-geostrophic balance that considers frictignand removal

erroneous assumption that the high wind speeds of the jedt kinetic energyr, (with Ff + Fy =kv) as well as the depletion
streams I’esult fl’0m aStrong pOWer source. It iS We” knOWn inof the pressure gradient by the zonal ﬂ()W—)/v) When wind
meteorology that jet streams reflect quasi-geostrophic flowturbines extract kinetic energy from the jet stream, then the balance
that is, the high wind speeds result from the near absence shifted further away from the geostrophic balance, as indicated
of friction and not from a strong power source. To demon- by the red arrows iifb).

strate this quantitatively, we first explore the physics of jet

streams, the power involved in maintaining the flow, and how . ) )
these aspects change when kinetic energy is extracted frO,Wm not be used to estimate extractable jet stream wind power

the flow in the context of a thought experiment in the follow- 1o the Earth System, but simply provides an analytical ap-
ing section. We then describe the implementation of a ki-Proximation to jet stream dynamics.

netic energy extraction scheme for jet stream flow into an at- 1€ Velocity of a jet streamv results from a near-
mospheric general circulation model in Sect. 3 as well as thé?€0strophic balance in which the pressure gradient f6gce
setup of sensitivity simulations to various strengths of extrac-S Palanced by the Coriolis forcg; (Fig. 1). We represent

tion. We present the results of these sensitivity simulationsthe ,V(?IOCity” by its zonal, eastward componemtand its
in Sect. 4 in terms of differences in velocity and dissipation Meridional, poleward component To describe the steady-

rates, the limit on how much kinetic energy can maximally state of these two_ components, we consider the geo_strophic
be extracted, as well as the climatic impacts that would resuffP@/@nce, but also introduce a drag termthat characterizes
from a maximum extraction. In the discussion (Sect. 5), we'Tiction and kinetic energy extraction by turbines, and a de-
compare our results to previous studies. In particular, we usdletion termy_/v of th.e pressure gradient by the zonal flow of
the GCM simulations to elaborate further on the difference:;ass associated V‘;th

between the transport of kinetic energy (which is often useddu v

as a proxy forinstaaltaneous wind povggr(inthe renewable endr fo = ku dar —fut (Fo—yv) —kv (1)

ergy literature) and the kinetic energy that can be extracteqynere £ is the Coriolis acceleration and we assumed that the
from jet streams sustainably. We close with a brief summarypressure gradient acts in zonal, poleward direction.

Ff-i-Fm
= k(u,v

Fig. 1. The balance of forces that describe the velooity (u,v)

and conclusion. In the steady state, the analytical expressions:fandv
are:
2 Aj iment: why i f k
jet stream thought experiment: why is U= ——5—-F v=——5——" F (2
instantaneous wind power not representative of f?+ k2 + ky f2+ k2 + ky
sustainable extraction? The maintenance of this flow is characterized by the free en-

ergy balance of generation, dissipation, and extraction of ki-
To understand the relationship between wind speed and wingetic free energy KE (FigR):

power in the jet stream, extractable wind power, and climatic

; ; : dKE

impacts, we use a simple model of the jet streambasedonba-_"— — G — p, — Pe ©)

sic physics Peixoto and Oort1992. We will use this model dr

to understand the dynamics of how a jet stream should be exwhereG is the generation of kinetic energ®, is the natural
pected to respond to an additional drag to its natural flow. Itdissipation by momentum diffusion to regions adjacent to the
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pressure distance to

gradient \’1”9”‘”09 > ge;;;’z’c’g"c Table 1. Global mean values for atmospheric dissipation and
A R 1 climatic parameters for the control simulation (no extraction), a
5 c}“)\\ {09@ medium rate of extraction (4.2 TW of kinetic energy extraction),
E: ,\6@?'@@06\ generation rate Gz and the peak extraction simulation (7.5TW of kinetic energy
e, &&f'@o \ extraction).
%E?o(o«oa kinetic energy | = — """S.t"g’tanem,’,s
g.’ KE i mer;oﬁve’ parameter control medium peak
e,
8 transport of ABL diss. (TW) 584 482 419
N kinstic energy free atm. diss. (TW) 635 477 358
E: > ustainable 2-meter air temp.9C) 17.7 174 17.2
s v _ éxtraction of wind power” large scale precip. (mm day) 0.68 0.63 0.54
g rawraldssipation Dy, kinetc energy Fe # plof? conv. precip (mm day?) 295 296 3.00

1 '
%’I '

