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1
0

1
5

2
0

2
5

A
b

s
tra

c
t

E
lectrical

generation
by

w
ind

turbines
is

increasing
rapidly,

and
has

been
projected

to
satisfy

15%
ofw

orld
electric

dem
and

by
2030.

T
he

extensive
installation

ofw
ind

farm
s

w
ould

alter
surface

roughness
and

significantly
im

pactthe
atm

ospheric
circulation,due

to
the

additional
surface

roughness
forcing.

T
hisforcing

could
be

changed
deliberately

by
adjusting

the
attitude

ofthe
turbine

blades
w

ith
respectto

the
w

ind.
U

sing
a

G
eneral

C
irculation

M
odel

(G
C

M
),

w
e

represent
a

continent-scale
w

ind
farm

as
a

distributed
array

ofsurface
roughness

elem
ents.

H
ere

w
e

show
thatinitialdisturbances

caused
by

a
step

change
in

roughness
grow

w
ithin

fourand
a

halfdays
such

that
the

flow
is

altered
at

synoptic
scales.

T
he

grow
th

rate
ofthe

induced
perturbations

is
largest

in
regions

of
high

atm
ospheric

instability.
For

a
roughness

change
im

posed
over

N
orth

A
m

erica,
the

induced
perturbations

involve
substantial

changes
in

the
track

and
developm

ent
of

cyclones
over

the
N

orth
A

tlantic,
and

the
m

agnitude
of

the
perturbations

rises
above

the
levelof

forecast
uncertainty.

1
In

tro
d

u
c
tio

n

T
he

developm
ent

of
num

erical
w

eather
prediction

(N
W

P)
by

John
von

N
eum

ann
and

Jule
G

harney
w

as
m

otivated
in

part
from

a
d

esire
to

influence
w

eath
er

at
a

distance
(K

w
a,

2002).
H

ow
ever,

von
N

eum
ann

recognized
that

the
practical

m
eans

to
exert

control
on

large-scale
w

eather
did

not
yet

exist
(K

w
a,

2002).
W

hile
N

W
P

w
as

being
developed,

Irving
L

angm
uirand

V
incentS

chaefer's
w

ork
on

cloud
seeding

provided
an

early
m

ethod
form

anipulating
precipitating

system
s

(L
angm

uir,
1950;Schaefer,

1946).
L

angm
uir

(1950)
suggested

that
cloud

seeding
could

be
used

to
suppress

hurricanes
by

altering
early

convective
grow

th
in

tropical
disturbances.

H
ow

ever,
in

subsequent
attem

pts
at

cyclonic-scale
m

odification
such

as
Project

Storm
fury,investigators

did
not

have
attheirdisposal

eitherthe
ability

to
introduce

perturbations
in

the
circulation

larger
than

the
observational

uncertainty,
or

know
ledge

of
the

error
grow

th
m

ode
structure
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1
0

1
5

2
0

2
5

sufficientto
m

atch
the

perturbations
to

the
grow

ing
m

odes
(W

illoughby
et

a!.,1985).
T

he
chaotic

grow
th

of
sm

all
initial

perturbations
in

the
atm

osphere
(L

orenz,
1963)

has
both

positive
and

negative
im

plications
for

w
eather

m
odification

strategies.
A

sm
all

perturbation
in

the
atm

osphere
m

ay
eventually

becom
e

large
enough

to
have

detectable
consequences

forw
eather.

H
ow

ever,
chaos

lim
its

w
eather

predictability
to

a
few

w
eeks,

since
the

various
atm

ospheric
states

consistent
w

ith
observational

un
certainty

diverge
com

pletely
from

one
another

over
that

tim
e

(L
orenz,

1969).
T

hus,
deliberate

synoptic
scale

w
eather

m
odification

requires
the

ability
to

introduce
pertur

bations
that

are
larger

than
observational

uncertainty.
T

h
ese

perturbations
m

ust
also

project
onto

atm
ospheric

m
odes

w
ith

the
potential

to
grow

in
a

desired
direction.

H
off

m
an

(2002)
proposed

a
program

of
global

w
eather

m
odification

in
w

hich
w

eather
w

ould
be

optim
ized

by
system

atically
adjusting

all
hum

an
controlled

phenom
ena

that
could

influence
the

atm
osphere's

flow
.

