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Cli m at e c h a n g e i s aff e cti n g t h e p h e n ol o g y of t err e stri al e c o s y st e m s. I n d e ci d u o u s f or e st s, p h e n ol o g y i n l e af ar e a 

i n d e x  ( L AI)  i s  t h e  pri m ar y  dri v er  of  s e a s o n al  v ari ati o n  i n  t h e  fr a cti o n  of  a b s or b e d  p h ot o s y nt h eti c all y  a cti v e 

r a di ati o n  (f A P A R),  w hi c h  dri v e s  p h ot o s y nt h e si s.  R e m ot e  s e n si n g  h a s  b e e n  wi d el y  u s e d  t o  e sti m at e  L AI  a n d 

f A P A R. H o w e v er, w hil e m a n y st u di e s h a v e e x a mi n e d b ot h e m piri c al a n d m o d el- b a s e d r el ati o n s hi p s a m o n g L AI, 

f A P A R, a n d s p e ctr al v e g et ati o n i n di c e s ( S VI) fr o m r e m ot e s e n si n g, f e w st u di e s h a v e s y st e m ati c all y a n d e m piri -

c all y  e x a mi n e d  h o w  r el ati o n s hi p s  a m o n g  t h e s e  v ari a bl e s  c h a n g e  o v er  t h e  gr o wi n g  s e a s o n.  I n  t hi s  st u d y,  w e 

e x a mi n e h o w a n d w h y s e a s o n al- s c al e c o v ari ati o n diff er s a m o n g ti m e s eri e s of r e m ot el y s e n s e d S VI s a n d b ot h L AI 

a n d f A P A R b a s e d o n c urr e nt u n d er st a n di n g a n d t h e or y. T o d o t hi s w e u s e n e wl y a v ail a bl e r e m ot e s e n si n g d at a 

s et s i n c o m bi n ati o n wit h ti m e s eri e s of i n- sit u m e a s ur e m e nt s a n d a c a n o p y r a di ati v e tr a n sf er m o d el t o a n al y z e 

h o w s e a s o n al v ari ati o n i n c a n o p y a n d e n vir o n m e nt al c o n diti o n s aff e ct r el ati o n s hi p s a m o n g r e m ot el y s e n s e d S VI s, 

L AI, a n d f A P A R at a t e m p er at e d e ci d u o u s f or e st sit e i n c e ntr al M a s s a c h u s ett s. O ur r e s ult s s h o w t h at a c c o u nti n g 

f or s e a s o n al v ari ati o n i n c a n o p y s h a d o wi n g, w hi c h i s dri v e n b y v ari ati o n i n s ol ar z e nit h a n gl e, i m pr o v e d r e m ot e 

s e n si n g- b a s e d e sti m at e s of L AI, f A P A R, a n d d ail y t ot al A P A R. S p e ci fi c all y, w e s h o w t h at t h e p h e n ol o g y of S VI s i s 

str o n gl y i n fl u e n c e d b y s e a s o n al v ari ati o n i n n e ar i nfr ar e d ( NI R) r e fl e ct a n c e ari si n g fr o m s y st e m ati c v ari ati o n i n 

t h e  c a n o p y  s h a d o w  fr a cti o n  t h at  i s  i n d e p e n d e nt  of  c h a n g e s  i n  L AI  or  f A P A R.  R e s ult s  of  t hi s  w or k  pr o vi d e  a 

r e fi n e d b a si s f or u n d er st a n di n g h o w r e m ot e s e n si n g c a n b e u s e d t o m o nit or a n d m o d el t h e p h e n ol o g y of L AI, 

f A P A R, A P A R, a n d gr o s s pri m ar y pr o d u cti vit y i n t e m p er at e d e ci d u o u s f or e st s.   

1. I nt r o d u cti o n 

Cli m at e  c h a n g e  i s  aff e cti n g  t h e  gr o wi n g  s e a s o n  of  t err e stri al  e c o -

s y st e m s i n m yri a d w a y s ( Ri c h ar d s o n et al. 2 0 1 3 ). O n e of t h e m o st wi d el y 

cit e d e x a m pl e s of s u c h i m p a ct s i s c h a n g e s i n t h e l e n gt h of t h e gr o wi n g 

s e a s o n fr o m w ar mi n g t e m p er at ur e s ( Pi a o et al., 2 0 1 9 ). T h e s e c h a n g e s 

dir e ctl y i n fl u e n c e e c o s y st e m- at m o s p h er e e x c h a n g e s of c ar b o n, e n er g y, 

a n d w at er b u d g et s at s e a s o n al ti m e s c al e ( B o n a n & D o n e y, 2 0 1 8 ). F or 

e x a m pl e, a n u m b er of st u di e s h a v e s h o w n t h at e arli er l e af e m er g e n c e i n 

s pri n g i n cr e a s e s c ar b o n u pt a k e e arl y i n t h e gr o wi n g s e a s o n ( B u er m a n n 

et al., 2 0 1 3 ; K e e n a n et al., 2 0 1 4 ; A. D. Ri c h ar d s o n et al., 2 0 0 9 , 2 0 1 0 ), 

b ut c a n al s o r e d u c e c ar b o n u pt a k e l at er i n t h e gr o wi n g s e a s o n d u e t o t h e 

eff e ct s of m oi st ur e li mit ati o n s ( B u er m a n n et al. 2 0 1 3 , W olf et al. 2 0 1 5 , 

H e et al. 2 0 2 0 ), c ar b o n s at ur ati o n ( Z a ni et al. 2 0 2 0 ), or nitr o g e n li mi-

t ati o n (El m or e et al., 2 0 1 6 ). Si mil arl y, l o n g er a n d w ar m er a ut u m n s h a v e 

b e e n s h o w n t o i n cr e a s e r e s pir ati o n a n d d e cr e a s e n et c ar b o n u pt a k e ( D. 

Li u et al., 2 0 1 8 ). B e c a u s e gl o b al e c o s y st e m s ar e c o u pl e d t o t h e cli m at e 

s y st e m ( A n a v et al., 2 0 1 5 ; B o n a n & D o n e y, 2 0 1 8 ; Fri e dli n g st ei n, 2 0 1 5 ; 

L e  Q u é r é  et  al.,  2 0 1 8 ; S c hi m el  et  al.,  2 0 1 5 ),  b ett er  u n d er st a n di n g  i s 

n e e d e d  r e g ar di n g  h o w  c h a n g e s  i n  p h e n ol o g y  will  i m p a ct  t err e stri al 

c ar b o n, e n er g y, a n d w at er b u d g et s i n t h e f ut ur e. 

S e a s o n al v ari ati o n i n l e af ar e a i n d e x ( L AI) i s t h e pri m ar y bi o p h y si c al 

m a nif e st ati o n of v e g et ati o n p h e n ol o g y. P h e n ol o g y i n L AI, i n c o m bi n a -

ti o n  wit h  s e a s o n al  v ari ati o n  i n  s ol ar  g e o m etr y,  dri v e  c o n c o mit a nt 

c h a n g e s i n t h e fr a cti o n of p h ot o s y nt h eti c all y a cti v e r a di ati o n a b s or b e d 

b y  v e g et ati o n  (f A P A R).  S u p p ort e d  b y  t h e or eti c al  r e s ult s  fr o m  c a n o p y 

r a di ati v e tr a n sf er m o d el s ( B ar et & G u y ot, 1 9 9 1 ; G o w ar d & H u e m mri c h, 

1 9 9 2 ; S ell er s, 1 9 8 5 ), s p e ctr al v e g et ati o n i n di c e s ( S VI s) h a v e b e e n u s e d 

f or d e c a d e s t o m o nit or a n d m a p b ot h p h e n ol o g y (J o n s s o n & E kl u n d h, 

2 0 0 2 ; X. Z h a n g  et  al.,  2 0 0 3 ) a n d  v ari ati o n  i n  c a n o p y  L AI a n d  f A P A R 

*  C orr e s p o n di n g a ut h or. 
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(D a u g htr y et al., 1 9 8 2 ; Git el s o n et al., 2 0 0 3 ; Hi p p s, 1 9 8 3 ; P e n u el a s et al., 