Fig. 2. The kinetic energy KE of the jet stream results from the in geostrophic balance (with the absence of friction repre-
balance of generatiof, natural dissipatioDp, at the edges of the  sented by =0), the generation of KE as well as its dissipa-
jet stream due to momentum diffusion, and extractiey due to  tion is zero G = D, =0), as is the meridional flow velocity
the placement of wind turbines. Note that in geostrophic balancey =0. The mean flow of the jets is given = Fy/f, that
G = Dn=0 but KE> 0, so that the common metric of instanta- s, we have a non-zero wind speed, a large stock of kinetic
neous wind powe%,o|v|3 of the flow through some cross-sectional energy, but no power is needed to sustain its flow. This en-
area perpendicular to the flow is not adequate to estimate the Su%’rgetic view of jet stream motion is highly relevant, as the
tainable rate of kinetic energy extractiday. To estimate this rate, instantaneous wind power of the flo%v,pv3 is often used in
one needs to implement the extraction of kinetic energy as a sepa-, . . - "
rate term into the kinetic energy balance and to evaluate its effect.’:’u,JdI(:"S to c;alculatg \.de power e§t|maté31nce no po.Wer
on the generation rate (as shown by the dashed lines). IS mvoIved.m sustaining ggostrophlc ﬂovy though, the mstaq—
taneous wind power provides no indication of how much ki-
netic energy can be extracted sustainably from the flow!
jet stream, andPex is the extraction of kinetic energy by the  As soon as we consider some drag in this balance, either by
wind turbines. The generation ratis given by the power  the natural dissipation of kinetic energy at the edges of the jet
P associated with the net force acting on the mean flow, i.e. stream or by placing wind turbines into the flow (ikex 0),
242 then the balance is shifted away from a purely geostrophic
(f2 +#%) 2 \ . >
G=P="Fnet-v=(Fo—yvv=k- m - Fg (4) balance (Figlb). In this case, the flow becomes dissipa-
Y tive as kinetic energy of the jet stream is dissipated by the
The free energy of the jet stream is dissipated at the edgedrag, G = D > 0 in steady state, and the flow gains a merid-
of the jet where velocity gradients deplete the momentum ofional component > 0 that depletes the driving pressure gra-
the jet stream. We express this natural dissipation rate by aient (Fig.2). The extent to which the gradient is depleted
typical drag-like parameterization, with a drag coefficient by the meridional component of the flow is captured by the

and the square of the wind speed: parametel that we introduced in the equations above.
2 2 The parametey plays a pivotal role in limiting how much
2, .2 fo+k 2 ineti i i
Dn = kn (u + o ) = kp - 5 - F§ (5) kinetic energy can maximally be extracted sustainably from
(f2 + k2 + ky) the flow. When turbines are placed into the jet stream to ex-

tract kinetic energy to convert it further to electricity, the drag
is necessarily enhanced. This results in a shift in the balance
%f forces further away from the geostrophic balance. Then,
the generation rat& may actually increase as the angle be-
tween the net force and the flow decreases, but the extent to
2 + k? which this increase takes place depends on how fast the driv-
(f2 Iy ky) ing pressure gradient is depleted by the mass transported by
the zonal flow.
Hence, the value of in the expressions above is the combi- We demonstrate this reasoning with the simple model
nation of the natural frictioi,, as well as the drag from the (Fig. 3) using the parameter values given in Appendix Ta-
wind turbineskey, i.€.k =kn + kex. ble 1. Since the value of is highly uncertain, we use differ-
We now use the simple model to explore the relationshipent values that span two orders of magnitude to evaluate its
between the mean jet stream velocity and the dynamics ofelevance. Note that a higher valuejofimplies a stronger
generation and dissipation of this flow. We first note that depletion of the pressure gradient.

The extraction of kinetic energy by wind turbines is ex-
pressed equivalently by an additional drag characterized b
an additional parametégy related to the number of turbines
and their characteristics:

Pex=kex<M2+U2)=kex' 2'F02(6)

www.earth-syst-dynam.net/2/201/2011/ Earth Syst. Dynam., 2,20 2011
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Fig. 3. Sensitivity of jet stream dynamics to the intensity of kinetic energy extraction of the simple model for different values of the intensity
y by which the pressure gradient force is depleted. Shown(aye: andv components of the flow() kinetic energy extracted from the

flow due to the additional drakey; (C) the sustainable extraction rafay of kinetic energy versus the transport of kinetic energy through

a single jet stream cross-section (which is often taken as a measure of wind powed) aatlral dissipatiorDy, of one jet stream. All
parameters are specified in Appendix Table 1.