H
offm

an
et

al.
(2006)

dem
onstrated

in
a

m
odel

that
hurricanes

could
be

steered
by

creating
an

ideal
initial

perturbation
in

the
tem

perature
field.

H
ow

ever,
the

introduction
ofthat

perturbation
required

im
practically

large
energy

inputs.
Previous

m
odeling

studies
have

show
n

that
significantm

ean
changes

in
clim

ate
pat

terns
result

from
the

introduction
of

large-scale
w

ind
farm

s
(K

irk-D
avidoff

and
K

eith,
2008).

E
ffects

on
m

eteorology
have

also
b

een
d

em
o

n
strated

forw
ind

farm
s

of
a

sm
aller

size
in

a
regional

m
odel

(B
aidya

R
oy

et
al.,2004).

T
hese

findings
suggest

that
a

step
change

in
the

effective
roughness

of
a

large-scale
w

ind
farm

m
ightintroduce

a
pertur

bation
in

the
atm

ospheric
flow

larger
than

the
observational

uncertainty.
In

this
study,

w
e

exam
ine

the
evolution

of
perturbations

cau
sed

by
such

step
ch

an
g

es
in

a
fixed

array
of

w
ind

turbines
w

ithin
a

synoptic
forecast

period.
T

h
e

continental
scale

of
this

w
ind

farm
is

consonant
w

ith
that

of
grow

ing
synoptic-scale

m
odes,

and
the

am
plitude

ofthe
roughness

forcing
is

large
w

hen
com

pared
w

ith
the

typical
background

observa
tional

uncertainty
of

th
e

m
ean

w
ind

in
m

odel
initializations

at
th

e
N

ational
C

en
ter

for
E

nvironm
ental

Prediction.
A

lthough
synoptic-scale

perturbations
grow

slow
ly

relative
to

convective-scale
perturbations

(S
chubertand

S
uarez,

1989),
they

saturate
at

higher
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1
0

1
5

2
0

2
5

am
plitudes

than
convective

m
odes

(Toth
and

K
alnay,

1993),
suggesting

that
w

eather
m

odification
m

ay
be

possible
by

taking
advantage

of
the

short-term
predictability

of
m

id-latitude
instabilities.

W
hile

large-scale
w

ind
turbine

installations
like

those
dis

cussed
in

this
paper

do
notyetexist,no

know
n

resource
lim

itations
w

ould
preventtheir

c
o

n
stru

c
tio

n
in

th
e

n
e
a
r

fu
tu

re
.

1.1
T

h
e

potential
for

large-scale
w

ind
farm

s

T
he

w
orldw

ide
w

ind
energy

potentialhas
been

assessed
at

72
T

eraw
atts

(TW
)

(A
rcher

and
Jacobson,

2005).
Total

w
orldw

ide
electric

pow
er

consum
ption

is
projected

to
nearly

double
from

1.9
to

3.5
T

W
betw

een
2004

and
2030

(D
orm

an
et

al.,
2007).

A
large

contribution
from

w
ind

energy
is

typically
proposed

w
hen

m
odeling

the
pow

er
supply

system
under

carbon
constraints

(e.g.
A

ubrey
et

al.,
2006;

D
epartm

ent
of

E
n

ergy,2008;
P

acala
and

Socolow
,

2004).
C

ontinued
rapid

grow
th

of
the

U
nited

S
tates

w
ind

industry
w

ill
result

in
substantial

developm
ent

of
its

w
ind

resource.
T

he
C

entral
U

nited
S

tates
w

ill
be

a
focal

pointof
this

developm
ent

because
it

hosts
the

largest
contiguous

w
ind

resource
of

any
on-shore

region
in

the
U

nited
S

tates
(E

lliott
et

al.,
1986).T

urbine
installation

costs
are

low
erthere

than
in

any
other

region
ofthe

U
nited

S
tates

(W
iserand

B
olinger,

2004).
In

addition,
w

ind
farm

developers
are

w
illing

to
pay

leasing
fees

to
farm

ers
forthe

use
oftheir

land
to

build
w

ind
farm

s,
resulting

in
a

sub
stantial

so
u

rce
of

su
p

p
lem

en
tal

incom
e

for
farm

ers
in

th
e

M
idw

estern
U

nited
S

tates
(D

epartm
ent

of
E

nergy,
2004).

