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What is driving the observed changes in natural vegetation?
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• Human dominated land surface is greening due to land management (Chen et al., 2019). 

• Rising CO2 as driver of changes in natural vegetation is debated: 

– CO2 fertilization explain 70% of the global greening trend (Zhu et al., 2016). 

– However, no significant increase in leaf area under elevated CO2 in field studies (e.g. Norby et al. 2003). 

• A rigorous regional attribution at biome-level of what is behind the observed changes is currently lacking. 

Our approach: 

• Analyze multi-decadal satellite observations of natural vegetation 

• Disentangle the effects of CO2 in idealized model simulations 

• Apply Causal Theory for driver attribution on biome scale*

* here only tropical forests and northern ecosystems are shown

http://hdl.handle.net/21.11116/0000-0005-9396-B
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How Rising CO2 Affects Plant Productivity
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Radiative effect (RE): Climatic changesPhysiological effect (PE): CO2 fertilization

1. Stimulation of carbon fixation

radiation 
(cloudiness)

precipitation
temperature

2. Enhancement of water-use efficiency

↓H2O

↑CO2

RuBisCO enzyme

↑CO2O2

↑Carbon 
assimilationPhotorespiration

Stomata

Plant productivity can be affected either way: 

↑ Increase due to e.g. warming or increased rainfall 

↓ Decline due to e.g. drying or disturbances

http://hdl.handle.net/21.11116/0000-0005-9396-B


Winkler, 2020 
DOI: 10.17617/2.3190373

Observed Patterns of Greening and Browning

• CO2 increased by 65 ppm 
throughout the satellite era 
(1982 to 2017). 

• Satellite observations of leaf 
area index (LAI, leaf area per 
unit ground area). 

• 54% of Earth’s natural 
vegetation exhibit significant* 
trends: 

- Greening: 40% 

- Browning: 14%
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AVHRR LAI3g

* Mann-Kendall test ( p < 0.1 )

http://hdl.handle.net/21.11116/0000-0005-9396-B
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Driver Attribution Using Causal Theory
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Probability of 
Necessary Causation

Probability of 
Sufficient Causation

Probability of Necessary 
and Sufficient Causation
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CRE

CPE

What is the probability that a given forcing has caused a long-term change in the system? 

Event E:  occurrence of long-term change in the system, e.g. greening (EG) 

Cause C:  presence of given forcing, e.g. radiative (CRE) or physiological (CPE) effect of CO2

References: Pearl, 2009 
Hannart & Naveau, 2018
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p
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b
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CRE CPE

High PNS reflects 
evidence for the existence 
of a causal relationship.
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icatio
n
o
f
cau
sal

claim
s—
in
p
articu
lar
w
h
en
it
co
m
es
to
th
e
q
u
an
tifi
cation

o
f
u
n
certainty,
th
at
is,
o
f
th
e
p
ro
b
ab
ility
th
at
a
given

fo
rcin
g
h
as
cau
sed
a
given
o
b
served
p
h
en
o
m
en
o
n
.

H
ere,
w
e
ad
ap
t
so
m
e
fo
rm
al
d
efi
n
itio
n
s
o
f
cau
sality

an
d
p
ro
b
ab
ility
o
f
cau
satio
n
to
th
e
co
n
text
o
f
clim
ate

ch
an
ge
attrib
u
tio
n
.
T
h
en
,
w
e
d
etail
tech
n
ical
im
p
le-

m
en
tatio
n
u
n
d
er
stan
d
ard
assu
m
p
tio
n
s
u
sed
in
D
&
A
.

T
h
e
m
eth
o
d
is
fi
n
ally
illu
strated
o
n
th
e
w
arm
in
g
o
b
-

served
o
ver
th
e
tw
en
tieth
cen
tu
ry.

2.
C
au
sal
co
u
n
terfactu
al
th
eo
ry

W
h
ile
an
o
verview
o
f
cau
salth
eo
ry
can
n
o
t
b
e
rep
eated

h
ere,
it
is
n
ecessary
fo
r
clarity
an
d
self-co
n
tain
ed
n
ess
to

h
igh
ligh
t
its
k
ey
id
eas
an
d
m
o
st
relevan
t
co
n
cep
ts
fo
r
th
e

p
resen
t
d
iscu
ssio
n
.