1 9 9 5 ; J. Xi a o et al., 2 0 1 9 ). I n d e ci d u o u s f or e st s, s e a s o n al v ari ati o n i n L AI 

i s  t h e  pri m ar y  dri v er  of  s e a s o n al  v ari ati o n  i n  f A P A R.  H o w e v er,  a d di-

ti o n al f a ct or s t h at v ar y o v er t h e gr o wi n g s e a s o n, i n cl u di n g s ol ar g e o m -

etr y, m oi st ur e str e s s, c h a n g e s i n c a n o p y c h e mi str y a n d l e af ori e nt ati o n, 

a n d t h e r ati o of dir e ct t o diff u s e i n ci d e nt r a di ati o n, c a n i n fi u e n c e t h e 

r el ati o n s hi p b et w e e n S VI s a n d f A P A R ( e. g., R e a v e s et al. 2 0 1 8 ). W hil e 

m a n y  st u di e s  h a v e  e x a mi n e d  b ot h  e m piri c al  a n d  t h e or eti c al  r el ati o n -

s hi p s  a m o n g  S VI s,  L AI,  a n d  f A P A R  ( e. g. A sr ar  et  al.  1 9 8 4 , B ar et  a n d 

G u y ot 1 9 9 1 , M y n e ni a n d Willi a m s 1 9 9 4 , M y n e ni et al. 1 9 9 5 , K n y a zi -

k hi n et al. 1 9 9 8 a, 1 9 9 8 b, F e n s h olt et al. 2 0 0 4 , B ar et et al. 2 0 0 7 , Y a n 

et al. 2 0 1 6 a, 2 0 1 6 b), i n c o m pl et e u n d er st a n di n g r e g ar di n g h o w s e a s o n al 

c h a n g e s  i n  c a n o p y  pr o p erti e s  a n d  e n vir o n m e nt al  c o n diti o n s  i m p a ct 

t h e s e  r el ati o n s hi p s  i s  a  si g ni fl c a nt  s o ur c e  of  u n c ert ai nt y  i n  r e m ot el y 

s e n s e d e sti m at e s of L AI a n d f A P A R. 

Wit h  t hi s  c o nt e xt  i n  mi n d,  t h e  g o al  of  t hi s  p a p er  i s  t o  u s e  n e wl y 

a v ail a bl e  r e m ot e  s e n si n g  d at a  s et s  i n  c o m bi n ati o n  wit h  ti m e  s eri e s 

m e a s ur e m e nt s  of  b ot h  L AI  a n d  f P A R  c oll e ct e d  i n- sit u  t o  i m pr o v e  u n -

d er st a n di n g  of  h o w  s e a s o n al  v ari ati o n  i n  c a n o p y  a n d  e n vir o n m e nt al 

c o n diti o n s aff e ct t h e r el ati o n s hi p b et w e e n r e m ot el y s e n s e d S VI s a n d L AI 

a n d f A P A R. S p e ci fl c all y, o ur a n al y si s e x a mi n e s t h e f oll o wi n g q u e sti o n: 

w h at c o ntr ol s c h a n g e s i n t h e r el ati o n s hi p b et w e e n r e m ot el y s e n s e d S VI ’s 

a n d b ot h L AI a n d f A P A R at s e a s o n al ti m e s c al e ? T o a d dr e s s t hi s q u e sti o n, 

w e u s e i n- sit u m e a s ur e m e nt s a n d s at ellit e i m a g er y i n c o m bi n ati o n wit h 

a c a n o p y r a di ati v e tr a n sf er m o d eli n g fr a m e w or k t o p erf or m a s y st e m ati c 

a n al y si s of s e a s o n al- s c al e c o- v ari ati o n b et w e e n S VI s a n d b ot h L AI a n d 

f A P A R at t h e H ar v ar d F or e st L o n g T er m E c ol o gi c al R e s e ar c h / A m eri Fl u x 

sit e i n c e ntr al M a s s a c h u s ett s. 

2.  D at a a n d m et h o d s 

O ur a n al y si s u s e s fi el d m e a s ur e m e nt s of L AI a n d f A P A R i n c o m bi -

n ati o n wit h ti m e s eri e s of r e m ot el y s e n s e d s urf a c e r e fl e ct a n c e d at a fr o m 

t h e L a n d s at 8 O p er ati o n al L a n d I m a g er a n d t h e S e nti n el 2 M ulti s p e ctr al 

I n str u m e nt  c oll e ct e d  o v er  f o ur  gr o wi n g  s e a s o n s.  S p e ci fi c all y,  w e  p er-

f or m e d  t hr e e  m ai n  t a s k s:  ( 1)  a n al y si s  a n d  m o d eli n g  of  s e a s o n al  c o- 

v ari ati o n i n L AI a n d r e m ot el y s e n s e d S VI s; ( 2) a n al y si s a n d m o d eli n g 

of  s e a s o n al  c o- v ari ati o n  i n  f A P A R  a n d  r e m ot el y  s e n s e d  S VI s;  a n d  ( 3) 

e sti m ati o n of d ail y i nt e gr at e d A P A R b a s e d o n r e m ot el y s e n s e d S VI s a n d 

di ur n al v ari ati o n i n m o d el e d i n st a nt a n e o u s f A P A R. 

2. 1. Sit e d es cri pti o n 

W e c o n d u ct e d o ur a n al y si s u si n g d at a c oll e ct e d at t h e H ar v ar d F or e st 

L o n g  T er m  E c ol o gi c al  R e s e ar c h / A m eri Fl u x  sit e  l o c at e d  i n  P et er s h a m, 

M A  ( htt p s: / / h ar v ar df or e st.f a s. h ar v ar d. e d u / ).  S p e ci e s  c o m p o siti o n  at 

t h e H ar v ar d F or e st i s r e pr e s e nt ati v e of a tr a n siti o n al N e w E n gl a n d f or -

e st,  wit h  m or e  t h a n  9 0 %  of  t h e  f or e st  c o m p o s e d  of  a  cl o s e d  c a n o p y 

d o mi n at e d b y r e d o a k ( Q u er c us r u br a ), r e d m a pl e ( A c er r u br u m ), y ell o w 

bir c h  ( B et ul a  all e g h a ni e nsis ),  a n d  E a st er n  H e ml o c k  ( Ts u g a  c a n a d e nsis ). 

T h e cli m at e i s h u mi d c o nti n e nt al wit h f o ur di sti n ct s e a s o n s, i n cl u di n g 

w ar m  s u m m er s  ( a v er a g e  d ail y  J ul y  t e m p er at ur e  of  2 0  C)  a n d  c ol d 

wi nt er s  ( a v er a g e  d ail y  J a n u ar y  t e m p er at ur e  of  - 4  C).  A s  a  l o n g-t er m 

e c ol o gi c al  r e s e ar c h  sit e  a n d  a n  A m eri Fl u x  c or e  sit e,  H ar v ar d  F or e st 

h a s a l o n g hi st or y of r e s e ar c h a n d a l ar g e ar c hi v e of hi st ori c al d at a s et s 

i n cl u di n g  e d d y  c o v ari a n c e  a n d  m et e or ol o gi c al  m e a s ur e m e nt s,  al o n g 

wit h fi el d- m e a s ur e d L AI a n d f A P A R d at a. T h e sit e i s al s o a p art of t h e 

N ati o n al  E c ol o gi c al  O b s er v at or y  N et w or k  ( N E O N)  n et w or k,  w hi c h 

pr o vi d e s  s y st e m ati c  m o nit ori n g  of  di v er s e  e c ol o gi c al  v ari a bl e s  a n d 

pr o c e s s e s t h at ar e r el e v a nt t o t hi s st u d y, i n cl u di n g t o w er- b a s e d mi cr o- 

Fi g.  1. ( A)  f A P A R  a n d  L AI  m e a s ur e m e nt s  v er s u s  d a y  of  y e ar  at  t h e  H ar v ar d  F or e st  fr o m  2 0 1 6- 2 0 1 9.  ( B)  S VI s  ( E VI 2,  N D VI,  NI R V )  a n d  r e d  a n d  n e ar-i nfr ar e d 

r e fl e ct a n c e v er s u s d a y of y e ar at t h e H ar v ar d F or e st f or H L S d at a fr o m 2 0 1 6- 2 0 1 9. 
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meteorological measurements and LAI measurements. 