The first plot (Fig.3a) shows a decrease of thecom- Figure3d shows the decline of natural dissipatibg with
ponent and an increase in thecomponent with increasing increased drag. The lines essentially track the decline of
values for the total drag, as would be expected by considvelocity as shown in Fig3a.
ering the three terms of the near-geostrophic balance. After To briefly summarize the insights gained from the
reaching a peak value, thecomponent declines for high val- geostrophic balance, we note that (i) instantaneous wind
ues of the drag due to the accelerated depletion of the dl’iVil’lg)ower %p|v|3 provides no adequate estimate of sustainable
pressure gradient. The sensitivity of the declineiito the  extraction rates of kinetic energy; (ii) the maximum rate of
applied drag is greater and the peakvirs at a lower value  kinetic energy extraction is constrained to less than the gen-
with greater values of, although the value of the drag at eration rate of kinetic energy; and (iii) the depletion rate of
which thev component peaks is not affected. the pressure gradieptin the upper atmosphere is critical to

Figure3b shows the extracted kinetic energy as a functionestimate how much kinetic energy can be at maximum ex-

of the drag. The extracted powéey reaches a maximum tracted sustainably from jet stream flow.
at the value of the drag at which thecomponent is at a

maximum as well, although the value of the peak is strongly
affected by the value of. Further note that the peak of ex-

traction occurs at a drag at which the velocity is still greater
than zero, which implies that not only can all of the kinetic ) ) .
energy not be captured but is also limited to a maximum!n order to ad'equately estlmate the maximum rate of wind
extraction rate. power extraction from the jet streams in the global atmo-

The common expression for instantaneous wind powerSPhere, we resort to a general circulation model of the at-
%p|v|3 is compared to the actual rate of extractiBg in mosphere. Despite the pqssmle .I|m|tfa_t|ons that_such numer-
Fig. 3c. What this shows is that there is no simple, linear rela-I¢@ models may have, this tool is critical to estimating the
tionship between these two properties, so that the expressioPP€r bound as it explicitly simulates the generation and dis-

of instantaneous wind power does not adequately capture théiPation of kinetic energy of jet streams in their atmospheric
potential for wind power extraction. setting and it can explicitly simulate the effect that kinetic en-

ergy extraction from the jet streams has on the overall atmo-
spheric dynamics. That is, the effect of the pressure gradient

3 Methods

Earth Syst. Dynam., 2, 20242 2011 www.earth-syst-dynam.net/2/201/2011/
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Table Al. Variables and parameters used to understand the dynamics of the jet stream (Eqgs. 1-6) are listed below. Values listed in column 3
are taken fronPhysics of Climatéy Peixoto and Oor(1992. Column 4 shows the parameters derived or estimated by the authors.

variable  thought experiment simple model definition Peixoto and Oort (1992) estimates units

f coriolis acceleration at 30 0.7x 1074 - 1s?

kn natural jet stream drag 16 - 1s1

kex human-induced jet stream drag - - s

k natural and human-induced jet stream drag - - 45
mean control jet stream poleward (north-south) component - 28.6 “Ims

u mean control jet stream meridional (east-west) component - 0.41 “Ims

v mean control jet stream velocity - 28.6 s

Fo pressure driven accelerationwtomponent %103 - ms2

Fe Coriolis force - - kgms?

Ft frictional force - - kgms?

Fy removal of kinetic energy - - kg né

Fhet frictional force and KE removal forceFt + Fy =kv) - - kgm s2

KE jet stream kinetic energy - - kg rmmé

P power associated with the net forcnéy) - - kgnfs3

G generation rate of jet stream kinetic energy - - Ko

y depletion rate of the jet stream gradient - — s

Dn natural wind dissipation by mom. diffusion 16 - kgxm?s3

Az vertical extent of one jet stream - 30 m

AR¢ horizontal extent of one jet stream - 610 m

L length of one jet stream at 3@nd 10 km altitude - 3410 m

P density of one jet stream at 10 km altitude - 0.4 kg

1% volume of one jet stream at 3@nd 10 km altitude - 2%10' m?3

p-V mass of one jet stream at3and 10 km altitude - 1 kg

depletion that was captured byin the simple model above time step. Vertical diffusion of momentum represents non-

is explicitly simulated. resolved turbulent exchange between layers and is applied to
In this study, we use PlaSim, an atmospheric general cirthe horizontal wind components, as well as to potential tem-

culation model of intermediate complexitifr@iedrich et a).  perature and specific humidity. The momentum fluXgs