L
et
u
s
fi
rst
recall
th
e
so
-called
co
u
n
terfactu
al
d
efi
n
i-

tio
n
o
f
cau
sality
b
y
q
u
o
tin
g
th
e
eigh
teen
th
-cen
tu
ry

S
co
ttish
p
h
ilo
so
p
h
er
D
avid
H
u
m
e:
‘‘W
e
m
ay
d
efi
n
e
a

cau
se
to
b
e
an
o
b
ject
fo
llo
w
ed
b
y
an
o
th
er,w
h
ere,if
th
e

fi
rst
o
b
ject
h
ad
n
o
t
b
een
,th
e
seco
n
d
n
ever
h
ad
existed
.’’

In
o
th
er
w
o
rd
s,an
even
t
E
(E
stan
d
s
fo
r
effect)
is
cau
sed

b
y
an
even
t
C
(C
stan
d
s
fo
r
cau
se)
if
an
d
o
n
ly
if
E
w
o
u
ld

n
o
t
o
ccu
r
w
ere
it
n
o
t
fo
r
C
.
N
o
te
th
at
th
e
w
o
rd
even
t
is

u
sed
h
ere
in
its
gen
eral,
m
ath
em
atical
sen
se
o
f
a
su
b
set

o
f
a
sam
p
le
sp
ace
V
.
A
cco
rd
in
g
to
th
is
d
efi
n
itio
n
,
evi-

d
en
cin
g
cau
sality
req
u
ires
a
co
u
n
terfactu
alap
p
ro
ach
b
y

w
h
ich
o
n
e
in
q
u
ires
w
h
eth
er
o
r
n
o
t
th
e
even
t
E
w
o
u
ld

h
ave
o
ccu
rred
in
a
h
yp
o
th
etical
w
o
rld
,
term
ed
co
u
n
-

terfactu
al,
in
w
h
ich
th
e
even
t
C
w
o
u
ld
n
o
t
h
ave
o
c-

cu
rred
.
T
h
e
fu
n
d
am
en
tal
ap
p
ro
ach
o
f
cau
sality
th
at
is

im
p
lied
b
y
th
is
d
efi
n
itio
n
is
still
en
tirely
relevan
t
in

th
e
stan
d
ard
cau
sal
th
eo
ry.
It
m
ay
also
argu
ab
ly
b
e

co
n
n
ected
to
th
e
gu
id
an
ce
p
rin
cip
les
o
fth
e
co
n
ven
tio
n
al

clim
ate
ch
an
ge
attrib
u
tio
n
fram
ew
o
rk
an
d
to
th
e
o
p
ti-

m
al
fi
n
gerp
rin
tin
g
m
o
d
els,in
a
q
u
alitative
m
an
n
er.T
h
e

m
ain
virtu
e
o
f
th
e
stan
d
ard
cau
sality
th
eo
ry
o
f
P
earl

co
n
sists
in
o
u
r
view
in
fo
rm
alizin
g
p
recisely
th
e
ab
o
ve

q
u
alitative
d
efi
n
itio
n
,
th
u
s
allo
w
in
g
fo
r
so
u
n
d
q
u
an
tita-

tive
d
evelo
p
m
en
ts.
A
p
ro
m
in
en
t
featu
re
o
f
th
is
th
eo
ry

co
n
sists
in
fi
rst
reco
gn
izin
g
th
at
cau
satio
n
co
rresp
o
n
d
s

to
rath
er
d
ifferen
t
situ
atio
n
s
an
d
th
at
th
ree
d
istin
ct

facets
o
f
cau
sality
sh
o
u
ld
b
e
d
istin
gu
ish
ed
:(i)
n
ecessary

cau
satio
n
,w
h
ere
th
e
o
ccu
rren
ce
o
f
E
req
u
ires
th
at
o
f
C

b
u
t
m
ay
also
req
u
ire
o
th
er
facto
rs;
(ii)
su
ffi
cien
t
cau
sa-

tio
n
,w
h
ere
th
e
o
ccu
rren
ce
o
f
C
d
rives
th
at
o
f
E
b
u
t
m
ay

n
o
t
b
e
req
u
ired
fo
r
E
to
o
ccu
r;
an
d
(iii)
n
ecessary
an
d

su
ffi
cien
t