2.2. Data 

We use time series of LAI and fAPAR data collected in the footprint of 
the Harvard Forest Environmental Measurement Station (EMS) eddy 
covariance flux tower (Munger & Wofsy, 2022). in combination with 
time series of surface reflectance data from Landsat 8 and Sentinel 2 at 
30 m spatial resolution (Fig. 1). We restrict our analyses to data collected 
during the growing season at Harvard Forest, which we define here as 
extending from April 10 to December 1 and use data from 2016-2019. 
Note that prior to 2016 Sentinel 2 data was acquired at roughly 
monthly frequency in North America. As a consequence, after cloud 
screening (which eliminates roughly 50% of the data during the growing 
season) HLS data do not provide sufficient temporal to resolve pheno
logical processes before 2016. 

Systematic LAI measurements have been collected at Harvard Forest 
since 2005 and are collected bi-weekly in the spring and fall and 
monthly during the mid-summer using LI-COR LAI2000 (and more 
recently LAI2200) optical LAI meters (LI-COR Biosciences, Lincoln, NE). 
Measurements are collected at 36 plots located along six 500 m transects 
extending radially in a cone facing to the west and extending outward in 
the footprint of the EMS tower. The plots are located inside 34 unique 
30-meter Landsat and Sentinel-2 pixels (see below). The LAI measure
ments estimate total plant area index (PAI), which includes both woody 
and leaf components. To estimate LAI, which is our primary interest 
here, we adjust the measured PAI values using the woody fraction (Wf), 
which accounts for the effects of woody plant materials (branches, 
stems) on PAI measurements (J. M. Chen, 1996; G. Yan et al., 2019): 

(1)  

(2)  

where P is the measured PAI, and Pmin and Pmax are the growing season 
minimum and maximum PAI, respectively. Wf changes as a function of 
the LAI and so exhibits seasonal variation during spring and fall (Ryu 
et al., 2012; Toda & Richardson, 2018). For the analyses we present 
below, we interpolate the periodic measurements of LAI to daily time 
step during the growing season using a cubic spline. 

In situ fAPAR was estimated using 30- and 60-minute values 
(depending on the source) of above- and below-canopy measurements of 
photosynthetically active radiation (PAR) (400-700 nm) collected at 
three locations: (1) the EMS tower; (2) a walk-up tower located about 
400 meters to the southwest of the EMS tower; and (3) the National 
Ecological Observatory Network (NEON) tower located about 240 me
ters to the Northeast of the walk-up tower. The walk-up and NEON 
towers are in the footprint of the EMS tower adjacent to the LAI tran
sects. To ensure high-quality estimates of fAPAR, we excluded mea
surements under low light conditions (when total downwelling above 
canopy PAR was 200 mol m 2 s 1) and for large solar zenith angles 
(outside of 7 AM to 5 PM local solar time). The resulting set of PAR 
measurements were used to calculate the absorbed photosynthetically 
active radiation (APAR, hereafter ) and fAPAR. As part of this pro
cedure, 3 cases with out-of-range fAPAR values below 0 or above 1 (i.e., 

0 or 1) were assumed to reflect low quality data and were removed. 
To calculate we assume that PAR reflected by the forest floor is 

negligible (Asner, 1998; D Odorico et al., 2014; Jenkins et al., 2007; Li & 
Fang, 2015; Russell et al., 1989) and that can be estimated using: 

(3)  

where PARi is the incident downwelling PAR above the canopy, PARcr is 
the upwelling PAR reflected by the canopy, and PARtr is the transmitted 
PAR (i.e., measured below the canopy). fAPAR was then estimated by 
dividing by PARi. For PARi and PARcr, we used the average of 

measurements collected across all three towers at each time step. For 
PARtr, we used PAR sensors collected at 1 m above the ground surface at 
the hardwood walk up and EMS towers (Ellison & Munger, 2021; A. 
Richardson & Hollinger, 2019). PARcr measurements at the EMS data 
were available at 60-minute time steps and we linearly interpolated 
these data to a 30-minute time step. 

Remotely sensed time series of surface reflectance and SVIs used in 
this analysis were derived from version 1.4 of NASA s Harmonized 
Landsat Sentinel-2 (HLS) dataset (https://hls.gsfc.nasa.gov/). This data 
set provides ‘harmonized surface reflectance values from imagery ac
quired by the Landsat 8 Operational Land Imager and Sentinel-2 Mul
tispectral Sensor Instrument, where data from each instrument have 
been co-registered to a common 30 m grid, normalized to adjust for 
radiometric differences across sensors, corrected for solar and view ge
ometry effects, and used to estimate surface reflectance imagery based 
on a common atmospheric radiative transfer model (for details, see 
Claverie et al. 2018). The HLS dataset includes all imagery collected by 
Landsat 8 and Sentinel 2A and 2B. For this analysis we use imagery 
collected between 2016-2019 from HLS tile T18TYN, which covers the 
Harvard Forest. Note that because Sentinel 2B was launched in 2017, 
HLS imagery has fewer images in 2016 than in 2017-2019. Because LAI 
and fAPAR vary at seasonal time scale (i.e., not daily) and we are 
interested in daily estimates of LAI and fAPAR, we interpolate the HLS to 
provide daily imagery using the approach described by Bolton et al. 
(2020) based on penalized cubic smoothing splines. Using this approach, 
daily values of the normalized difference vegetation index (NDVI; 
Tucker 1979), two-band Enhanced Vegetation Index (EVI2; Jiang et al. 
2008), and near-infrared vegetation index (NIRv; Badgley et al. 2017) 
for the 2016-2019 growing seasons were generated for individual HLS 
pixels located over each of the fixed plots where LAI measurements were 
collected (34 pixels, ~30,600 m2). In the results presented below, we 
include values for LAI and fAPAR estimated directly from imagery and 
from the interpolated values of the SVIs. 

2.3. Analysis 

2.3.1. Estimating LAI from SVIs 
In the first element of our analysis, we used the modeling framework 

developed by Baret and Guyot (1991) in association with measurements 
of NDVI, EVI2, and NIRv derived from HLS imagery to estimate the forest 
canopy LAI in the EMS tower footprint at daily time step during the 
growing seasons of 2016-2019. In this framework, which was originally 
derived using the SAIL canopy radiative transfer model (Verhoef, 1984), 
canopy LAI is estimated as a function of remotely sensed SVI measure
ments using a formulation based on Beer s Law: 

(4)  

where VIDOY is the vegetation index on any given day of year, VIg is the 
bare ground vegetation index (i.e., the VI value when no green leaves are 
present in the canopy), VI is the deep canopy vegetation index (the VI 
value for a canopy with very large LAI; here we use LAI 10), and kVI is 
an extinction coefficient that depends on leaf optics, the canopy leaf 
angle distribution, and solar geometry (see next section). Because the 
LAI and HLS data were not acquired on the same dates, we compared LAI 
values estimated from remotely sensed SVIs to field measurements of 
LAI interpolated to the HLS image acquisition dates. 

2.3.2. Two-stream modeling of canopy reflectance 
Both VI and kVI depend on solar geometry and canopy conditions, 

and so our approach includes parameterizations that capture variation 
in each of these terms over the course of the growing season. For 
example, Fig. 1 clearly shows that even though field-measured LAI is 
effectively constant outside of the greenup and senescence periods, EVI2 
and NIRv (and to a lesser degree, NDVI) decrease monotonically after 
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r e a c hi n g p e a k v al u e s ar o u n d t h e s u m m er s ol sti c e. T hi s s e a s o n al p att er n 

h a s  b e e n  n ot e d  i n  ot h er  st u di e s  ( e. g., El m or e  et  al.  2 0 1 2 )  a n d  w a s 

e x a mi n e d i n d et ail b y R e a v e s et al. ( 2 0 1 8) , w h o c o n cl u d e d t h at a b o ut 

5 0 % of t h e o b s er v e d s e a s o n al v ari ati o n i s r el at e d t o t o p o gr a p hi c eff e ct s. 

H o w e v er, R e a v e s  et  al.  ( 2 0 1 8) w er e  n ot  a bl e  e x pl ai n  t h e  r e m ai ni n g 

v ari a n c e,  n or  d o  t h eir  r e s ult s  e x pl ai n  s y st e m ati c  s e a s o n al  d e cli n e  i n 

v e g et ati o n  i n di c e s  o v er  r el ati v e  fi at  sit e s  s u c h  a s  t h e  H ar v ar d  F or e st. 