2005 Lunkeit et al, 2007 to quantify wind power extrac- for theu andv wind components are expressed as:

tion from the jet streams. We use this model with T42 spec- 5

tral resolution, corresponding to a horizontal resolution of j, |, = pKkn, , v) (7

about 2.8 longitude by 2.8 latitude, ten atmospheric lay- 9z

ers, a mixed-layer ocean model with prescribed oceanic heafherep is the air densityKnm is the exchange coefficient for
transport, interactive sea-ice model, a simple land surfacenomentum (which depends on stability, among other fac-
model, and prescribed ice sheets. Previous research showgs) and; is the vertical coordinate. The change in wind
that this model adequately captures the present-day climatgpeed)(u, v)/d+ by momentum diffusion is then given by a

and key sensitivitiesHraedrich et a).2005 Kleidon et al, diffusion equation:
2006.

In the following, we first describe briefly how we extract 3, v) _ 1 9Ju, v 1 rbines ®)
kinetic energy from the jet stream and then describe the setup 9t p 0z

of the sensitivity simulations. . . .
vity simdiat whereJurinesis the additional drag exerted by the wind tur-

bines. The additional drag is in turn expressed in a similar

3.1 Kinetic energy extraction from jet streams within a way as the surface drag as:

GCM
. L . . Jwrbine = p (Cex|v]) - v (©)]
To simulate kinetic energy extraction, we apply an additional
momentum flux Jiyrmines t0 the vertical diffusion scheme whereCey is the representative drag coefficient correspond-
for momentum for those grid cells at which the velocity is ing to the momentum extraction by wind turbines of a certain
greater than a threshold wind speedvgf at a given model  intensity.

www.earth-syst-dynam.net/2/201/2011/ Earth Syst. Dynam., 2,202 2011
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We then diagnose the extracted povgg by turbines by 500

" _
=

Pex = Jwrbine - v (10) g 7

- e S 400 O——0-0——
as well as the frictional dissipatiab,, by = D
57 max. production e
N (u, v) _ of 45TW jet stream

Dn = 3z (. v) (11) w ] not constantly
£ 97 present

3.2 Simulation setup and analysis 2 ]
a—) -
2 04

A sensitivity analysis with 15 simulations was performed T P AP A AU AL S
with different values ofCex=[10"1%:10"4] was applied to 10 107 10m 10 10 10 10
all grid points within the model grid with wind velocities additional frictional parameter (1/s)

that exceededje; > 25 ms L. These simulations were com- - f’:B'- dt‘SSipa‘r‘]O“ dissivation o e;‘"‘:‘?‘?" D! otontial
pared to the “control” simulation of the present-day with- ee atmosphere dissipation 0 electricy prod. polentia
out momentum extractiorCex =0). The simulation at which
extracted wind power is at maximum will be referred to as
“peak extraction” in the following. Through this setup, we
establish the natural, upper limit of extractable wind power
from high altitude jet streams without including methodolog-