cau
satio
n
,
w
h
ere
(i)
an
d
(ii)
b
o
th
h
o
ld
.
T
h
e

fu
n
d
am
en
tal
d
istin
ctio
n
b
etw
een
th
ese
th
ree
facets
can

b
e
visu
alized
b
y
u
sin
g
th
e
sim
p
le
illu
stratio
n
sh
o
w
n
in

F
ig.
1.

W
h
ile
th
e
co
u
n
terfactu
al
d
efi
n
itio
n
as
w
ell
as
th
e

th
ree
facets
o
f
cau
sality
d
escrib
ed
ab
o
ve
m
ay
b
e
u
n
-

d
ersto
o
d
at
fi
rst
in
a
fu
lly
d
eterm
in
istic
sen
se,
p
erh
ap
s

th
e
m
ain
stren
gth
o
f
P
earl’s
fo
rm
alizatio
n
is
to
p
ro
p
o
se

an
exten
sio
n
o
f
th
ese
d
efi
n
itio
n
s
u
n
d
er
a
p
ro
b
ab
ilistic

settin
g.
T
h
e
p
ro
b
ab
ilities
o
f
cau
satio
n
are
th
ereb
y
d
e-

fi
n
ed
as
fo
llo
w
:

P
S
(C
/

E
)5
PhE
jd
o
(C
),C
,E
i,

(3a)

P
N
(C
/

E
)5
PhE
jd
o
(C
),C
,E
i,

(3b
)

P
N
S
(C
/

E
)5
PhE
jd
o
(C
),E
jd
o
(C
)i,

(3c)

w
h
ere
C
an
d
E
are
th
e
co
m
p
lem
en
taries
o
f
C
an
d
E
,an
d

w
h
ere
th
e
n
o
tatio
n
d
o
(.)
m
ean
s
th
at
an
in
terven
tio
n
is

ap
p
lied
to
th
e
system
u
n
d
er
cau
sal
in
vestigatio
n
.
F
o
r

in
stan
ce
P
S
,th
e
p
ro
b
ab
ility
o
f
su
ffi
cien
tcau
satio
n
,read
s

fro
m
th
e
ab
o
ve
th
at
th
e
p
ro
b
ab
ility
th
at
E
o
ccu
rs
w
h
en

C
is
in
terven
tio
n
ally
fo
rced
to
o
ccu
r,co
n
d
itio
n
al
o
n
th
e

fact
th
at
n
eith
er
C
n
o
r
E
w
as
o
ccu
rrin
g
in
th
e
fi
rst
p
lace.

C
o
n
versely
P
N
,th
e
p
ro
b
ab
ility
o
f
n
ecessary
cau
satio
n
,is

d
efi
n
ed
as
th
e
p
ro
b
ab
ility
th
atE
w
o
u
ld
n
o
to
ccu
r
w
h
en
C

is
in
terven
tio
n
ally
fo
rced
to
n
o
t
o
ccu
r,
co
n
d
itio
n
al
o
n

th
e
fact
th
at
b
o
th
C
an
d
E
w
ere
o
ccu
rrin
g
in
th
e
fi
rst

p
lace.
W
h
ile
w
e
o
m
it
h
ere
th
e
fo
rm
al
d
efi
n
itio
n
o
f
th
e

in
terven
tio
n
d
o
(.)
fo
r
b
revity,
th
e
latter
can
b
e
u
n
d
er-

sto
o
d
m
erely
as
exp
erim
en
tatio
n
:
ap
p
lyin
g
th
ese
d
efi
-

n
itio
n
s
th
u
s
req
u
ires
th
e
ab
ility
to
exp
erim
en
t.
R
eal

exp
erim
en
tatio
n
,
w
h
eth
er
in
situ
o
r
in
vivo
,
is
o
ften
ac-

cessib
le
in
m
an
y
fi
eld
s
b
u
tit
is
n
o
tin
clim
ate
research
fo
r

o
b
vio
u
s
reaso
n
s.
In
th
is
case,
o
n
e
can
th
u
s
o
n
ly
rely
o
n

n
u
m
erical
in
silico
exp
erim
en
tatio
n
:th
e
im
p
licatio
n
s
o
f

th
is
co
n
strain
t
are
d
iscu
ssed
fu
rth
er.

