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S1. Supplemental Figures S1 to S18

(a) gnssA Antenna on US−NR1 Tower

(b) gnssB Antenna (Taken from the Northwest)

Figure S1. Photos of (a) the gnssA antenna at the top of the US-NR1 26-m tower, and (b) the gnssB antenna mounted on a tripod above the

forest floor. The white enclosure shown in (b), housed the gnssB receiver and the photo is taken northwest of the antenna so that the trees

south and southeast of the antenna are shown.
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(a) View of gnssB from US−NR1 Tower

(b) Canopy above gnssB

(c) Panaramic View of Forest Understory Near gnssB

WSEN

Figure S2. Photos of (a) gnssB taken from the top of the US-NR1 26-m tower (the gnssB antenna is visible as a white dot in the center of

the black circle), (b) looking upward at the forest just-above the gnssB antenna, and (c) a panoramic photo of the understory looking at the

swath of subcanopy that is south and east of the gnssB antenna.
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Figure S3. A skyplot of the mean VOD as a function of the radial direction from the subcanopy GNSS antenna. The white spaces show

regions that were excluded from the VOD calculation due to the lightning dissipators at the top of the tower as well as fewer constellation

tracks to the north.
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Contribution of individual trees to the overall GNSS-VOD signal

height
above
sensor

10° cutoff

full canopy no contributionupper half

"footprint" of the measurement

Figure S4. Schematic of how the VOD footprint varies with tree height and distance from the subcanopy GNSS antenna. The trees with

darker shading indicate a larger contribution to the VOD footprint.
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Full Year

Warm Season

Median Filter

Detrended

Figure S5. Time series of tree sway frequency for May-Oct of 2019. The 10-day sliding median filter (moving one 30-min sample at a time

with the median centered on the 10-day mid-point) used to remove the low-frequency trend is shown along with the detrended tree sway

frequency (see legend).
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Figure S6. The composite diel cycle of (a) net radiation Rnet, (b) latent heat flux λE, (c) tree sway, and (d) precipitation amount. In (c), the

diel cycle of tree sway for the raw data and with the low-frequency trend removed are both shown (see legend). These results are from the

warm season between years 2015 and 2023, and the number of days (N) used for each diel cycle are shown in panel (a).

5



−10

−5

0

5

10

15

20

 

 

T
e
m

p
e
ra

tu
re

  
[°
C

] (a)

21.5m (day)

2m (day)

2m (night)

Bole

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

V
O

D
 [
−

]

gnssA Anomaly

gnssB Anomaly

VOD

30

32

34

36

38

40

42

44

46

S
ig

n
a
l 
S

tr
e
n
g
th

 A
n
o
m

a
ly

 (
L
 b

a
n
d
)

(b)

0.85

0.9

0.95

1

f s
w

a
y [

H
z
]

(c)

8

9

10

11

12

ε
a
 [
−

]

−−−−−−−−−− [NO DATA] −−−−−−−−

(d)

110 120 130 140 150 160 170 180 190 200 210 220
−2

0

2

4

6

8

10

12

14

Day of Year 2023 [MST]

 

 

0

0.5

1

W
e
tn

e
s
s
 [
1
 =

 W
e
t]

P
re

c
ip

 [
m

m
 h

−
1
] (e)USCRN Precip

Wetness

Figure S7. As in Fig. 2, but for the 2023 warm-season data.
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Observations
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(c)

Pine4 Spruce1 Spruce2 Pine3
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Figure S8. The composite diel cycle of (a) net radiation Rnet, (b) latent heat flux λE, (c) dielectric permittivity εa from several GS3 sensors

(see legend), and (d) precipitation. These results are from the warm season between years 2018 and 2021, and the number of days (N) used

for each diel cycle are shown in panel (a).

7



0 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24
−100

0

100

200

300

400

500

600

N= 1362

 R
n

e
t  

[W
 m

−
2
] (a)

dDry dWet wWet wDry

N= 150 N= 62 N= 176

0 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24
0

50

100

150

200

250

λ
E

  
[W

 m
−

2
]

(b)

 

 
21.5m dDry 2.5m dDry 21.5m 2.5m

0 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24
0

0.2

0.4

0.6

0.8

1

W
e

tn
e

s
s
  

[1
=

w
e

t] (c)

0 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24 4 8 12 16 20 24

0

0.5

1

1.5

2

P
re

c
ip

 [
m

m
 h

 −
1
] (d)2004  05/17 − 2022 09/28

Local Hour of Day  [MST]

Figure S9. The composite diel cycle of (a) net radiation Rnet, (b) latent heat flux λE, (c) wetness, and (d) precipitation. In (b), both the

above-canopy and subcanopy λE are shown (see legend). The wDry λE data are shown in Fig. 6a,b. These results are from the warm season

between years 2004 and 2022, and the number of days (N) used for each diel cycle are shown in panel (a).
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Figure S10. As in Fig. 6, but showing the standard deviation of the data within each time bin.
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(c)Pine1 (wDry)
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Figure S11. The mean 2007 warm-season composite diel cycle of (a) net radiation Rnet and (b)-(d) normalized transpiration for five different

trees (2 fir, 1 pine, and 2 spruce) from the sap flow measurements of Hu et al. (2010). The composite of dDry days are shown in red while

the wDry days (N= 9 days) are in black or blue (see legend). When there are more than one tree, one of the diel cycles is offset by +0.5.
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Figure S12. Climatology of the footprint region from which 80% of the 21.5 m turbulent scalar flux originates are shown for winds from the

west for different stability classes (SU, strongly unstable; WU, weakly unstable; NN, near-neutral; WS, weakly stable; SS, strongly stable).

These are US-NR1 data from July for years 1999–2023 where the number of 30-min samples within each stability category are shown by N

in the legend. Footprints are calculated based on Kljun et al. (2015) and shown as distance [meters] from the main US-NR1 flux tower. The

larger VOD footprint from Fig. 1 is shown as a black circle.
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Figure S13. As in Fig. S12, but for winds from the east.
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Figure S14. Time series of GS3 dielectric permittivity for the 2018 warm-season.
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Figure S15. Time series of GS3 dielectric permittivity for the 2019 warm-season.
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Figure S16. Time series of GS3 dielectric permittivity for the 2020 warm-season.
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Figure S17. Time series of GS3 dielectric permittivity for the 2021 warm-season.
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Figure S18. Time series of GS3 dielectric permittivity for the 2022 warm-season.
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