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Table 1

Main characteristics of the selected PhenoCam sites,
Site D Coords () Elev (m) PFT Camera type Dominant species
Torgnon-ND 458N7.6E 2160 GRA Nikon D5000 Nardus stricta
Kamuela 200N -155.7E 850 GRA Stardot (3/C4 grasses
Bartlett 41N -T13E 268 DBF Axis 211 Acer rubrum; Fagus grandifolia
Harvard 425N -T21E 40 DBF Stardot Quercus rubra; Acer rubrum
Mammathcave 312N -86.1E 226 DBF Stardot Quercus sp.; Carya sp.
Torgnon-LD 453N 7.6E 2001 DNF Nikon D5000 Larix decidug
Harvardhemlock 425N -T2.2F 345 ENF Stardot Tsuga canadensis

PFT: plant functional type, GRA: grassland, DBF: deciduous broadleaf forest, DNF: deciduous needle-leaf forest, ENF: evergreen needle-leaf forest
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Step 3.07 GHz 2.60CHz 213GHz
Filtering 28 49 32
Spline 0,02 0,02 0.04
Beck 36 63 69
Eimore 0] 0.8 1.5
Klosterman 10 16 19

GU 2] 3/ 4]




e XN

o PRI R S R A B A R 1R AT
* WYiEEE Y AL E K AR A

« MATLABANF 7 3

» K4 4b T H—ENVI + IDL K& 3 f /48
YR B e O R A —Pythonif 5 M

o Pix4D#AEANFE A2

* 4 H B SORIM: SR R B A

RS
0y




IDLAT 44124 & IDL?

- nteractive 'ata | anguage (3 H i\ #iE =)
BRI
e aMNHIT K
Bl B0 71 Hr
n] AL R IR

M5 008 385 7
Press.ae Periurbabon (mkbans)




H %

e ITT Visual Information Solutions

> 19754, FEED Hi 22 M 7 K251 TINASAH) K2 1k
IS AR AR, SEER T IDL
19944, FIDLFF4ENVI
20064, RSI 2~ al#E2H/y ITT Visual Information
Solutions (f#j#f ITT VIS)

» 20084F, IDL7.0%A, E#HI3TFEclipse)H KB,

> 20104E7H, IDL8. OIEAfcA, CAlEMIFFARSL. 4K
K AL ThiE . SEEMIE S5 1

&




ZHEMHAVRER EREE(ENVI IDLA )

Kb 2 Al AR




R E R g

C)#1 ENVI Color Tables [0 |l | 58 [

EJQIEN DVIFs%r |- -
g, % % 7% on _L ) e )
NDVI/E%@%} , B ”iﬁd e
BiwHEH, NDVIH '
/N AN AR
W EIRGBE, #] i,
5B NDVIYE K
’ [H‘ Hﬁ NDVI ’E:

/J\

s

A

@ #1 Zoom F.. !_':'_.!__E ezl

ntl [B30




&= 0,254

0. 254 - 0.334
D.334 - 0. 415

0. 415 = 0, 4596

0.498 - 0.576

0.578 - 0.657

R S 0.857 - 0.737
) 0.737 - 0.818

) KRBHRRE
ERS R




SOC710 S tif pRIX

400-1000nm

1392*1040 @k

AE BN

MCCD mme

Camera
Regions

61m ERIES

45° XM=EMm

HahEiRs

= FiEmERrS




St R #ERR 20%20¢m
i BB sh ZS0CT108 A ;

SRR p 2 B A ;
Bl 4

$—4. SOC-T10HEH =N
1At Ve
HEARA—RE LB E
BT

F_/B5. BAENERSR
BEHR B ShRIR
EEHMVNE—SEERNLE

,—

1T

E=/5 RGEHIFEIER
KBRS
REASE, BRLHERM

stz

SOCT 104 w6 PR AR X
BEIP6TEIHH, WEAED
A S A Bl B e e B

o 25 e e L AL

SR HERR 20%20¢m
fE I 3 Eh s ZS0CT1085 A
EHE B BB EN

pa”

FSHET Bma M H

AR B KJJ it uf

I% 5

gLy

‘ 2-3%
-

I 2 G B0
BEEIPeTH 4, BhiKGRE
HWEMHIEE, RHEE
HEARS232/485. USB3. 0.
4G. EthernetZf0, H

/ Am R R s fig

”

LO

)

—




Z I IE R R G B E LA

—METF Z/@AERBRANEI L
R4, B EFRE. MERERUK
e FRE; b ER KBS 5
Al % 6B TERIRF RS LRAN:
Ziafie, TERISEES. IRES . B

HERRER, BIERKEHFER, EEN
Mg, JADT Pz 0 iss B 3hE 8

A,
57%

S5 FR 355 200 % i 5
f ZfR. KT
KW As BRKE UMM 5
i —_

g~
.-'""'--H-F- -
[ ] i e
[
&S .
ol - fitse
RE —
= a
i (0
LIt [
{5
o | R
I [ :
Ir/____ {/-/" \\}'?\ .-"r..r I
, | ®@