2
M

odel
d

escrip
tio

n

Individual
w

ind
turbines

affect
local

m
om

entum
transports

through
the

creation
of

a
cross-blade

pressure
gradient

and
turbulent

w
akes

(M
edici,

2004).
T

he
aggregate

im
pactofan

array
ofw

ind
turbines

can
be

param
eterized

by
a

single
roughness

length
(V

erm
eer

et
al.,

2003).
T

his
is

the
approach

w
e

have
taken

using
the

N
ational

C
enter
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1
0

1
5

2
0

2
5

forA
tm

ospheric
R

esearch
C

om
m

unity
A

tm
osphere

M
odel3.0

(CA
M

3.0)(C
ollins

etal.,
2006).

2.1
W

ind
farm

s
as

a
surface

roughness
length

CA
M

3.0
describes

land
surface

characteristics
using

the
spatialand

tem
poraldistribu

tion
of

16
Plant

Functional
T

ypes
(PFT

s)
across

the
land

surface.
E

ach
land

gridpoint
can

support
four

unique
PFT

s,
w

ith
coverage

adding
up

to
100%

over
each

grid
point

(B
arlage

and
Z

eng,
2004).

W
e

have
converted

an
unused

PFT
into

a
w

ind
farm

su
b

type,
w

ith
a

"canopy"
height

of
156

m
(to

sim
ulate

w
ind

turbines
w

ith
1

0
0

m
tow

ers
an

d
56

m
blades),

a
ratio

of
roughness

length
to

canopy
heightof

0.0215,
and

a
displace

m
entheightof

zero
m

eters.
W

ind
turbine

roughness
length

w
as

calculated
using

the
L

ettau
m

ethod
(L

ettau,
1969),

assum
ing

turbine
spacing

of
3.4

blade
diam

eters.
T

his
low

value
ofturbine

spacing
w

as
used

because
the

w
ind

farm
PFT

w
as

set
to

occupy
only

25%
of

the
surface

area
w

ithin
the

w
ind

farm
region.

T
his

reduces
the

areal
cov

erage
ofthe

w
ind

farm
PFT

,and
thus

the
packing

density
ofthe

w
ind

turbines.

2
.2

M
o

d
e
l

ru
n

s

T
he

m
odelw

as
run

w
ith

fixed
sea

surface
tem

peratures
atT

42
resolution

forsix
years

w
ith

the
w

ind
farm

present.
T

he
w

ind
farm

occupies
23%

of
the

N
orth

A
m

erican
land

area
and

is
positioned

in
the

central
U

nited
S

tates
and

south
centralC

anada.
Seventy-

tw
o

case
studies

w
ere

created
by

running
the

m
odel

in
branch

m
ode

using
the

m
onthly

restart
files

created
during

th
e

six
y

ears
of

the
control

run.
E

ach
of

th
e

branch
runs

lasted
for

one
m

onth.
For

these
case

studies,
the

w
ind

farm
PFT

roughness
w

as
reduced

by
83%

to
sim

ulate
th

e
m

inim
al

drag
of

a
turbine

profile,w
here

the
face

ofthe
turbine

is
tu

rn
ed

so
th

at
itis

orthogonal
to

th
e

w
ind

direction.
T

h
e

branch
runs

sim
ulate

the
effect

of
a

sudden,
large

reduction
in

surface
roughness

on
the

atm
osphere.

O
n

e
c
a
se

stu
d

y
w

as
ex

am
in

ed
in

detail
to

d
eterm

in
e

th
e

ex
ten

t
to

w
hich

th
e

o
b

serv
ed

atm
o

sp
h

eric
p

ertu
rb

atio
n

s
are

sen
sitiv

e
to

initial
conditions.

Five
se

ts
of

initial
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conditions
w

ere
created

by
adding

to
the

tem
perature

field
a

norm
ally

distributed
ran

dom
perturbation

w
ith

a
standard

deviation
equal

to
1%

of
the

standard
deviation

of
the

tem
perature

field,
to

represent
observational

uncertainty
in

the
initial

conditions
for

th
e

fo
re

c
a
st.

5
2.3

D
issipation

d
u

e
to

surface
roughness

U
sing

12-hourly
low

est
m

odel
level

w
inds

(corresponding
to

an
altitude

of
approxi

m
ately

80
m

)
an

d
th

e
turbine

p
aram

eters
d

iscu
ssed

in
S

ect.
2.1,

w
e

derived
a

total
m

axim
um

energy
output

for
our

hypothetical
w

ind
farm

of
2.48

TW
.