W
h
ile
th
e
p
ro
b
ab
ilities
o
f
cau
satio
n
are
n
o
t
easily

co
m
p
u
tab
le
in
gen
eral,
th
eir
exp
ressio
n
fo
rtu
n
ately

F
IG
.
1.T
h
e
th
ree
facets
o
f
cau
sality.(a)
B
u
lb
E
can
n
ever
b
e
lit

u
n
less
sw
itch
C
1
is
o
n
,
yet
activatin
g
C
1
d
o
es
n
o
t
alw
ays
resu
lt
in

ligh
tin
g
E
as
th
is
also
req
u
ires
tu
rn
in
g
o
n
C
2:tu
rn
in
g
o
n
C
1
is
th
u
s

a
n
ecessary
cau
se
o
f
E
ligh
tin
g,b
u
t
n
o
t
a
su
ffi
cien
t
o
n
e.(b
)
E
is
lit

an
y
tim
e
C
1
is
tu
rn
ed
o
n
,yet
if
C
1
is
tu
rn
ed
o
ff
E
m
ay
stillb
e
lit
b
y

activatin
g
C
2:tu
rn
in
g
o
n
C
1
is
th
u
s
a
su
ffi
cien
t
cau
se
o
f
E
ligh
tin
g,

b
u
t
n
o
t
a
n
ecessary
o
n
e.
(c)
T
u
rn
in
g
o
n
C
1
alw
ays
ligh
ts
E
,
an
d
E

m
ay
n
o
t
b
e
ligh
ted
u
n
less
C
1
is
o
n
:tu
rn
in
g
o
n
C
1
is
th
u
s
a
n
ecessary

an
d
su
ffi
cien
t
cau
se
o
f
E
ligh
tin
g.

15
J
U
L
Y
2018

H
A
N
N
A
R
T

A
N
D

N
A
V
E
A
U

5509

resu
lts,
an
d
stream
lining
th
e
co
m
m
u
n
icatio
n
o
f
cau
sal

claim
s—
in
p
articu
lar
w
h
en
it
co
m
es
to
th
e
q
u
an
tifi
cation

o
f
u
n
certainty,
th
at
is,
o
f
th
e
p
ro
b
ab
ility
th
at
a
given

fo
rcin
g
h
as
cau
sed
a
given
o
b
served
p
h
en
o
m
en
o
n
.

H
ere,
w
e
ad
ap
t
so
m
e
fo
rm
al
d
efi
n
itio
n
s
o
f
cau
sality

an
d
p
ro
b
ab
ility
o
f
cau
satio
n
to
th
e
co
n
text
o
f
clim
ate

ch
an
ge
attrib
u
tio
n
.
T
h
en
,
w
e
d
etail
tech
n
ical
im
p
le-

m
en
tatio
n
u
n
d
er
stan
d
ard
assu
m
p
tio
n
s
u
sed
in
D
&
A
.

T
h
e
m
eth
o
d
is
fi
n
ally
illu
strated
o
n
th
e
w
arm
in
g
o
b
-

served
o
ver
th
e
tw
en
tieth
cen
tu
ry.

2.
C
au
sal
co
u
n
terfactu
al
th
eo
ry

W
h
ile
an
o
verview
o
f
cau
salth
eo
ry
can
n
o
t
b
e
rep
eated

h
ere,
it
is
n
ecessary
fo
r
clarity
an
d
self-co
n
tain
ed
n
ess
to

h
igh
ligh
t
its
k
ey
id
eas
an
d
m
o
st
relevan
t
co
n
cep
ts
fo
r
th
e

p
resen
t
d
iscu
ssio
n
.