H er e w e u s e t h e t w o- str e a m c a n o p y r a di ati v e tr a n sf er m o d el d e s cri b e d 

b y S ell er s  ( 1 9 8 5) i n  c o m bi n ati o n  wit h  a  si m pl e  p ar a m et eri z ati o n  f or 

c a n o p y s h a d o wi n g a s a f u n cti o n of s ol ar z e nit h a n gl e t o m o d el s e a s o n al 

v ari ati o n i n VI ∞ . S p e ci fl c all y, w e d e fl n e c a n o p y s h a d o w s a s ar e a s i n t h e 

c a n o p y t h at ar e n ot ill u mi n at e d b y b e a m irr a di a n c e. T o p ar a m et eri z e 

c a n o p y pr o p erti e s (i n cl u di n g v ari ati o n i n l e af o pti c s) w e u s e m e a s ur e -

m e nt s of l e af-l e v el r e d a n d n e ar-i nfr ar e d r e fi e ct a n c e f or d o mi n a nt tr e e 

s p e ci e s at H ar v ar d F or e st c oll e ct e d b y Dill e n et al. ( 2 0 1 2) , a n d f oll o wi n g 

R a a b e et al. ( 2 0 1 5) , w e p ar a m et eri z e t h e c a n o p y l e af a n gl e di stri b uti o n 

t o  b e  pl a n o p hil e  (i. e.,  w e  s et  t h e  p ar a m et er  d e s cri bi n g  t h e  d e p art ur e 

fr o m a s p h eri c al L A D i n t h e t w o str e a m m o d el χ L = 0 .5 ). 

2. 3. 3.  M o d eli n g t h e I m p a ct of C a n o p y S h a d o ws o n S urf a c e R e fl e ct a n c e 

T h e  t w o- str e a m a p pr o xi m ati o n  f or  r a di ati v e  tr a n sf er  i n  v e g et ati o n 

c a n o pi e s a s s u m e s a u nif or m o pti c al m e di u m. H e n c e, it d o e s n ot a c c o u nt 

f or t h e eff e ct s of s p ati al v ari a bilit y a n d t hr e e- di m e n si o n al f or e st str u c-

t ur e,  e s p e ci all y  fr o m  s h a d o w s,  w hi c h  aff e ct  t h e  pi x el- s c al e  s urf a c e 

r e fi e ct a n c e fr o m f or e st c a n o pi e s ( Fi g. 2 ). T o c a pt ur e t h e i m p a ct of s e a -

s o n al  c h a n g e s  i n  c a n o p y  s h a d o wi n g  o n  s urf a c e  r e fi e ct a n c e,  w hi c h  i s 

m e a s ur e d  at  n e ar- n a dir  vi e w  a n gl e s  b y  S e nti n el  2  a n d  L a n d s at  8,  w e 

i m pl e m e nt e d  a  si m pl e  p ar a m et eri z ati o n  t h at  q u a nti fl e s  h o w  t h e  pr o-

p orti o n  of  c a n o p y  t h at  i s  s u nlit  v er s u s  s h a d o w e d  c h a n g e s  wit h  s ol ar 

z e nit h  a n gl e  o v er  t h e  gr o wi n g  s e a s o n.  T h e  p ar a m et eri z ati o n  i n cl u d e s 

t w o p art s. 

Fir st, t o m o d el t h e pr o p orti o n of c a n o p y t h at i s s h a d e d a s a r e s ult 

m ut u al s h a d o wi n g b y l e a v e s wit hi n cr o w n s ( fL sl,μ
), w e u s e t h e r ati o of 

s u nlit L AI at t h e ti m e of s at ellit e o v er p a s s t o t h e s u nlit L AI w h e n t h e S u n 

i s at n a dir (μ = 1 ): 

fL sl,μ = 1 −

(
L sl,μ

L sl,μ = 1

)

( 5) 

I n t hi s E q., L sl,μ i s t h e s u nlit l e af ar e a f or a gi v e n s ol ar z e nit h a n gl e 

( s p e ci fi e d h er e u si n g t h e c o si n e of t h e s ol ar z e nit h a n gl e, μ ) f or t h e d at e 

a n d  ti m e  of  i nt er e st,  w hi c h  i s  e sti m at e d  u si n g  ( C a m p b ell & N or m a n, 

1 9 9 8 ): 

L sl,μ =
1 − e − K μ × L

K μ
( 6)  

w h e r e L i s t h e c a n o p y L AI f or t h e d at e i n q u e sti o n a n d K μ i s a s h a p e f a ct or 

t h at d e p e n d s o n μ (S ell er s, 1 9 8 5 ). H e n c e, fL sl,μ 
v a ri e s o v e r t h e gr o wi n g 

s e a s o n a s a f u n cti o n of b ot h t h e c a n o p y L AI ( L ) a n d μ . 

S e c o n d, t o e sti m at e t h e pr o p orti o n of t h e s urf a c e t h at i s s h a d o w e d o n 

a n y gi v e n d at e a n d ti m e a s a r e s ult of 3- D cr o w n str u ct ur e ( fs c,μ ) (i. e., 

s h a d o w e d cr o w n s a n d s h a d o w s c a st b y 3- D cr o w n str u ct ur e), w e u s e d a 

hi g h s p ati al r e s ol uti o n ( 1 m) di git al s urf a c e m o d el ( D S M) f or t h e H ar v ar d 

F or e st i n c o m bi n ati o n wit h t h e al g orit h m d e s cri b e d b y ( C orri pi o, 2 0 0 3 ) 

t o  m o d el  s h a d e d  v er s u s  n o n- s h a d e d  c a n o p y  s urf a c e s  a s  a  f u n cti o n  of 

s ol ar z e nit h a n gl e. T h e D S M w a s g e n er at e d b y t h e N ati o n al E c ol o gi c al 

Fi g.  2. C a m er a  i m a g e  of  r e pr e s e nt ati v e  f or e st  c a n o p y  i n  t h e  H ar v ar d  F or e st 

E M S  t o w er  f o ot pri nt  a c q uir e d  fr o m  a n  u n m a n n e d  a eri al  v e hi cl e  at  1 4: 3 5  p m 

E D T  o n  O ct  1 6,  2 0 1 6.  N ot e  t h at  e v e n  t h o u g h  t h e  f or e st  c a n o p y  i s  r el ati v el y 

u nif or m, s h a d o wi n g fr o m wit hi n a n d b et w e e n cr o w n g a p s a n d 3- D str u ct ur e i s 

s u b st a nti al. 
Fi g. 3. N E O N Di git al s urf a c e m o d el fr o m di s cr et e r et ur n li d ar i m a g er y f or t h e 

st u d y ar e a w h er e L AI a n d r e m ot e s e n si n g s a m pl e s w er e c oll e ct e d at t h e H ar v ar d 

F or e st. T h e E M S t o w er i s i d e nti fi e d b y t h e r e d tri a n gl e i n t h e u p p er ri g ht c or n er. 

U nit s f or c ol or s c al e ar e m et er s a b o v e s e a l e v el. 

Fi g. 4. V ari ati o n i n s h a d o wi n g i n ill u mi n at e d cr o w n s b y l e a v e s wit hi n cr o w n s 

(fL sl,μ
), s h a d o wi n g fr o m 3- D cr o w n str u ct ur e ( fs c,μ ), a n d t ot al s h a d o w fr a cti o n ( fts) 

f o r t h e E M S t o w er f o ot pri nt. V al u e s f or all t hr e e q u a ntiti e s ar e c o m p ut e d f or 

s ol ar z e nit h a n gl e s c orr e s p o n di n g t o t h e a v er a g e o v er p a s s ti m e of L a n d s at a n d 

S e nti n el 2 e a c h d a y. 
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O b s er v at or y ( N E O N) u si n g di s cr et e r et ur n li d ar i m a g er y c oll e ct e d b y t h e 

N E O N air b or n e o b s er v at or y at H ar v ar d F or e st ( N E O N d at a pr o d u ct I D 

D P 3. 3 0 0 2 4. 0 0 1), a n d c a pt ur e s hi g h-r e s ol uti o n s p ati al v ari ati o n i n c a n -

o p y  h ei g ht,  i n cl u di n g  t h e  eff e ct  of  u n d erl yi n g  t o p o gr a p h y  ( w hi c h  i s 

m o d e st i n t h e E M S f o ot pri nt b ut c a n i n fi u e n c e s h a d o w s). T o e sti m at e 

s h a d e fr a cti o n s f or o ur r e gi o n of i nt er e st, w e e xtr a ct e d D S M d at a f or t h e 

f o ot pri nt of t h e E M S t o w er c orr e s p o n di n g t o t h e s a m e ar e a w h er e t h e 

L AI a n d H L S d at a u s e d i n t hi s st u d y w er e c oll e ct e d ( Fi g. 3 ). 