T
his

is
the

pow
er

that
w

ould
be

produced
if

perfectly
efficient

turbines
of

unlim
ited

nam
eplate

capacity
w

ere
installed

over
th

e
entire

region.
Pow

erdissipation
in

the
w

ind
farm

region
w

as
calculated

to
be,on

average,
9.66

TW
.

T
his

calculation
used

w
ind

and
surface

stress
data.

T
his

num
ber

does
not

change
substantially

due
to

the
presence

or
absence

ofthe
turbines,

since
itis

constrained
by

the
im

port
of

m
om

entum
into

the
region

by
the

large-scale
flow

.
Instead,

the
m

odel
atm

osphere
responds

to
the

increased
roughness

by
reducing

the
w

ind
sp

eed
over

the
w

ind
farm

at
the

low
est

m
odel

leveland
m

aintaining
nearly

constant
dissipation.

W
e

can
interpret

this
as

a
shift

from
conversion

of
kinetic

energy
to

heat
via

the
m

otion
of

vegetation,
to

conversion
of

kinetic
energy

to
electrical

pow
er

in
the

w
ind

turbine
generators.

A
t

th
e

sub-grid
level

of
th

e
land

surface
param

eterization,
w

ind
stress

increases
despite

the
low

er
m

ean
w

ind
over

the
fractional

grid
sq

u
ares

w
here

the
w

ind
turbines

are
located.

T
his

occurs
because

the
ratio

betw
een

w
ind

sp
eed

and
w

ind
stress

approxim
ately

doubles,
due

to
the

tw
enty-fold

increase
in

roughness
length

(see
E

q.
(4.434)

in
C

ollins
et

al.,
2004).

A
t

th
e

sam
e

tim
e,

w
ind

stress
over

the
fractional

grid
sq

u
ares

w
ith

vegetation
coverage

d
ecreases

due
to

the
reduced

w
ind

speed.
T

he
L

ettau
m

ethod,
w

hich
w

as
used

forestim
ating

the
turbine

roughness
length,

be
co

m
es

increasingly
inaccurate

for
sp

arsely
distributed

elem
ents,

su
ch

a
s

w
ind

turbines
in

a
w

ind
farm

(M
acdonald

et
al.,

1998).
D

espite
th

ese
difficulties,

w
e

have
ch

o
sen

to
use

the
L

ettau
m

ethod
b

ecau
se

w
e

believe
itto

be
conservative

(see
Fig.1

of
M

acdon-
2
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1
0

1
5

2
0

2
5

aid
et

al.
1998).

For
exam

ple,
B

aidya
R

oy
et

al.
(2004)

show
ed

that
in

a
high

vertical
resolution

m
odel

ofa
100

km
-

scale
w

ind
farm

,
m

om
entum

w
as

driven
aw

ay
from

the
turbine

hub-height,
increasing

w
inds

at
th

e
surface

an
d

above
the

turbine
blades,

and
increasing

surface
dissipation.

N
o

standard
m

ethod
exists

to
m

odel
the

im
pact

ofan
array

of
m

oving
objects

as
a

roughness
length;

w
e

look
forw

ard
to

field
research

that
w

ill
allow

m
ore

accurate
representation

ofw
ind

farm
drag

on
the

atm
ospheric

flow
field

in
larg

e-scale
m

o
d

els.

3
R

e
s
u

lts

F
igure

1
sh

o
w

s
th

e
m

ean
difference

b
etw

een
th

e
c
a
se

an
d

control
ru

n
s

in
th

e
eastw

ard
w

ind
field

at
the

low
est

m
odel

level.
T

he
im

pacts
are,

on
average,

focused
w

ithin
the

w
ind

farm
,

w
here

there
is

a
slow

ing
of

the
w

ind.
T

here
is

also
a

region
of

zonal
acceleration

extending
from

N
orthern

C
anada

to
W

estern
E

urope.
T

he
rectangular

outline
in

th
e

figure
d

em
o

n
strates

th
e

p
lacem

en
t

of
the

w
ind

farm
.