L
et
u
s
fi
rst
recall
th
e
so
-called
co
u
n
terfactu
al
d
efi
n
i-

tio
n
o
f
cau
sality
b
y
q
u
o
tin
g
th
e
eigh
teen
th
-cen
tu
ry

S
co
ttish
p
h
ilo
so
p
h
er
D
avid
H
u
m
e:
‘‘W
e
m
ay
d
efi
n
e
a

cau
se
to
b
e
an
o
b
ject
fo
llo
w
ed
b
y
an
o
th
er,w
h
ere,if
th
e

fi
rst
o
b
ject
h
ad
n
o
t
b
een
,th
e
seco
n
d
n
ever
h
ad
existed
.’’

In
o
th
er
w
o
rd
s,an
even
t
E
(E
stan
d
s
fo
r
effect)
is
cau
sed

b
y
an
even
t
C
(C
stan
d
s
fo
r
cau
se)
if
an
d
o
n
ly
if
E
w
o
u
ld

n
o
t
o
ccu
r
w
ere
it
n
o
t
fo
r
C
.
N
o
te
th
at
th
e
w
o
rd
even
t
is

u
sed
h
ere
in
its
gen
eral,
m
ath
em
atical
sen
se
o
f
a
su
b
set

o
f
a
sam
p
le
sp
ace
V
.
A
cco
rd
in
g
to
th
is
d
efi
n
itio
n
,
evi-

d
en
cin
g
cau
sality
req
u
ires
a
co
u
n
terfactu
alap
p
ro
ach
b
y

w
h
ich
o
n
e
in
q
u
ires
w
h
eth
er
o
r
n
o
t
th
e
even
t
E
w
o
u
ld

h
ave
o
ccu
rred
in
a
h
yp
o
th
etical
w
o
rld
,
term
ed
co
u
n
-

terfactu
al,
in
w
h
ich
th
e
even
t
C
w
o
u
ld
n
o
t
h
ave
o
c-

cu
rred
.
T
h
e
fu
n
d
am
en
tal
ap
p
ro
ach
o
f
cau
sality
th
at
is

im
p
lied
b
y
th
is
d
efi
n
itio
n
is
still
en
tirely
relevan
t
in

th
e
stan
d
ard
cau
sal
th
eo
ry.
It
m
ay
also
argu
ab
ly
b
e

co
n
n
ected
to
th
e
gu
id
an
ce
p
rin
cip
les
o
fth
e
co
n
ven
tio
n
al

clim
ate
ch
an
ge
attrib
u
tio
n
fram
ew
o
rk
an
d
to
th
e
o
p
ti-

m
al
fi
n
gerp
rin
tin
g
m
o
d
els,in
a
q
u
alitative
m
an
n
er.T
h
e

m
ain
virtu
e
o
f
th
e
stan
d
ard
cau
sality
th
eo
ry
o
f
P
earl

co
n
sists
in
o
u
r
view
in
fo
rm
alizin
g
p
recisely
th
e
ab
o
ve

q
u
alitative
d
efi
n
itio
n
,
th
u
s
allo
w
in
g
fo
r
so
u
n
d
q
u
an
tita-

tive
d
evelo
p
m
en
ts.
A
p
ro
m
in
en
t
featu
re
o
f
th
is
th
eo
ry

co
n
sists
in
fi
rst
reco
gn
izin
g
th
at
cau
satio
n
co
rresp
o
n
d
s

to
rath
er
d
ifferen
t
situ
atio
n
s
an
d
th
at
th
ree
d
istin
ct

facets
o
f
cau
sality
sh
o
u
ld
b
e
d
istin
gu
ish
ed
:(i)
n
ecessary

cau
satio
n
,w
h
ere
th
e
o
ccu
rren
ce
o
f
E
req
u
ires
th
at
o
f
C

b
u
t
m
ay
also
req
u
ire
o
th
er
facto
rs;
(ii)
su
ffi
cien
t
cau
sa-

tio
n
,w
h
ere
th
e
o
ccu
rren
ce
o
f
C
d
rives
th
at
o
f
E
b
u
t
m
ay

n
o
t
b
e
req
u
ired
fo
r
E
to
o
ccu
r;
an
d
(iii)
n
ecessary
an
d

su
ffi
cien
t
