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Figure S1. Ten-thousand explored trajectories (black lines) between JFK and MUC in the vertical cross section

(top) and projection on the Earth (bottom), including the time-optimal flight trajectories (red and blue lines).

(a) The eastbound flight from JFK to MUC. (b) The westbound flight from MUC to JFK.
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Figure S2. Ten-thousand explored trajectories (black lines) between SEA and AMS in the vertical cross section

(top) and projection on the Earth (bottom), including the time-optimal flight trajectories (red and blue lines).

(a) The eastbound flight from SEA to AMS. (b) The westbound flight from AMS to SEA.
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Figure S3. Trajectories for the time-optimal (red and blue lines) and great circle cases (black lines) between

JFK and MUC. The contours show the zonal wind speed (u in ms−1); arrows (black) show the wind speed

(
√
u2 + v2) and direction. (a) The eastbound flight from JFK to MUC with the wind field at h= 8841 m at

01:30:00 UTC. (b) The westbound flight from MUC to JFK with the wind field at h= 8839 m at 14:27:00

UTC.

Figure S4. Trajectories for the time-optimal (red and blue lines) and great circle cases (black lines) between

SEA and AMS. The contours show the zonal wind speed (u in ms−1); arrows (black) show the wind speed

(
√
u2 + v2) and direction. (a) The eastbound flight from SEA to AMS with the wind field at h= 10 829 m

at 21:05:00 UTC. (b) The westbound flight from AMS to SEA with the wind field at h= 9311 m at 12:30:00

UTC.
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Figure S5. Altitude distributions of the true air speed VTAS in ms−1 (a, b) and the tail wind indicator

Vground/VTAS (c, d) along the time-optimal flight trajectories (black line) between JFK and MUC. Note that

(Vground/VTAS)≥ 1.0 means tail winds (TW, red), while (Vground/VTAS)< 1.0 means head winds (HW, blue)

in the flight direction. The contours were obtained at the departure time: 01:30:00 UTC (eastbound, a, c);

14:27:00 UTC (westbound, b, d).
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Figure S6. Altitude distributions of the true air speed VTAS in ms−1 (a, b) and the tail wind indicator

Vground/VTAS (c, d) along the time-optimal flight trajectories (black line) between SEA and AMS. Note that

(Vground/VTAS)≥ 1.0 means tail winds (TW, red), while (Vground/VTAS)< 1.0 means head winds (HW, blue)

in the flight direction. The contours were obtained at the departure time: 21:05:00 UTC (eastbound, a, c);

12:30:00 UTC (westbound, b, d).
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Figure S7. Values of the ground speed Vground at waypoints for the time-optimal and great circle flights. Linear

fits of the time-optimal (solid line, red (eastbound) and blue (westbound)) and great circle cases (dashed line,

red (eastbound) and blue (westbound)) are included. VTAS of the international standard atmosphere (ISA) is

given (solid line, black) provided by the BADA atmosphere table (Eurocontrol, 2010).
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Figure S8. Comparison of the fuel use (a), NOx (b) and H2O (c) emissions for individual flights. A symbol

indicates the value for one airport pair, corresponding to the time-optimal and great circle flights. If the value

for the time-optimal flight is the same as that of the great circle flight, the symbol lies on the 1:1 solid line.

7



Ta
bl

e
S1

.O
bt

ai
ne

d
de

si
gn

va
ri

ab
le

s
x
j
(j

=
1
,2
,·
··
,1
1
)

an
d

ob
je

ct
iv

e
fu

nc
tio

n
f

(=
fli

gh
tt

im
e)