— . LI ERIF R

2, #h

AN
0g

(] -

201748H28-9A17H
Hh =

K&F
SEZIG 374 -

?%ﬁ /E;E _Lﬁi'ﬂ_j,
Dyl £ #h ) -

REEY
AT & EINZ{(FHFBUNIES
£ 5K (ana i B w) ;




SR B AT R4

SHENANEERERREENTH

) Fﬁ’ﬁ*%{ﬂﬁﬂ’]u%’\nﬂﬁ .
Fi2 B IR A L2 2
L&, A KRB E = sk i

) CNTETFHIELLS, Hi4gE 2R thRk3e

ZRET —LE BEVNIR
= L e FONDVIfE X 28,
) BINEHIREARXA:
ZHIEHNEER TN E
— P& StardotNZE LN %IJE
E R RN E ;
— NDVHLRRREE H‘FJJF'JE;
— RIEAESHTEERTIZ
) %E 2&5&***@7‘3?%%
i, A, BARWEER

HEAEE, FEE NetCam+H
#

fHFINetCam#g



— . EREMN=EXEET A

SHille5
IS RN 38 E T e
1B Se——
AR

» MicaSenseREE%
SEREFEH ;

» StardotM 258 # ;

HHHHHHHHHHH

S-110

» S-1M0SJerEE g1 2 sl

» NDVI sensor 1238  NDVI sensor
e L

» FUELEE - Stardot % 8 #1

 BiEE YRR




LTI

1. ZICTEEARRIAL IR

*MB SRR BT B
LEERFHRMSGEINDVISEE . 1N BiSC St o

* B i@ MR =N tiff SO e
* AF AR EMER DR Cmal e
RS, bin:ENVI, bR S
* BFEIN18 5N R EEH SR L

— b JE BR 45 10 B8 5 B8 ST D T e
BITRT AR, NETE BE s BT NS
HEABRBMRENEIEETE o ol
*F, BRI R EEER N R B e
ggﬁimmwﬁﬁﬁﬁiiﬁ G AR e

* 5 E IR EI M — LX) L IR &
BN EEA T L E A

LY,




RGB AL Z L5 tE 41

Z gAY A T ERGBAER y = 1.0591x - 0.0518

R? = 0.9085
1

0.9
0.8
0.7
0.6

& UIEANLIA R
etk OLIEAHLA BER)

0.5

0.4

0.3

0.2

0.1



0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

2 8 4. F1INDVI sensor

y = 0.8786x - 0.0339
R? = 0.9594

¢ NDVI sensor
Z 1% (NDVI sensor)




2 JE IR AR AL S DL AL 2R

y =1.1957x - 0.1422

08 R2 = 0.9604
0.6
| | * ss11om'c R
. 2i 4tk (SS-1107 e il 2id)
0.2
0
0 1




=Lt ESFINDVI sensorfl & 1%

0.8
y =0.733x + 0.0713

R? = 0.9939
0.7

0.6
0.5

0.4 NDVlsensor
Z: 1 (NDVIsensor)

0.3

0.2

0.1



AR AT

2 L1k B AL 23R 73 47 (Micasense)

TEIZ2017F£9A28EI2017F9 A 298 #AHRMINDVIN =2 H (B XL F10=
FTF2R, FNNE—R, HOTKE R ZREEERRERN)

1

¢ 10:00
0.9
Cela od . + 10:30
0.8 o ¥ s ©
QQ:\‘X"'&\&A J! ¢ 11:00
0.7 & $ A\~
’g P <& 11:30
NDVI S
06 i\ ¢ 12:00
X 2
0.5 12:30
¢ L J
'\’ ¢ e >
0.4 S ¢ 13:00
* &
0.3 0:/\& * 13:30
& % | _
0.2 oa__8 14:00
e ¢ e\
0.1 *0> v Q =0=FE
0
N o o = - N N o
© S X N = N :' N
o o o o o o o -
© © © © © © © S
3 ~ ~ S B# S = =~ ~



e XN

o PEMI R XS AR AL BRI AR AT
o YMEEIE AL BRI A

« MATLABAMH 5%

o EM&AE T.H—ENVI + IDL% K 4
YW B B 23k 4F—PythonigE S,

% &

R4

o Pix4D#AEANFE A2

* 4 H B SORIM: SR R B A




VB sNINNZR S

————————————————————————————————————————————————

).-’ ‘\\
i MetcamlIR ﬂ-llj dal * MetcamIR
Y B

SEQUODIA

NDVI sensor

--------------------------------------------------------

MetcamIR

N

SEQUODA

B,
e
)
o

-




NDVI sensor(1850)