cau
satio
n
,
w
h
ere
(i)
an
d
(ii)
b
o
th
h
o
ld
.
T
h
e

fu
n
d
am
en
tal
d
istin
ctio
n
b
etw
een
th
ese
th
ree
facets
can

b
e
visu
alized
b
y
u
sin
g
th
e
sim
p
le
illu
stratio
n
sh
o
w
n
in

F
ig.
1.

W
h
ile
th
e
co
u
n
terfactu
al
d
efi
n
itio
n
as
w
ell
as
th
e

th
ree
facets
o
f
cau
sality
d
escrib
ed
ab
o
ve
m
ay
b
e
u
n
-

d
ersto
o
d
at
fi
rst
in
a
fu
lly
d
eterm
in
istic
sen
se,
p
erh
ap
s

th
e
m
ain
stren
gth
o
f
P
earl’s
fo
rm
alizatio
n
is
to
p
ro
p
o
se

an
exten
sio
n
o
f
th
ese
d
efi
n
itio
n
s
u
n
d
er
a
p
ro
b
ab
ilistic

settin
g.
T
h
e
p
ro
b
ab
ilities
o
f
cau
satio
n
are
th
ereb
y
d
e-

fi
n
ed
as
fo
llo
w
:

P
S
(C
/

E
)5
PhE
jd
o
(C
),C
,E
i,

(3a)

P
N
(C
/

E
)5
PhE
jd
o
(C
),C
,E
i,

(3b
)

P
N
S
(C
/

E
)5
PhE
jd
o
(C
),E
jd
o
(C
)i,

(3c)

w
h
ere
C
an
d
E
are
th
e
co
m
p
lem
en
taries
o
f
C
an
d
E
,an
d

w
h
ere
th
e
n
o
tatio
n
d
o
(.)
m
ean
s
th
at
an
in
terven
tio
n
is

ap
p
lied
to
th
e
system
u
n
d
er
cau
sal
in
vestigatio
n
.
F
o
r

in
stan
ce
P
S
,th
e
p
ro
b
ab
ility
o
f
su
ffi
cien
tcau
satio
n
,read
s

fro
m
th
e
ab
o
ve
th
at
th
e
p
ro
b
ab
ility
th
at
E
o
ccu
rs
w
h
en

C
is
in
terven
tio
n
ally
fo
rced
to
o
ccu
r,co
n
d
itio
n
al
o
n
th
e

fact
th
at
n
eith
er
C
n
o
r
E
w
as
o
ccu
rrin
g
in
th
e
fi
rst
p
lace.

C
o
n
versely
P
N
,th
e
p
ro
b
ab
ility
o
f
n
ecessary
cau
satio
n
,is

d
efi
n
ed
as
th
e
p
ro
b
ab
ility
th
atE
w
o
u
ld
n
o
to
ccu
r
w
h
en
C

is
in
terven
tio
n
ally
fo
rced
to
n
o
t
o
ccu
r,
co
n
d
itio
n
al
o
n

th
e
fact
th
at
b
o
th
C
an
d
E
w
ere
o
ccu
rrin
g
in
th
e
fi
rst

p
lace.
W
h
ile
w
e
o
m
it
h
ere
th
e
fo
rm
al
d
efi
n
itio
n
o
f
th
e

in
terven
tio
n
d
o
(.)
fo
r
b
revity,
th
e
latter
can
b
e
u
n
d
er-

sto
o
d
m
erely
as
exp
erim
en
tatio
n
:
ap
p
lyin
g
th
ese
d
efi
-

n
itio
n
s
th
u
s
req
u
ires
th
e
ab
ility
to
exp
erim
en
t.
R
eal

exp
erim
en
tatio
n
,
w
h
eth
er
in
situ
o
r
in
vivo
,
is
o
ften
ac-

cessib
le
in
m
an
y
fi
eld
s
b
u
tit
is
n
o
tin
clim
ate
research
fo
r

o
b
vio
u
s
reaso
n
s.
In
th
is
case,
o
n
e
can
th
u
s
o
n
ly
rely
o
n

n
u
m
erical
in
silico
exp
erim
en
tatio
n
:th
e
im
p
licatio
n
s
o
f

th
is
co
n
strain
t
are
d
iscu
ssed
fu
rth
er.