U si n g t h e D S M d at a, w e u s e d t h e ‘ hill s h a di n g ’ f u n cti o n i m pl e m e nt e d 

i n V er si o n 1. 2. 2 of t h e R p a c k a g e ‘i n s ol’ ( w hi c h i m pl e m e nt s t h e al g o -

rit h m  d e s cri b e d  i n C orri pi o  ( 2 0 0 3) )  t o  i d e ntif y  l o c ati o n s  w h er e  t h e 

w h er e t h e l o c al s ol ar z e nit h a n gl e of 1 m pi x el s e x c e e d e d 9 0 ◦ o r w h e r e 

3- D c a n o p y str u ct ur e r e s ult e d i n s h a d o w s c a st e d o nt o ot h er 1 m c ell s at 

t h e o v er p a s s ti m e of L a n d s at a n d S e nti n el 2 at H ar v ar d F or e st. T h e t ot al 

s h a d e  fr a cti o n  f or  t h e  c a n o p y  w a s  t h e n  c o m p ut e d  a s  t h e  s u m  of  t h e 

fr a cti o n of s h a d e fr o m t h e cr o w n s (fs c,μ ) a n d t h e f r a cti o n of s h a d e fr o m 

l e a v e s (fL sl,μ
), c o r r e cti n g f o r o v erl a p: 

fts = fs c,μ +
(
1 − fs c,μ

)
∗ fL sl,μ

( 7) 

Fi g. 4 pl ot s s e a s o n al v ari ati o n i n t h e m o d el e d pr o p orti o n of t h e t ot al 

s h a d e d ar e a ( fts) a s w ell a s t h e c o m p o n e nt s of t hi s s h a d e fr o m l e a v e s a n d 

cr o w n s  ( fL sl,μ 
a n d fs c,μ ,  r e s p e cti v el y)  at  t h e  n o mi n al  o v er p a s s  ti m e  of 

L a n d s at a n d S e nti n el 2. O n t h e s u m m er s ol sti c e ( ~ J u n e 2 1), t h e m o d el e d 

s h a d o w fr a cti o n i s 9. 9 %, w h er e a s b y t h e e n d of t h e gr o wi n g s e a s o n ( O ct 

3 1) t h e fr a cti o n i n cr e a s e s t o 2 9. 9 %. 

T o e v al u at e t h e r e ali s m of m o d el r e s ult s s h o w n i n Fi g. 4 , w e cr e at e d a 

m o s ai c of hi g h-r e s ol uti o n i m a g er y c oll e ct e d fr o m a n u n m a n n e d a eri al 

v e hi cl e at t h e H ar v ar d F or e st a n d cr o p p e d t h e r e s ulti n g i m a g e t o c o v er 

t h e s a m e st u d y r e gi o n t h at w e u s e d f or t h e D S M- b a s e d m o d eli n g. W e 

t h e n m a n u all y l a b el e d 5 0 6 pi x el s i n t hi s m o s ai c ( 2 5 1 a s s h a d o w e d a n d 

2 5 5  a s  s u nlit),  a n d  u s e d  t h e s e  pi x el s  t o  tr ai n  a  r a n d o m  f or e st  m o d el 

(Br ei m a n,  2 0 0 1 )  t h at  cl a s si fl e s  e a c h  pi x el  a s  eit h er  s u nlit  or  s h a d e d. 

U si n g t hi s cl a s si fl er, w e cr e at e d a hi g h- s p ati al r e s ol uti o n ( 1 0 c m) m a p of 

s u nlit  v er s u s  s h a d e d  c a n o p y  i n  t h e  st u d y  r e gi o n  ( Fi g.  5 ).  T h e  o v er all 

cl a s si fi c ati o n a c c ur a c y of t h e m o d el ( e sti m at e d vi a cr o s s- v ali d ati o n) w a s 

9 9. 2 %  c orr e ctl y  cl a s si fl e d  a n d  t h e  pr o p orti o n  of  t h e  ar e a  m a p p e d  a s 

s h a d o w w a s 3 3. 6 %. F or c o m p ari s o n t h e s h a d e fr a cti o n m o d el e d u si n g 

E q s. ( 5) -( 7), i s 2 8. 1 % f or t h e d at e a n d ti m e w h e n t h e U A V i m a g er y w a s 

a c q uir e d,  w hi c h  s u g g e st s  t h at  o ur  a p pr o a c h  m o d e stl y  ( ~ 1 6 %  f or  t h e 

d at e a n d ti m e t h e U A V i m a g er y w er e a c q uir e d) u n d er e sti m at e s s h a d o w 

fr a cti o n. 

2. 3. 4. Esti m ati n g f A P A R fr o m I n- Sit u M e as ur e m e nts 

T o e sti m at e f A P A R a b s or b e d b y l e a v e s i n t h e c a n o p y (f A P A R C ), i n sit u 

m e a s ur e m e nt s of t ot al f A P A R (f A P A R T ) w e r e a dj u st e d t o e x cl u d e r a di -

ati o n  i nt er c e pt e d  b y  br a n c h e s  a n d  st e m s  (f A P A R S )  (i. e.,  f A P A RC =

f A P A RT - f A P A RS , w h e r e f A P A RT = Φ / P A R i). N ot e t h at f A P A R S v a ri e s 

wit h l e af ar e a i n t h e c a n o p y a n d  s o i s n ot c o n st a nt o v er  t h e gr o wi n g 

s e a s o n. T o a c c o u nt f or t hi s, w e u s e d a n a p pr o a c h b a s e d o n B e er ’s l a w t o 

p artiti o n f A P A R T b et w e e n f A P A R C a n d f A P A R S (Fi g. 2 ): 

f A P A RC = P ∞ − e x p
(
− K μ L

)
( 8)  

f A P A RS =
(
P ∞ − e x p

(
− K μ S

)
× ( 1 − f A P A RC ) ( 9)  

w h e r e L a n d S ar e t h e c a n o p y a n d st e m ar e a i n d e x ( i. e., t h e pl a nt ar e a 

i n d e x w h e n L AI = 0), r e s p e cti v el y, K μ i s t h e c a n o p y e xti n cti o n c o ef fi-

ci e nt  d eri v e d  fr o m  o b s er v ati o n s,  a n d  P ∞ i s  t h e  d e e p  c a n o p y  f A P A R 

(= 0. 9 4). 

2. 3. 5. Esti m ati n g f A P A R fr o m r e m ot e s e nsi n g 

W e e v al u at e t w o diff er e nt a p pr o a c h e s f or e sti m ati n g f A P A R C f r o m 

v e g et ati o n i n di c e s: ( 1) t h e m et h o d d e s cri b e d b y B ar et a n d G u y ot ( 1 9 9 1) , 

w hi c h  e sti m at e s  f A P A R C di r e ctl y  f r o m  S VI s;  a n d  ( 2)  t h e  m et h o d 

d e s cri b e d b y F e n s h olt et al. ( 2 0 0 4) , w hi c h e sti m at e s f A P A RC f r o m c a n-

o p y  L AI.  B e c a u s e  o ur  i nt er e st  i s  i n  e sti m ati n g  f A P A R C f r o m  r e m ot e 

s e n si n g, h er e w e e v al u at e t hi s l att er a p pr o a c h u si n g L AI e sti m at e d fr o m 

S VI s ( S e cti o n 2. 3. 1 ). 