ical, technological, or engineering considerations. All Simu- of this extracted power is likely to be available as mechani-
lations were run for 30 yr with the first 10 yr discarded to 3| power to drive the turbine. Previous research showed a
exclude spin-up effects. _ maximum, but unachievable, conversion efficiency from ex-
The simulations were evaluated with respect to the resultyacted power to mechanical power of 59.3 tarchester
ing rate of kinetic energy extractiofex as well as variables 1915 Betz 192q Garrett and Cumming007). Assuming a
of the jet stream, such as theandv component as in the g0 o, conversion efficiency to mechanical turbine power and
simple model above. In addition, we investigated the im-100 9, conversion efficiency from mechanical to electrical
pacts of kinetic energy extraction on the dynamics of the jetyower, this upper bound yields a peak potential for electricity
streams and the climate system in general. To do so, we evagroduction of 4.5 TW.
uate? the d'ffefe”ffes,]” the the 20-yr means for the “control” g ypper estimate of extractable wind power is relatively
and “peak extraction” simulations in terms of thevind,  jhsensitive to the threshold velocitye. In sensitivity simu-
v-wind, 2-m air temperature, large-scale precipitation, con-|5tions with vet=20ms L, the peak extracted power drops
vective precipitation, incoming solar radiation at the top of from 7.5TW to 7.2 TW. Whenjer= 15 ms!is used. the
the atmosphere, and outgoing longwave radiation at the tope 4k drops further to 6.7 TW. The low value of extractable
of the atmosphere. To quantify changes in synoptic activ-pqoer in the climate model simulations suggests a high value
ity, the difference in standard deviation of simulated surfaceq¢ y of at leasty = 10-3 in the simple model, that is, that ki-
pressures (daily mean) for the 20-yr simulation dataset argqjic energy extraction results in a strong depletion of the
compared. o _ upper atmospheric pressure gradient.
Additional sensitivity fmalyses were plerformed With " The dynamics and sensitivities as well as the maximum
thresholds ofje; > 20mM s anduje; > 15ms = to evaluate i, eyiraction at intermediate values 6y directly corre-
the sensitivity of this threshold on the jet stream wind powerspond to the ones shown by the simple model of the pre-
estimates. vious section. The sensitivity of upper atmospheric winds
and jet stream dissipation to the intensity of kinetic energy
4 Results extraction from the jet streams is shown in Fig. As in
the case of the simple model (Figgp), the zonal component
4.1 Maximum extractable wind power and energetics of ~ Of the upper atmospheric velocities decreases in response to
jet streams enhanced drag, while the meridional component increases.
This is accompanied with a general decrease of the total dis-
The sensitivity of the extractable wind power to the déag sipation of the jet stream (Fig8d and5b). Since velocities
associated with wind turbines is shown in Fg.As in the  decreased considerably and below the threshold valugpf
case of the simple thought experiment, it shows a pronounceget streams were not continuously present in the simulations
peak at intermediate values 6%y The peak extractable for drag coefficient€ey > 107C.
power in these simulations is 7.5 TW of mechanical power Note that in addition to the dynamics represented by the
removed from the flow. Because of wake turbulence behindsimple model, the climate model simulations show a succes-
the turbines (which is not included in the simulations), not all sive decrease in the generation of kinetic energy in the global

Fig. 4. Sensitivity of extracted kinetic energy from jet streafx
and total atmospheric dissipati@m to the additional drag’ey im-
posed by wind turbines.

Earth Syst. Dynam., 2, 20242 2011 www.earth-syst-dynam.net/2/201/2011/
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Fig. 5. Sensitivity of jet stream dynamics to the intensity of kinetic
energy extractio@ex from jet streams withrje; = 25m slinterms ) o
of (a) the mearu- and v-wind velocities at 200 hPa an@) the Fig. 6. Zonal annual means of the wind fields at 200 hPgd)the

dissipation rate within those atmospheric regions at which the wingzonal &) wind component and thgg) meridional ¢) wind compo-
velocity is>25ms1. nent. Shown are the control simulation (solid line) and the simula-

tion with maximum kinetic energy extraction (dotted line).

atmosphere, as reflected by the reduction of dissipation in the

free atmosphere and the atmospheric boundary layer4fig. ~ The enhanced meridional flow in the upper atmosphere
This decrease in kinetic energy generation by the atmospher@as important effects on climate and atmospheric dynamics.
is about two orders of magnitude larger than the extracted' he enhanced meridional flow transports more heat in the
mechanical power at peak extraction. In order to understand/Pper atmosphere. This results in a substantial difference in
why this is an inevitable consequence of the kinetic energyUpper atmospheric temperatures of more thahth both
extraction from jet streams, we need to first investigate thehigh-altitude polar atmospheres (F&). These differences

broader climatic impacts. occur adjacent to the regions in which the kinetic energy is
extracted (Fig8b), substantiating the direct link between ex-
4.2 Climatic impacts from jet stream wind power traction and enhanced meridional heat transport in the upper
extraction atmosphere.

This strong warming in the extratropical upper atmosphere
The substantial extraction of kinetic energy from jet streamsys further consequences. It results in a reduced vertical tem-
has a marked global impact on atmospheric dynamics in thfberature gradient in the extratropics (FBg) and thereby
simulations. As already shown above, the meridional windj, an enhanced vertical stability of the atmosphere. As a
component increases substantially as a result of the kinetigesun, the ability of the atmosphere to generate kinetic en-
energy extraction. This is shown in Fig. where the upper ergy is greatly reduced. This is reflected in a lower to-
atmospheric winds at peak extraction are compared to they| dissipation in the free atmosphere and the atmospheric
control. Zonal flow in the mid-latitudes is reduced to about boundary layer (Figd, also Tablel), with a 44 % decrease
2/3 at peak extraction when compared to the control, and thigy free atmosphere dissipation (635 TW to 358 TW) and a
reduction of zonal flow is accompanied with a substantial in-29 o, decrease in boundary layer dissipation (584 TW to
crease in meridional flow. This meridional flow increase is 419 TW), with these differences in the energetics suggesting
responsible for additional heat transport from the equatoriak,pstantial differences to the Lorenz Energy Cytlerénz
region towards the poles, as shown in Fig. 1955 although further study into the specific differences in
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ation within the atmosphere. The associated differences in

mean 2 m air temperature in the mid-latitudes are consistent
with this reduced synoptic activity, with pronounced cooler
temperatures over land.