W
h
ile
th
e
p
ro
b
ab
ilities
o
f
cau
satio
n
are
n
o
t
easily

co
m
p
u
tab
le
in
gen
eral,
th
eir
exp
ressio
n
fo
rtu
n
ately

F
IG
.
1.T
h
e
th
ree
facets
o
f
cau
sality.(a)
B
u
lb
E
can
n
ever
b
e
lit

u
n
less
sw
itch
C
1
is
o
n
,
yet
activatin
g
C
1
d
o
es
n
o
t
alw
ays
resu
lt
in

ligh
tin
g
E
as
th
is
also
req
u
ires
tu
rn
in
g
o
n
C
2:tu
rn
in
g
o
n
C
1
is
th
u
s

a
n
ecessary
cau
se
o
f
E
ligh
tin
g,b
u
t
n
o
t
a
su
ffi
cien
t
o
n
e.(b
)
E
is
lit

an
y
tim
e
C
1
is
tu
rn
ed
o
n
,yet
if
C
1
is
tu
rn
ed
o
ff
E
m
ay
stillb
e
lit
b
y

activatin
g
C
2:tu
rn
in
g
o
n
C
1
is
th
u
s
a
su
ffi
cien
t
cau
se
o
f
E
ligh
tin
g,

b
u
t
n
o
t
a
n
ecessary
o
n
e.
(c)
T
u
rn
in
g
o
n
C
1
alw
ays
ligh
ts
E
,
an
d
E

m
ay
n
o
t
b
e
ligh
ted
u
n
less
C
1
is
o
n
:tu
rn
in
g
o
n
C
1
is
th
u
s
a
n
ecessary

an
d
su
ffi
cien
t
cau
se
o
f
E
ligh
tin
g.

15
J
U
L
Y
2018

H
A
N
N
A
R
T

A
N
D

N
A
V
E
A
U

5509

flip 
switch

light 
bulb

http://hdl.handle.net/21.11116/0000-0005-9396-B


Winkler, 2020 
DOI: 10.17617/2.3190373

�6

Overview of experiments: 

1. Control run at preindustrial conditions 

2. Historical simulation with all forcings 

All historical forcings except the  

3. physiological effect of CO2 (No PE) 

4. radiative effect of CO2 (No RE) 

5. combined effect of CO2 (No CO2)

Multi-Model Ensemble: TRENDYv7 

• Stand-alone land surface models 

• Driven with observed climate 1900-2017 

• Ensemble of 13 different models

Model Simulations
Single Model Ensemble: MPI-ESM1.2 

• Fully-coupled Earth system model 

• Historical simulations 1850-2013 

• Ensemble of 6 realizations
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Radiative Effect is Dominant Driver in the North
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PNS MPI-ESM TRENDYv7

Combined 99 % 99 %

Physiological 98 % 61 %

Radiative 86 % 87 %

PNS MPI-ESM TRENDYv7

Combined 98 % 99 %

Physiological 59 % 47 %

Radiative 84 % 99 %
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Tropical Forests are Browning with Rising CO2

�8

• No attribution possible due 
to high uncertainty. 

• Models show compensatory 
effects of rising CO2. 

• Observed trend switches 
sign in recent decades.
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Conclusions
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• Northern ecosystems are mainly greening due to the radiative effect of CO2. 

• Tropical forests enter browning phase which is not captured by models. 

•☞ Rising CO2 drives divergent responses of the natural vegetation:  

Persistent leaf area loss in tropical forests and gain in northern ecosystems. 

• This development indicates the respective contributions of these ecosystems to the 
recent terrestrial carbon sink.
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