T h e m et h o d d e s cri b e d b y B ar et a n d G u y ot ( 1 9 9 1) ( h er e aft er, B G 9 1) 

i s a n e xt e n si o n of t h e a p pr o a c h w e pr e vi o u sl y d e s cri b e d a b o v e t o e sti-

m at e L AI: 

f A P A R = P ∞

[

1 −

(
VI ∞ − VI

VI ∞ − VI g

) K
]

( 1 0)  

w h e r e P ∞ i s t h e a s y m pt oti c all y li miti n g v al u e of f A P A R f or a n i n fi nit el y 

t hi c k c a n o p y (= 0. 9 4), K i s a n e xti n cti o n c o ef fl ci e nt d e fi n e d a s t h e r ati o 

b et w e e n k VI a n d K μ at t h e ti m e of s at ellit e o v er p a s s, a n d VI D O Y , VIg , a n d 

VI ∞ a r e f r o m E q. ( 4) . 

T h e m et h o d d e s cri b e d b y F e n s h olt et al. ( 2 0 0 4) ( h er e aft er F T 0 4) u s e s 

a  s h a p e  f a ct or  ( G( θ ),  s ol ar  z e nit h  a n gl e  ( θ ),  a n d  t h e  c a n o p y  L AI  t o 

Fi g. 5. L eft p a n el: U A V i m a g e m o s ai c f or t h e ar e a c orr e s p o n di n g t o L AI pl ot s a n d L a n d s at a n d S e nti n el pi x el s u s e d i n t hi s a n al y si s. Ri g ht p a n el: s h a d o w e d ( gr e e n) 

v er s u s ill u mi n at e d c a n o p y m a p p e d u si n g N E O N li d ar i m a g er y. R e d tri a n gl e s h o w s t h e l o c ati o n of t h e E M S t o w er. N ot e, t h e cl a s si fi c ati o n m a p h a s b e e n r e pr oj e ct e d t o 

a U T M c o or di n at e s y st e m, w hil e t h e i m a g e at l eft i s u n pr oj e ct e d. 
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e sti m at e  tr a n s mitt a n c e  of  P A R  t hr o u g h  t h e  c a n o p y  u n d er  cl e ar  s k y 

c o n diti o n s: 

f A P A Rtr = e x p

(
− G (θ )  × L

c os θ

)

( 1 1)  

w h er e G( θ ) i s d e fi n e d a s: 

G (θ )  =

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅̅
x 2 c o s 2 θ + si n 2 θ

√

x + 1 .7 7 4 (x + 1 .1 8 2 )  − 0 .7 3 3
( 1 2)  

a n d x i s t h e r ati o of t h e a v er a g e pr oj e ct e d ar e a of l e a v e s o n h ori z o nt al 

a n d v erti c al s urf a c e s ( e. g ., f or a s p h eri c al di stri b uti o n, x i s 1. 0). F or t hi s 

st u d y, w e s et x t o b e 3, w hi c h i s c o n si st e nt wit h χ L i n t h e t w o- st r e a m 

m o d el  si m ul ati o n s  ( i. e.,  a  pl a n o p hil e  l e af  a n gl e  di stri b uti o n, d e  Wit 

( 1 9 6 5)). f A P A R C w a s t h e n e sti m at e d b y: 

f A P A RC = P ∞ − f A P A Rtr ( 1 3)  

2. 3. 6. Esti m ati n g d ail y A P A R 

I n  t h e  fl n al  el e m e nt  of  o ur  a n al y si s,  w e  u s e  e sti m at e s  of  f A P A R C 

d e ri v e d f r o m r e m ot e s e n si n g t o e sti m at e d ail y t ot al A P A R. T o d o t hi s, w e 

m o d el di ur n al v ari ati o n i n f A P A R o v er t h e c o ur s e of t h e gr o wi n g s e a s o n 

u si n g F T 0 4, w hi c h c a pt ur e s t h e eff e ct of di ur n al a n d s e a s o n al v ari ati o n 

i n s ol ar g e o m etr y o n f A P A R, a p pli e d at 3 0- mi n ut e i nt er v al s b et w e e n 7 

A M  a n d  5  P M  l o c al  s ol ar  ti m e  fr o m  D O Y  1 0 0  -  3 3 0.  T h e n,  u si n g  t h e 

d o w n w elli n g i n ci d e nt P A R ( P A R i) m e a s u r e d a b o v e t h e c a n o p y at H ar -

v ar d F or e st, w e c o m p ut e d ail y t ot al A P A R a b s or b e d b y t h e c a n o p y ( Φ D ; 

M J / m 2 / d a y) a s: 

Φ D =
∑ tn

t0

f A P A RC

(
t
)

× P A R i(t)  × 1 8 0 0 s ( 1 4)  

w h er e t i s t h e ti m e st e p, t0 i s 7: 0 0 A M, tn i s 5: 0 0 P M, a n d P A Ri i s t h e 

a v e r a g e i n ci d e nt P A R i n t h e 3 0 mi n ut e s pr e c e di n g ti m e st e p i. 

3.  R e s ult s 

3. 1.  R e m ot el y s e ns e d Esti m at es of L AI 

L AI v al u e s r etri e v e d fr o m E VI 2, N D VI a n d NI R V h a v e si mil ar a c c u -

r a c y,  a n d  all  t hr e e  v e g et ati o n  i n di c e s  r e ali sti c all y  r e pr o d u c e  s e a s o n al 

v ari ati o n i n L AI ( T a bl e 1 , Fi g. 7 ). M or e g e n er all y, t h e r e s ult s s h o w n i n 

Fi g s. 7 a n d 8 a n d d e m o n str at e t h at all  t hr e e S VI s  c a pt ur e t h e  o v er all 

m a g nit u d e  a n d  s e a s o n al  v ari ati o n  i n  L AI  w ell.  N ot e  t h at  e v e n  aft er 

c ar ef ul q u alit y c o ntr ol a n d fllt eri n g f or cl o u d s, t h e ti m e s eri e s f or e a c h 

v e g et ati o n i n d e x i n cl u d e s v ari a bilit y t h at i s pri m aril y c a u s e d b y n oi s e i n 

t h e NI R r e fi e ct a n c e (Fi g. 1 ) t h at pr o p a g at e s i nt o r etri e v e d L AI v al u e s. 

T a bl e 1 

R 2 , R M S E, a n d bi a s of L AI e sti m at e d fr o m e a c h v e g et ati o n i n d e x at t h e H ar v ar d 

F or e st.  N ot e  t h at  t h e  fl el d  L AI  d at a  w er e  li n e arl y  i nt er p ol at e d  b et w e e n  m e a -

s ur e m e nt s t o e sti m at e i n- sit u L AI f or H L S o v er p a s s d at e s.  

S VI R 2 R M S E Bi a s 

E VI 2 0. 7 2 0. 4 9 0. 1 7 

N D VI 0. 7 9 0. 4 7 0. 1 4 

NI R V 0. 7 9 0. 4 2 0. 2 4  

Fi g. 6. C o nt ri b uti o n s of st e m s a n d l e a v e s t o t ot al a n d c a n o p y f A P A R at H ar v ar d 

F or e st.  Li n e s  s h o w  m o d el e d  v al u e s  f or  mi d- d a y  c o n diti o n s,  a n d  p oi nt s  s h o w 

t o w er m e a s ur e m e nt s, w hi c h i n cl u d e di ur n al v ari ati o n. 

Fi g. 7. S e a s o n al ti m e s eri e s of L AI e sti m at e d fr o m E VI 2, N D VI, a n d NI R v a n d fi el d m e a s ur e m e nt s at H ar v ar d F or e st.  

Fi g.  8. L AI  m o d el e d  fr o m  H L S  i m a g er y  v er s u s  o b s er v e d  L AI  fr o m  fi el d  pl ot 

d at a.  N ot e  t h at  t h e  fl el d  pl ot  d at a  w er e  li n e arl y  i nt er p ol at e d  b et w e e n  m e a -

s ur e m e nt d at e s t o e sti m at e i n- sit u L AI o n H L S o v er p a s s d at e s. N ot e, t hi s fi g ur e 

i n cl u d e s d at a fr o m all f o ur y e ar s 
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O v er all, s e a s o n al v ari ati o n i n L AI e sti m at e d fr o m e a c h S VI f oll o w s t h e 

p att er n d e s cri b e d b y El m or e et al. ( 2 0 1 2) a n d R e a v e s et al. ( 2 0 1 8) , wit h 

m a xi m u m  v al u e s  ar o u n d  t h e  ti m e  of  t h e  s u m m er  s ol sti c e,  s y st e m ati c 

d e cr e a s e  o v er  t h e  mi d- gr o wi n g  s e a s o n,  a n d  r a pi d  d e cli n e  i n  t h e  f all 

r el at e d t o l e af s e n e s c e n c e a n d l e af dr o p. Fi g. 7 al s o s u g g e st s t h at N D VI 

d o e s a m o d e stl y b ett er j o b of e sti m ati n g L AI i n t h e s e c o n d h alf of t h e 

gr o wi n g s e a s o n t h a n E VI 2 or NI R V . T hi s r e fi e ct s t h e f a ct t h at e a c h of 

t h e s e l att er t w o i n di c e s w ei g ht NI R r e fl e ct a n c e m or e h e a vil y t h a n t h e 

N D VI. H e n c e, N D VI i s l e s s i m p a ct e d b y s h a d o wi n g t h a n E VI 2 or NI R V . 