We used field data from an ongoing measurement campaign at  Also mounted atop the same tower is a pair of 4-channel

the 40 m “Barn Tower" (42.5353° N 72.1899° W) at the Harvard For- : : o :
est, near the town of Petersham, MA, 110 km west of Boston. Mixed ‘bil.iE'. 4?ﬂi2ﬂ:1111, aTectL 997 £25 R, red: 505&35!]”&, NIR:

forest stands surrounding the tower are dominated by the decidu-50+42nm| narrowband radiometric sensors [Mndel 1850, Si{}TE‘

ous species red oak (Quercus rubra L., ~40% of basal area) and red pstryments, Llandrindod Wells, UK). One unit with a cosine dif-
maple (Acer rubrum L., ~20% of basal area), with evergreen white.

pine (Pinus strobus L.) the dominant conifer. The MODIS land cover €T3 pOiIltE‘dl Lipwards to m&&Slil‘E‘lﬂlfldEillt SOI:" I'Jdi:ﬂtlﬂﬂ,WhllE‘
classification for the tower, and the land immediately surrounding he second Lnit, with a 25° field of VIEW, 1§ pumted n the same

the tower, is deciduous broadleaf forest. T . Sl —
Wormsed irnagery {Anel 13012 themnah MAreH B0 013} it lirection as the StarDot camera to measure radiation reflected by

StarDot camera that is mounted at the top of the tower. The camera he ca opy. We iog Mmeasurements every 155 and record 30 min

points north and is iﬂiiifle';i ~30° bsiﬂw horizontal. ﬂsi in ﬂl_je l:’; werages on a datalogger (CR1000, Campbell Scientific, Logan, UT).
exXperiments, comimand scripts on the camera trlgger the infrar . ; ]
cut filter and obtain successive (about 30s apart) color RGE mlci‘lom these dam' we calculated Caxopy reflectance (P[J B3 A Eq'

monochrome RGB+NIR imagery. Automatic exposure is used for 2), where ( | and (; 1 are measurements of the incident and
each image. Images are uploaded by FTP to a remote server every gflacted quantum flux, respectively, for each band i, and the cali-

15 min between 4a.m. and 10 p.m. k : : s
yration constant (k) determined under natural (sunlit) conditions
t ;
- (%) (2) Ising a Spectralon panel.

We calculated two indices from the narrowband radiometric
sensors: radiometer NDVI (Eq. (3a)) and radiometer gcc (Eq. (3b)):

radiometer NDVI — 2750 — 605 (3a)
750 + P605

; 557
radiometer = 3b
oRe 605 + £557 + 2470 (3b)



NDVI sensor

> NDVI is defined as the Normalised Difference Vegetation Index. NDVI is

» calculated from observations made by earth orbiting meteorological satellites
such as LANDSAT, SPOT, NOAA AVHRR, MODIS etc.

Incident light sensor
is Cosine Corrected

' Reflected light
sensor has narrow
angle acceptance
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Agricultural and Forest Meteorology 195-196 (2014 143-151

FERARSH

TR R R IRE
JeitksE FE : (400~700) nm=*=4nm PN
ﬁﬁ&rﬁ -4~1 OHV/”m()VmZ/S journal homepage: www.elsevier.com/locate/agrformet
JEFRTEME (FE1E) 1 <2% Short communication

JEZR T : <1% (0~1 0000uV/u mol/m2/s) Monitoring vegetation phenology using an infrared-enabled security @ W
m R <-0.12%/°C camera

S ' X = R. ic U' ] L - I:-' - i P | b,*
urﬁjmﬁﬂ_lﬁ‘l (950/0) :<1 US Anika R. Petach?, Michael Toomey?”, Donald M. Aubrecht”, Andrew D. Richardson

3 Harvard University, Department of Earth and Planetary Sciences and School of Engineering and Applied Sciences, Cambridge MA. United States
b Harvard University, Department of Organismic and Evolutionary Biology, Cambridge MA, United States

Contents lists available at ScienceDirect

Agricultural and Forest Meteorology

For both radiometer and camera data, there was substantialvariability in the derived
indices at the 30 min time step, whichmay be associated with factors such as overall
light levels, cloudi-ness, and illumination geometry (see further analysis in Section
3).After comparing various averaging, quantile, and filtering meth-ods, we derived daily
estimates by calculating the arithmetic meanacross all observations where the incident
photosynthetic photonflux density (PPFD; measured at the top of the tower using a
PQS-1quantum sensor, Kipp & Zonen, Delft, the Netherlands) was greaterthan 200
umol m-2s-1. This method reduced day-to-day variabil-ity in the resulting time
series better than the 90th percentile approach used by Sonnentag et al. (2012),
although an obvious advantage of the latter approach is that it does not require solar
radiation data.
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