fo
r1

0
op

tim
al

so
lu

tio
ns

.T
he

so
lu

tio
ns

w
er

e
ca

lc
ul

at
ed

w
ith

di
ff

er
en

ti
ni

tia
l

p
op

u
la
ti
on

s
fo

rt
he

p
op

u
la
ti
on

si
ze

n
p
=

1
0
0

an
d

th
e

nu
m

be
ro

fg
en

er
a
ti
on

s
n
g
=

1
0
0

.T
he

di
ff

er
en

ce
in

fli
gh

tt
im

e
be

tw
ee

n
th

e
op

tim
al

so
lu

tio
n
f

an
d

th
e

tr
ue

-o
pt

im
al

so
lu

tio
n
f t

ru
e

is
ca

lc
ul

at
ed

as
∆
f
=

f
−
f t

ru
e

(f
tr
u
e
=

2
5
9
9
4
.0

s)
.T

he
fli

gh
tt

im
e

is
m

in
im

al
fo

r
th

e
So

lu
tio

n
9,

w
hi

ch
co

rr
es

po
nd

s
to

th
e

be
st

so
lu

tio
n

sh
ow

n
in

Fi
gs

.7
to

10
.T

he
m

ea
n

va
lu

e
an

d
th

e
st

an
da

rd
de

vi
at

io
n

of
th

e
10

ob
je

ct
iv

e
fu

nc
tio

ns
ar

e
ex

pr
es

se
d

by
∆
f

an
d
s ∆

f
,r

es
pe

ct
iv

el
y

(s
ee

ca
pt

io
n

in
Fi

g.
11

fo
rm

or
e

de
ta

ils
).

So
lu

tio
n

x
1
,◦

W
x
2
,◦

N
x
3
,◦

W
x
4
,◦

N
x
5
,◦

W
x
6
,◦

N
x
7
,m

x
8
,m

x
9
,m

x
1
0
,m

x
1
1
,m

f
,s

∆
f

,s

1
5.

18
53

.4
8

31
.7

2
54

.4
1

57
.3

8
49

.6
0

88
40

.1
88

40
.1

88
40

.2
88

39
.4

88
41

.9
25

99
6.

8
2.

8

2
5.

11
53

.4
7

31
.9

4
54

.3
6

57
.3

8
49

.5
6

88
44

.8
88

41
.0

88
40

.2
88

39
.5

88
47

.4
25

99
6.

8
2.

8

3
5.

10
53

.4
5

31
.8

6
54

.3
7

57
.3

9
49

.5
4

88
39

.3
88

39
.4

88
39

.9
88

39
.9

88
39

.4
25

99
6.

7
2.

7

4
4.

61
53

.2
5

29
.8

3
54

.5
2

56
.8

3
49

.8
6

88
41

.7
88

40
.8

88
39

.3
88

41
.0

88
39

.2
25

99
6.

8
2.

8

5
4.

61
53

.2
6

30
.4

1
54

.5
3

57
.2

0
49

.7
7

88
39

.3
88

39
.6

88
39

.8
88

39
.5

88
40

.2
25

99
6.

6
2.

6

6
5.

88
53

.5
7

32
.7

4
54

.2
9

57
.3

9
49

.5
0

88
40

.5
88

39
.4

88
39

.2
88

39
.4

88
39

.3
25

99
7.

2
3.

2

7
5.

27
53

.4
3

31
.2

0
54

.3
6

56
.8

5
49

.7
8

88
46

.7
88

47
.8

88
47

.7
88

41
.7

88
45

.8
25

99
7.

2
3.

2

8
5.

55
53

.3
3

29
.9

0
54

.4
1

56
.5

3
50

.0
4

88
44

.1
88

40
.1

88
40

.0
88

40
.5

88
39

.2
25

99
7.

8
3.

7

9
(B

es
ts

ol
ut

io
n)

4.
84

53
.3

1
31

.6
0

54
.3

8
57

.3
9

49
.5

4
88

39
.6

88
39

.5
88

39
.4

88
39

.2
88

40
.4

25
99

6.
6

2.
5

10
4.

88
53

.3
3

31
.5

3
54

.4
0

57
.3

8
49

.5
9

88
41

.9
88

41
.0

88
40

.1
88

39
.5

88
40

.3
25

99
6.

6
2.

6

M
ea

n
(∆

f
)

25
99

6.
9

2.
9

St
an

da
rd

de
vi

at
io

n
(s

∆
f

)
0.

4
0.

4

8



Ta
bl

e
S2

.
V

al
ue

s
of

∆
f

(i
n
%

)
an

d
s ∆

f
(i

n
%

,
in

pa
re

nt
he

se
s)

fo
r

al
l

th
e

co
m

bi
na

tio
ns

of
p
op

u
la
ti
on

si
ze

n
p

(1
0
,2
0
,·
··
,1
0
0

)
an

d
nu

m
be

r
of

g
en

er
a
ti
on

s
n
g

(1
0
,2
0
,·
··
,1
0
0

).
T

he
de

fin
iti

on
s

of
∆
f

an
d
s ∆

f
ar

e
gi

ve
n

in
th

e
ca

pt
io

n
in

Fi
g.