H o w e v e r, r e s ult s s h o w n i n T a bl e 2 d e m o n str at e t h at diff er e n c e s i n a c -

c ur a c y  ar e  n e gli gi bl e  a m o n g  t h e  t hr e e  i n di c e s.  C o n si st e nt  wit h  t h e s e 

r e s ult s, Fi g. 8 s h o w s a s c att er pl ot c o m p ari n g fl el d- m e a s ur e m e nt s wit h 

r e m ot el y s e n s e d L AI d eri v e d fr o m e a c h v e g et ati o n i n d e x. Si g ni fi c a ntl y, 

r e s ult s  s h o w n  i n Fi g.  8 s u g g e st  t h at  fl el d- b a s e d  m e a s ur e m e nt s  of  L AI 

s at ur at e at L AI v al u e s ~ 3. 2. M or e g e n er all y, t h e s e r e s ult s i n di c at e t h at 

L AI e sti m at e d b y all t hr e e v e g et ati o n i n di c e s t e n d t o u n d er e sti m at e fi el d 

T a bl e 2 

A gr e e m e nt b et w e e n fi el d m e a s ur e m e nt s of F A P A R C a n d c o r r e s p o n di n g v al u e s 

r etri e v e d fr o m r e m ot e s e n si n g.   

B G 9 1 F T 0 4 

R 2 R M S E  Bi a s  R 2 R M S E  Bi a s 

E VI 2  0. 8 8  0. 0 5  0. 0 0  0. 8 9  0. 0 5  0. 0 2 

N D VI  0. 8 5  0. 0 6  0. 0 0  0. 8 4  0. 0 7  0. 0 3 

NI R V 0. 8 5  0. 0 5  0. 0 0  0. 8 7  0. 0 5  0. 0 3  

Fi g.  9. S e a s o n al  v ari ati o n  i n  o b s er v e d  c a n o p y  f A P A R C (i. e.,  f r o m  t o w er- b a s e d  m e a s ur e m e nt s)  a n d m o d el e d  f A P A R C e sti m at e d  f r o m  r e m ot e  s e n si n g  u si n g  B G 9 1 

( u p p er r o w) a n d F T 0 4 (l o w er r o w). N ot e, t hi s fl g ur e i n cl u d e s d at a fr o m all f o ur y e ar s. 

Fi g. 1 0. C a n o p y f A P A R C e sti m at e d f r o m E VI 2, N D VI, a n d NI R V u si n g B G 9 1 (l eft p a n el) a n d F T 0 4 (ri g ht p a n el) v er s u s o b s er v e d f A P A R C . N ot e, t hi s fi g ur e i n cl u d e s 

d at a fr o m all f o ur y e ar s. 
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m e a s ur e m e nt s of L AI t hr o u g h o ut m u c h of t h e gr o wi n g s e a s o n. 

3. 2.  R e m ot el y s e ns e d esti m at es of f A P A R 

B ot h m et h o d s t h at w e t e st e d t o e sti m at e f A P A R C p e rf o r m e d w ell f or 

all  v e g et ati o n  i n di c e s,  wit h  a  f e w  s u btl e  diff er e n c e s  ( Fi g s.  9 a n d 1 0 , 

T a bl e s  2 a n d 3 ).  O v er all  a gr e e m e nt  b et w e e n  fi el d  m e a s ur e m e nt s  of 

f A P A RC a n d f A P A R C r et ri e v e d f r o m H L S u si n g B G 9 1 or F T 0 4 w a s hi g h 

f or  all  t hr e e  S VI s,  w hi c h  s u g g e st s  t h at  eit h er  m et h o d  c a n  b e  u s e d  t o 

e sti m at e d ail y f A P A R C wit h g o o d a c c u r a c y. N ot e t h at t h e s e r e s ult s s h o w 

f A P A RC e sti m at e d at t h e ti m e of t h e s at ellit e o v er p a s s ( n o mi n all y, b e -

t w e e n  1 0: 0 0  a n d  1 0: 1 5  a m l o c al  ti m e), wit h  a  l ar g e  m aj orit y  of  d at a 

p oi nt s c oll e ct e d d uri n g t h e J u n e- S e pt e m b er p eri o d wit h m a xi m u m l e af 

ar e a ( cf ., Fi g. 7 ). R etri e v e d f A P A R C v al u e s e sti m at e d u si n g b ot h m et h o d s 

m o d e stl y u n d er e sti m at e fl el d m e a s ur e m e nt s d uri n g t h e s pri n g gr e e n u p 

a n d f all gr e e n d o w n p eri o d s w h e n L AI i s < ~ 2 (i. e., w h e n f A P A R < ~ 0. 8) 

(Fi g. 1 0 ). 

B a s e d o n t h e r e s ult s s h o w n i n T a bl e 2 a n d Fi g. 5 a n d l e v er a gi n g t h e 

f a ct t h at F T 0 4 i n cl u d e s t h e eff e ct of s ol ar z e nit h a n gl e o n f A P A R, w e u s e d 

F T 0 4 i n c o m bi n ati o n wit h r e m ot el y s e n s e d e sti m at e s of L AI i nt er p ol at e d 

t o d ail y v al u e s t o e sti m at e f A P A RC at 3 0- mi n ut e ti m e st e p s f or all d a y s 

d uri n g t h e gr o wi n g s e a s o n s of 2 0 1 6- 2 0 1 9 ( Fi g. 1 1 ). R e s ult s b a s e d o n all 

t hr e e S VI s s h o w e d t h e s a m e g e n er al p att er n, wit h hi g h a gr e e m e nt a n d 

l o w bi a s b et w e e n m o d el e d a n d o b s er v e d v al u e s of f A P A RC . 

3. 3. Esti m ati n g d ail y A P A R 

D ail y  a b s or b e d  p h ot o s y nt h eti c all y  a cti v e  r a di ati o n  b y  t h e  c a n o p y 

(Φ D )  c o m p ut e d  fr o m  3 0- mi n ut e  m e a s ur e m e nt s  of  P A R i a n d  m o d el e d 

f A P A RC v al u e s  s h o w e d  str o n g  a gr e e m e nt  wit h  i n- sit u  m e a s ur e m e nt s 

(Fi g. 1 2 a n d T a bl e 4 ). A n o m al o u sl y hi g h Φ D v al u e s a r e t h e b y- pr o d u ct of 

n oi s e i n t h e S VI o b s er v ati o n s ( s p e ci fl c all y, i n t h e NI R m e a s ur e m e nt s o n 

T a bl e 3 

A gr e e m e nt b et w e e n m e a s ur e d a n d m o d el e d 3 0- mi n ut e c a n o p y f A P A R C u si n g t h e m et h o d d e s cri b e d b y F e n s h olt et al. ( 2 0 0 4) . Bi a s v al u e s ar e pr o vi d e d f or t h e w h ol e 

s e a s o n ( All), a s w ell a s f or e arl y, mi d, a n d l at e s e a s o n p eri o d s d et er mi n e d fr o m H L S d at a f or H ar v ar d F or e st ( B olt o n et al., 2 0 2 0 ). T h e t a bl e s h o w s a gr e e m e nt f or d at e s 

w h e n H L S i m a g er y w a s a c q uir e d ( H L S A c q ui siti o n D at e s) a n d f or all d at e s b a s e d o n L AI e sti m at e d fr o m d ail y i nt er p ol at e d S VI v al u e s ( O b s er v e d + I nt er p ol at e d S VI).   