Fig. 7. (a) Meridional profile of the zonal mean net shortwave
radiation at the top of the atmosphefi(net Toa) and zonal mean
net longwave emission at the top of the atmosphe#{et Toa) for
the control and peak extraction simulatio(is) Mean heat transport
of the atmosphere and oceans as implied by the top-of-atmosphere

fluxes for the control and peak extraction simulations 5 Discussion

Our estimate of maximally extractable wind power from jet
the energy components and conversion rates is still neededtreams of 7.5 TW is substantially lower than the estimate of
These differences do result in the reduction in kinetic en-1700 TW byArcher and Caldeirg2009. Naturally, there
ergy generation, with the associated overall heat transponnust be a simple reason why our estimate is so much lower.
resulting in a greater radiative imbalance at the top of theln the following, we first describe that our results are con-
atmosphere (Fig9). Even though this enhanced radiative sistent with the basic physics of jet streams. Hence, the dif-
imbalance would seem to imply a stronger radiative forc-ference in estimates likely originates from the difference in
ing and thereby a greater ability of the atmosphere to genermethodology. We relate this difference to the flaw in the
ate motion, it is critical to note that this radiative imbalance common methodology that derives extractable wind power
is rather theconsequencef reduced overall motion within ~ from wind speeds rather than from the free energy balance
the atmosphere. that describes the generation, dissipation, and extraction of

In the simulation of peak extraction, we find considerable kinetic energy (e.gGans et al.2010gives a detailed descrip-
differences in climate (Figl0). The climatic differences tion of the severe limitations of the common method) and
shown in Tablel are not related to a mean change in ra- illustrate this flaw with output from the climate model simu-
diative forcing, as would be the case for climatic change dudations. We then discuss the implications of these results in
to alterations of the atmospheric greenhouse effect, but reterms of the methodology that should be used for maximum
sult directly from the weakened energetics of atmosphericestimates of wind power and for the prospects of wind power
motion. In particular, we find that the variability of surface from high altitude winds.
pressure is considerably reduced in the mid-latitudes, indi- First, we point out that our results are fully consistent with
cating a reduction of synoptic activity. This reduction is con- the basic physics that describe the dynamics of jet streams
sistent with the general reduction of kinetic energy gener-and what would be expected when jet streams are disturbed
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by kinetic energy extraction. As it is well known in mete-
orology, jet streams result from a near geostrophic balance
difference in TOA net shortwave radiation (peak ext. - control) of forCeS, that iS, the quasi_geostrophic flow results from the
% near absence of friction. Hence, little power is involved in
maintaining the high wind speeds of the jet streams. This
near-geostrophic nature of jet streams is reflected in our low
maximum estimate of extractable wind power.

The potential impacts of extraction that we find in the
climate model simulations are consistent with the potential
alteration of the near-geostrophic balance of forces by ki-
netic energy extraction of wind turbines. This balance is
disturbed by an additional drag by wind turbines, and this
drag is unavoidable as kinetic energy needs to be extracted

watts per square meter from the flow to rotate the turbine. Through this additional

e SENE——— | < drag, the resulting motion is brought further away from the

difference in TOA net longwave radiation (peak ext. - control) geOStrOphiC balance! yleldlng a Stronger ageOStrOphiC com-
ponent of the flow. The climate model simulations show
this expected change and the simulated climatic impacts re-
sult from this enhanced ageostrophic flow in the upper at-
mosphere. Furthermore, the climatic impacts that we find
are consistent with those reported Bycher and Caldeira
(2009. SpecificallyArcher and Caldeiré009 p.315 found
a“... strengthening of the Equator-to-Pole thermal difference
[that was] caused by the weakening of the global winds”.
Such a strengthening of the surface temperature difference at
the surface is also found in our simulations at peak extraction
and consistent with our interpretation.