T
h

e
structure

of
the

anom
aly

is
sim

ilar
to

that
found

in
a

previous
20

year
m

odel
run

w
ith

and
w

ithout
w

ind
farm

forcing,
and

it
arises

from
the

dynam
ical

adjustm
ent

of
the

atm
osphere

to
the

surface
roughness

anom
aly

(K
irk-D

avidoff
and

K
eith,

2008).
D

uring
the

firstfew
days

follow
ing

the
decrease

in
m

agnitude
of

the
surface

rough
n

ess
perturbation

in
each

case,
w

e
observe

highly
localized

w
ind

and
tem

perature
anom

alies
that

are
contained

prim
arily

w
ithin

the
w

ind
farm

and
depend

strongly
on

the
overlying

m
eteorological

conditions.
O

ver
the

follow
ing

days,
the

im
pacts

m
ove

dow
nstream

and
eventually

reach
the

N
orth

A
tlantic.

T
here

the
anom

alies
grow

,
and

their
m

agnitudes
ex

ceed
the

m
agnitude

of
th

e
resp

o
n

se
at

the
w

ind
farm

.
T

his
is

sh
o

w
n

in
Fig.

2
a,

a
H

ovm
oller

plot
of

th
e

stan
d

ard
deviation

o
v

er
th

e
7

2
c
a
se

stu
d

ies.
T

he
zonal

w
ind

in
the

low
est

m
odel

layer
is

depicted
in

the
plotand

w
as

averaged
over

the
band

from
29

to
57°

N
to

capture
the

effects
directly

dow
nstream

ofthe
w

ind
farm

.
T

he
horizontal

axis
is

longitude
and

the
vertical

axis
is

tim
e.

Figure
2b

and
c

show
tim

e
slices

of
the

H
ovm

oller
plot,

illustrating
the

dow
nstream

developm
ent

of
the

anom
aly
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1
0

1
5

2
0

2
5

patterns.
W

hen
the

w
ind

farm
is

firstturned
off,the

largestanom
alies

are
located

atthe
w

ind
farm

site.
A

fter
five

days
have

passed,
the

effectofthe
w

ind
farm

is
m

ost
prom

i
nent

in
the

N
orth

A
tlantic,and

the
im

pacts
reach

the
N

orth
Pacific

after
o

n
e

w
eek.

T
he

an
o

m
alies

grow
faster

w
ithin

th
e

A
tlantic

an
d

P
acific

storm
tracks

th
an

o
v

er
land.

A
fter

tw
o

w
eeks

have
elapsed,

the
perturbed

run
has

largely
diverged

from
the

original
run,

obscuring
the

structure
ofthe

w
ind

farm
effects,although

the
largest

anom
alies

are
still

fo
u

n
d

o
v

e
r

th
e

n
o

rth
e
rn

o
c
e
a
n

b
a
sin

s.

E
m

pirical
orthogonal

function
(E

O
F)

analysis
w

as
perform

ed
on

each
day

post-
disturbance,

w
ith

case
num

ber
as

the
prim

ary
dim

ension.
T

he
dom

ain
of

the
analy

sis
focused

on
the

region
dow

nstream
of

the
w

ind
farm

.
Four

and
a

half
days

after
the

surface
roughness

change,
the

dom
inant

E
O

F
com

ponents
display

a
w

ave-like
structure

located
dow

nstream
of

the
w

ind
farm

,
and

extending
into

the
N

orth
A

tlantic
(Fig.

3).
T

he
first

tw
o

E
O

F
com

ponents,
w

hich
explain

22%
ofthe

totalvariability,
are

approxim
ately

in
quadrature

and
depict

a
grow

ing
baroclinic

m
ode.

A
lthough

the
m

ag
nitude

of
the

first
E

O
F

com
ponent

is
sm

all,
the

pattern
is

striking.
O

fthe
firstten

E
O

F
com

ponents,
nine

show
varying

dow
nstream

w
ave

patterns.
C

um
ulatively,

these
nine

com
ponents

account
for

52%
of

the
total

variability,w
hich

indicates
that

th
e

w
ind

farm
induces

large
instabilities

in
the

dow
nstream

flow
after

a
few

days
have

elapsed
from

the
ro

u
g

h
n

ess
perturbation.

A
visual

inspection
of

th
e

zonal
w

ind
an

o
m

alies
at

697
h

P
a

o
v

er
all

o
f

th
e

c
a
se

stu
d

ie
s

rev
eals

a
n

u
m

b
e
r

o
f

in
sta

n
c
e
s

w
h

e
re

a
w

a
v

e
train

o
ccu

rs.