11
.

Po
pu

la
tio

n
si

ze
n
p

N
um

be
ro

fg
en

er
at

io
ns

n
g

10
20

30
40

50
60

70
80

90
10

0

10
0.

25
(0

.1
12

)
0.

12
(0

.0
32

)
0.

08
(0

.0
22

)
0.

07
(0

.0
20

)
0.

06
(0

.0
19

)
0.

05
(0

.0
15

)
0.

04
(0

.0
13

)
0.

04
(0

.0
13

)
0.

04
(0

.0
13

)
0.

04
(0

.0
12

)

20
0.

14
(0

.0
97

)
0.

06
(0

.0
16

)
0.

05
(0

.0
14

)
0.

05
(0

.0
12

)
0.

04
(0

.0
12

)
0.

04
(0

.0
12

)
0.

03
(0

.0
11

)
0.

03
(0

.0
10

)
0.

03
(0

.0
08

)
0.

03
(0

.0
06

)

30
0.

09
(0

.0
43

)
0.

06
(0

.0
21

)
0.

04
(0

.0
20

)
0.

04
(0

.0
18

)
0.

03
(0

.0
17

)
0.

03
(0

.0
14

)
0.

02
(0

.0
13

)
0.

02
(0

.0
11

)
0.

02
(0

.0
10

)
0.

02
(0

.0
09

)

40
0.

06
(0

.0
11

)
0.

04
(0

.0
10

)
0.

04
(0

.0
10

)
0.

03
(0

.0
09

)
0.

03
(0

.0
07

)
0.

02
(0

.0
06

)
0.

02
(0

.0
06

)
0.

02
(0

.0
04

)
0.

02
(0

.0
04

)
0.

02
(0

.0
03

)

50
0.

06
(0

.0
16

)
0.

04
(0

.0
09

)
0.

03
(0

.0
07

)
0.

03
(0

.0
07

)
0.

02
(0

.0
06

)
0.

02
(0

.0
06

)
0.

02
(0

.0
05

)
0.

02
(0

.0
05

)
0.

01
(0

.0
04

)
0.

01
(0

.0
04

)

60
0.

06
(0

.0
12

)
0.

04
(0

.0
08

)
0.

03
(0

.0
07

)
0.

02
(0

.0
05

)
0.

02
(0

.0
04

)
0.

02
(0

.0
04

)
0.

02
(0

.0
04

)
0.

01
(0

.0
03

)
0.

01
(0

.0
03

)
0.

01
(0

.0
03

)

70
0.

06
(0

.0
16

)
0.

04
(0

.0
14

)
0.

03
(0

.0
11

)
0.

03
(0

.0
09

)
0.

02
(0

.0
07

)
0.

02
(0

.0
06

)
0.

02
(0

.0
05

)
0.

02
(0

.0
04

)
0.

02
(0

.0
04

)
0.

01
(0

.0
03

)

80
0.

06
(0

.0
09

)
0.

04
(0

.0
08

)
0.

03
(0

.0
07

)
0.

02
(0

.0
06

)
0.

02
(0

.0
05

)
0.

02
(0

.0
05

)
0.

02
(0

.0
04

)
0.

01
(0

.0
03

)
0.

01
(0

.0
03

)
0.

01
(0

.0
03

)

90
0.

05
(0

.0
08

)
0.

04
(0

.0
07

)
0.

03
(0

.0
06

)
0.

02
(0

.0
06

)
0.

02
(0

.0
04

)
0.

02
(0

.0
04

)
0.

02
(0

.0
03

)
0.

01
(0

.0
02

)
0.

01
(0

.0
02

)
0.

01
(0

.0
02

)

10
0

0.
05

(0
.0

11
)

0.
04

(0
.0

10
)

0.
03

(0
.0

07
)

0.
02

(0
.0

05
)

0.
02

(0
.0

05
)

0.
02

(0
.0

03
)

0.
01

(0
.0

03
)

0.
01

(0
.0

02
)

0.
01

(0
.0

02
)

0.
01

(0
.0

01
)

9