P watts per square meter > Hence, the discrepancy of our estimate to previous ones
| should be found in the methodology. While extractable wind
difference in TOA net radiation (peak ext. - control) power is Common]y determined from the wind Speed by

%,ov3, we took a different approach and considered the free
energy balance of kinetic energy generation, dissipation, and
extraction. In steady state, the rate of kinetic energy extrac-
tion needs to be balanced by how much kinetic energy is
generated and must be less than the rate at which it is nat-
urally transferred out of the jet stream by momentum diffu-
sion. The mean stock of free energy, the kinetic energy of
the flow%pvz, then reflects not just the generation rate, but
also the intensity of its natural depletion and the extent of
extraction. However, as already shown in Sect. 2 above, the
instantaneous wind power density %);f)vg’ is not related to
< ; — > the maximum sustainable rate at which kinetic energy can be
-30.0 225 -15.0 7.5 0.0 7.5 15.0 225 30.0 . . .
extracted from jet streams. The instantaneous wind power

Fig. 9. Net radiation differences between the peak extraction anddenSIty merely describes the .transport of .k|net|c energy by
control simulations at the top of the atmosphere(@rshortwave  the flow through a cross section perpendicular to the flow,
(solar) radiation(b) longwave (thermal) radiation, argd) net radi- but yields little information about the generation and natural
ation. Note how the extraction of kinetic energy from the jet streamsdepletion rate of kinetic energy. This is in particular the case
results in relatively small changes to the net shortwave radiagjon ( for geostrophic flow, where no generation is needed to sus-
but also corresponds to relatively large changes to the net longwavéain geostrophic motion because of the absence of frictional
radiation ) in response to the enhanced upper-atmospheric meriddissipation.
ional heat transport to the poles. The overall difference at the top  Thjs critical distinction between the transport of kinetic
of the atmosphere is less net radiation in the tropics and more negnergy in contrast to the natural rate of depletion is shown
radiation in the mid-latitudes and polar regious ( in Fig. 11 for the climate model simulation. The high rates
of the mean transport of kinetic energy at 200 hPa height
shown in Fig.1la are consistent in pattern and magnitude

watts per square meter
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Fig. 10. Mean 20-yr simulation differences between the maximum jet stream wind power extraction and the control simulation with
differences in(a) 2-m air temperature(b) large-scale precipitation, ar(@) surface pressure variability, arfd) convective precipitation
shown.

with the maps shown byrcher and Caldeirg2009, al- there are substantial, first order effects when kinetic energy
though these are referred to Aycher and Caldeir2009 as  is extracted that affect the ability of the atmosphere to gener-
wind power density. Figur&lb shows the natural depletion ate kinetic energy. To capture these effects, physically-based
rate at 200 hPa due to momentum diffusion with no extrac-models that simulate the generation of kinetic energy and the
tion. As can be seen, the natural depletion rate at 200 hPaffects of extraction on this generation rate are critical for
is 4 orders of magnitude smaller than the transport of ki-estimates of upper limits of wind power, despite all the po-
netic energy. Since in the natural steady state, the generdential flaws that these models may have. Upper estimates
tion of motion balances its depletion, it is this depletion rate that are based on observed wind speeds cannot represent the
that characterizes the power involved in sustaining the flowfree energy balance of kinetic energy and the feedbacks of
The maximum estimates for wind power extraction are thenextraction on generation rates of kinetic energy and thereby
even lower, as shown in Fid.lc, and show relatively little  cannot provide physically consistent estimates.
correspondence to the patterns of the transport of kinetic en- Quantifying theimpactof wind power on climate as the
ergy. Therefore, the transport of kinetic energy by jet streamsaiig of kinetic energy generation to the energy extraction,
cannot be; uged to provide est!mates of maximum sustamablfet stream wind power has a very high impact. Taking the
rates of kinetic energy extraction. global numbers from the peak extraction simulation, the at-
These results have broader implications for how maximummosphere generated 778 TW (36 % less than the control)
estimates of wind power should to be computed in generalwhen influenced by a peak jet stream extraction rate of 7.5
First, we showed that it is critical to consider extraction as TW, for an impact of~100:1 An impact of~20:1 can be
a term in the free energy balance of kinetic energy and uselerived from our previous study of near-surface wind energy
this balance as the fundamental limit on maximum possibleextraction over all non-glaciated land, where the atmosphere
rates of kinetic energy extraction by wind turbines (follow- generated 1065 TW (3 % less than the control) when influ-
ing Gans et al.2010. As wind speeds merely reflect the enced by a peak near-surface wind energy extraction rate of
stock of kinetic energy within the atmosphere, these cannob7 TW (see Fig. 5b oMiller et al,, 2011). This difference
be used to provide such estimates of maximum possible exin impact suggests that utilizing wind at different altitudes
traction rates. Second, our climate model results showed thawithin the atmosphere can have substantially different effects
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transport of kinetic energy at 200 hPa tatively agree with this interpretation, supportive research is
still required.