W
ave

am
plitude,

w
avelength,

and
channel

w
idth

vary
greatly

across
all

of
the

cases,
b

u
t

e
a
c
h

is
c
o

n
fin

e
d

to
th

e
c
e
n

tra
l

N
o

rth
A

tlan
tic.

T
he

case
studies

w
ere

also
exam

ined
to

find
particularly

large
m

eteorological
changes.

In
one

case,
a

40
m

anom
aly

w
as

observed
in

the
5

1
0

h
P

a
geopotential

height
field

four
and

a
half

days
after

the
surface

roughness
change

w
as

triggered
in

the
m

odel.
T

his
is

show
n

in
Fig.4a.

T
h

e
anom

aly
o

b
serv

ed
in

this
case

ex
ceed

s
the

av
erag

e
error

in
a

5-day
forecast

of
500

h
P

a
geopotential

height
over

th
e

N
orth

A
tlantic,

w
hich

is
rarely

larger
than

20
m

.
W

e
tested

this
result

by
restarting

the
case

using
five

different sets
of

random
ly

perturbed
initial

conditions.
T

he
ensem

ble
average

and
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1
0

1
5

2
0

2
5

S
tandard

deviation
is

presented
in

Fig.4b.
T

he
structure

and
m

agnitude
ofthe

average
anom

aly
is

sim
ilar

to
th

e
result

show
n

in
Fig.

4a.
T

h
e

stan
d

ard
deviation

acro
ss

the
five

e
n

se
m

b
le

m
e
m

b
e
rs

in
d

ic
a
te

s
th

a
t

th
e

e
n

se
m

b
le

e
rro

r
is

sm
a
ll.

T
h

e
re

su
lts

of
th

e

ensem
ble

im
ply

that
the

induced
perturbation

persists
through

five
different,

random
ly

p
ertu

rb
ed

tests.

4
C

o
n

c
lu

s
io

n
s

T
he

study
presented

here
depicts

a
strong

dow
nstream

im
pact

caused
by

a
large

sur
face

ro
u

g
h

n
ess

perturbation
in

a
G

C
M

.
T

h
e

active
control

of
turbine

orientation
w

ould
enable

m
anipulation

of
the

effective
surface

roughness
of

a
w

ind
farm

.
W

e
have

m
od

eled
this

as
a

tim
e-dependent

ch
an

g
e

in
surface

roughness.
A

tm
ospheric

anom
alies

initially
develop

at
th

e
w

ind
farm

site
d

u
e

to
a

slow
ing

of
the

obstructed
w

ind.
T

he
anom

alies
propagate

dow
nstream

as
a

variety
of

baroclinic
and

barotropic
m

odes,
and

grow
quickly

w
h

en
they

reach
th

e
N

orth
A

tlantic.
T

h
ese

resp
o

n
ses

o
ccu

r
w

ithin
a

short
forecast

tim
efram

e,
w

hich
suggests

that
predictable

influences
on

w
eather

m
ay

be
possible.

T
his

stu
d

y
utilized

an
array

of
highly

variable
initial

conditions
to

initialize
the

m
odel.

O
ngoing

w
ork

w
ill

catalog
the

initial
m

eteorological
conditions

necessary
to

g
en

erate
predictable

and
controlled

dow
nstream

effects
cau

sed
by

w
ind

farm
s.

W
e

perform
ed

an
ensem

ble
study

of
o

n
e

particular
case

w
ith

random
ly

perturbed
initial

c
o

n
d

itio
n

s
c
h

o
se

n
fo

r
b

o
th

th
e

w
in

d
farm

a
n

d
th

e
w

in
d

farm
a
b

se
n

t
c
a
s
e
s

th
a
t

sh
o

w
e
d

thatth
e

atm
o

sp
h

eric
perturbation

p
ersists

acro
ss

th
e

en
sem

b
le

m
em

b
ers.

W
e

w
illcon

tinue
to

stu
d

y
th

e
w

ind
farm

effects
in

an
en

sem
b

le
co

n
tex

t
to

d
eterm

in
e

th
e

conditions
n

ecessary
for

induced
perturbations

to
project

strongly
onto

th
e

fastest
m

o
d

es
of

er
ror

grow
th.

T
his

w
ill

illustrate
th

e
statistical

significance
an

d
regularity

of
dow

nstream
ch

an
g

es
in

th
e

atm
o

sp
h

ere.
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