This study should be clearly recognizable as an extreme
scenario, with the overall aim being to estimate an upper-
bound to jet stream kinetic energy extraction. It would seem
technically nearly impossible to continuously track the re-
gions at which wind speeds exceed 25Thand extract sub-
stantial rates of kinetic energy from the upper atmosphere at
the global scale to get close to our estimate. Furthermore,
substantial interference with the jet streams would change
the climate substantially, in particular through the weakening

walts per square meter of the atmospheric heat engine by two orders of magnitude

] eaesese——__| 2 more than the power gained by extraction. Hence, it would

dissipation at 200 hPa (no extraction) seem that jet stream wind power has very little potential to

contribute to the challenge of meeting the primary energy
demands of humans.

6 Summary and conclusions

We used a new, physically consistent method to estimate the
maximum rate of kinetic energy extraction from high altitude
winds of >25ms1. This method represents kinetic energy
extraction as a term in the free energy balance of kinetic en-
- ergy generation, dissipation, and extraction. Our estimate
4 l:_wf“? pELSduare meter T > for maximum sustainable extraction of kinetic energy from
oo o o o o o8 jet streams is 7.5 TW and is about two orders of magnitude
peak extracted wind power at 200 hPa . . . .
less than previous estimates. Our substantially lower esti-
mate reflects physical consistency with the free energy bal-
ance of kinetic energy, the impacts that substantial kinetic
energy extraction has on the generation rate, and is consis-
tent with the well-established notion that jet streams repre-
sent near-geostrophic flow. In contrast, other estimates are
often based on wind speeds that are then used to compute the
transport of kinetic energy by the flow. This term is then mis-
interpreted as being the sustainable extraction rate of kinetic
energy. Hence, it would seem that velocity based estimates
of wind power are flawed because they cannot infer the terms
of the free energy balance and the effects of extraction on the
! — ohe e — generation rate of free energy, but these terms are the ones
that ultimately limit sustainable extraction rates.
Fig. 11, (2)Mean transport of kinetic energy through a cross section  we conclude that it is critical to start with the free energy
at 200 hPa derived by pv® wherep is the air density and is the 31 3ce for evaluating the potential contributions of different
wind velocity. (b) The mean depletionlty) within the 200 hPa ¢\ ¢ renewable energy to the growing human needs for
model layer due to momentum diffusion under control conditions . .
andc) mean maximum extractionPgyt) within the 200 hPa model energy. These estimates need t.o be performed in an Earth
layer. system_ context to account for first-order consequences of
extraction on the generation rates of free energy. Our ap-
plication of this physically-based approach to high altitude
winds shows that in practicality, there is a very limited po-
on the global generation rate of kinetic energy. Directly re-tential of jet streams to contribute to human energy needs,
lated to this, revieweKirk-Davidoff (2011) suggests thatto and if it were used, only with a very substantial climatic
minimize the impact of higher-altitude wind power technolo- consequence. Previous claims by researchers that “if you
gies, wind energy extraction should be actively researchedapped into 1 percent of the power in high-altitude winds,
at lower altitudes (e.gLansdorp and Williams2006§ and  that would be enough to continuously power all civilization”
adjacent to, but not within the jet streams. While we ten-(Blackman 2009 are based on estimates that do not account

watls per square meter
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for the limitations imposed by the free energy balance andGans, F., Miller, L. M., and Kleidon, A.: The problem of the sec-
are therefore physically flawed. Such statements substantiate ond wind turbine - a note on a common but flawed wind power
the urgent need for a physically-based approach that quan- estimation method, Earth Syst. Dynam. Discuss., 1, 103-114,
tifies the dynamics of free energy generation and depletion d0i:10.5194/esdd-1-103-2019010. o

in the context of Earth system functioning in order to under- Garrett, C. and Cummins, P.: The efficiency of a turbine in a tidal

stand how much these can potentially contribute to a human_channel, J. Fluid Mech., 588, 243-251, 2007. .
renewable energy future. Intergovernmental Panel on Climate Change: IPCC scoping meet-

ing on renewable energy sources — proceedings, 2008.
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