H L S A c q ui siti o n D at e s O b s er v e d + I nt er p ol at e d S VI 

R 2 R M S E  Bi a s ( All)  Bi a s ( E arl y)  Bi a s ( Mi d)  Bi a s ( L at e)  R 2 R M S E  Bi a s ( All)  Bi a s ( E arl y)  Bi a s ( Mi d)  Bi a s ( L at e) 

E VI 2  0. 9 1  0. 0 7  - 0. 0 4  - 0. 0 4 - 0. 0 6  - 0. 0 1  0. 9 4  0. 0 6  - 0. 0 2  - 0. 0 3 - 0. 0 2  - 0. 0 1 

N D VI  0. 8 8  0. 0 7  0. 0 2  0. 0 3 - 0. 0 3  0. 0 4 0. 9 2  0. 0 6  0. 0 1  0. 0 3 - 0. 0 1  0. 0 4 

NI R V 0. 8 9  0. 0 6  - 0. 0 1  0. 0 0 - 0. 0 5  - 0. 0 2  0. 9 2  0. 0 5  - 0. 0 1  0. 0 0 - 0. 0 1  - 0. 0 2  

Fi g. 1 1. M o d el e d 3 0- mi n ut e c a n o p y f A P A R C e sti m at e d f r o m E VI 2, N D VI, a n d NI R V d at a u si n g F T 0 4 t o e sti m at e h alf h o url y f A P A R C f o r o b s e r v e d ( fill e d cir cl e s) a n d 

d ail y i nt er p ol at e d S VI s f or e a c h ( o p e n cir cl e s) f or 7: 0 0 a m t o 5: 0 0 p m l o c al ti m e. N ot e, t hi s fl g ur e i n cl u d e s d at a fr o m all f o ur y e ar s. 

Fi g.  1 2. D ail y t ot al  P A R  a b s or b e d  b y t h e  c a n o p y  ( A P A R C = Φ D )  at H a r v a r d  F or e st  e sti m at e d  fr o m  H L S  E VI 2, N D VI  a n d NI R V v e r s u s Φ D e sti m at e d  fr o m  t o w er 

m e a s ur e m e nt s. O b s er v e d S VI i n di c at e s Φ D v al u e s e sti m at e d fr o m i m a g er y, w hil e i nt er p ol at e d S VI r ef er s t o Φ D v al u e s e sti m at e d fr o m d ail y S VI v al u e s t h at w er e 

i nt er p ol at e d t o d ail y v al u e s fr o m i m a g er y. N ot e, t hi s fi g ur e i n cl u d e s d at a fr o m all f o ur y e ar s. 
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the dates). In general, all three of the SVIs captured seasonal variation in 
D with high accuracy. 

4. Discussion 

4.1. Estimating LAI phenology from remote sensing 

LAI controls a wide array of ecosystem functions related to carbon, 
water, and energy budgets in terrestrial ecosystems. In temperate de
ciduous forests, LAI exhibits variation at multiple spatial scales and 
varies both seasonally and interannually as a function of bioclimatic 
forcing (e.g., Moon, Seyednasrollah, et al., 2021). In-situ measurements 
at Harvard Forest demonstrate that during the mid-season period (i.e., 
after leaf out and prior to senescence) LAI is very stable. Similarly, 
leaf-level measurements show that foliar spectral reflectance among 
dominant deciduous tree species at the Harvard Forest is stable during 
the mid-season (Yang et al., 2016). However, remote sensing-based 
studies conducted at the Harvard Forest (E. Melaas et al., 2013) and in 
a Mid-Atlantic temperate forest (Elmore et al., 2012) demonstrate that 
remotely sensed SVIs exhibit systematic seasonal decrease (aka ‘green
down ) prior to senescence that is unrelated to changes in LAI and is 
largely driven by changes in NIR reflectance. Reaves et al. (2018) 
collected field data designed to explore and explain the source of this 
pattern. They found that 50% of spatial variation in observed green
down across multiple sites at a mixed oak forest in western Maryland 
was explained by a combination of species composition and topography. 
Significantly, Reaves et al (2018) found no consistent seasonal trends in 
foliar NIR reflectance and no correlation between leaf-level reflectance 
measurements and satellite-observed greendown patterns. These pat
terns are consistent with our results. Indeed, our results, in combination 
with results from Reaves et al. (2018), suggest that the impact of 
shadowing on surface reflectance will be stronger in forested areas 
where topography increases the proportional area of shadow in 
remotely sensed images. 

Results from our analysis show that model-based retrievals of LAI 
estimated from remotely sensed spectral vegetation indices agreed well 
with ground-based measurements of LAI collected using indirect optical 
methods (Figs. 7 and 8, Table 1). However, it s important to note that 
these ground-based estimates include non-trivial uncertainty. Indirect 
optical LAI measurements, such as the ones used in this work, measure 
the plant area index (PAI), not LAI. To compute LAI from PAI (Eq. (2)), 
we estimated the woody fraction (Wf) of the PAI using the method 
described by Chen et al. (1997). Kucharik et al. (1998) showed that 
branches can be occluded by leaves, which can lead to over-estimation 
of Wf. However, Kucharik et al. (1998) also state that the PAI of stems 
need to be accounted for independent of branches. Further, Yan et al. 
(2019) found that occlusion of branches is not a major source of error 
and conclude that the method described by (Chen et al., 1997) provides 
a practical approach for operational estimation of LAI from PAI mea
surements. That said, as we previously noted in reference to Fig. 8, the 
ground-based measurements of LAI (after correcting for woody fraction) 
appear to saturate around 3.2. It s also worth noting that the transects 
that where indirect optical measurements of LAI are collected include a 
modest number of conifer species, which will modestly increase mini
mum PAI values. Hence, it s possible that the parameterization of Wf 
that we use for this work modestly over-estimates PAI during the middle 

of the growing season when PAI tends to be quite stable, leading to 
modest underestimation of LAI. 

Estimation of LAI from remote sensing has been a topic of research 
for well over three decades and there is a deep literature focused on both 
theory and applications on this topic (e.g. Asrar et al. 1984, Myneni et al. 
1995, Knyazikhin et al. 1998b, 1998a, Weiss et al. 1999, Fang et al. 
2003, Vina et al. 2011). The goal of this work is not to develop new 
theory or methods to estimate LAI from remote sensing. Rather, our goal 
was to test the feasibility of using the relatively simple model described 
by Baret and Guyot (1991) to estimate seasonal variation in canopy LAI 
from newly available remote sensing data sets. As part of our analysis, 
we modified the general approach described Baret and Guyot (1991) to 
account for variation in canopy properties over the growing season by 
including seasonal variation in kVI and VI . In doing so, our approach 
attempts to balance model complexity and realism with practical con
siderations involved in operational estimation of LAI from remote 
sensing. 

Recent and ongoing changes in climate have shifted the timing of 
phenophase transition dates in temperate forests (Cleland et al., 2007; 
Gill et al., 2015; Jeong et al., 2011; Menzel et al., 2006; Piao et al., 2006; 
A. D. Richardson et al., 2013), which can impact community structure 
and ecosystem function, including ecosystem primary productivity 
(Keenan et al., 2014; L. Liu & Zhang, 2020; Piao et al., 2019; A. D. 
Richardson et al., 2009; Wehr et al., 2016). While previous studies have 
successfully mapped phenological metrics or LAI from Landsat (J. M. 
Chen & Cihlar, 1996; E. Melaas et al., 2013; Turner et al., 1999), this 
study provides a demonstration of 30 m LAI time series retrieval at 
sub-seasonal time scale, which is made possible by the availability of 
HLS data. In this context, our results demonstrate the importance of 
parameterizing seasonal scale variation in environmental properties, 
especially solar zenith angle, in this process. As we illustrate in Fig. 1, 
both EVI2 and NIRV systematically decrease after the summer solstice 
even though in-situ measurements show that LAI is stable until much 
later in the growing season. Because leaves are strongly absorptive in the 
visible wavelengths, canopy reflectance in the HLS red band is unaf
fected by variation in solar zenith angle. In contrast, NIR reflectance 
shows strong seasonal co-variation with solar zenith angle, which we 
parameterized using a first-order model of canopy shadowing. Relative 
to NDVI, both EVI2 and NIRV weight NIR reflectance more heavily, and 
so both indices exhibit seasonal variation that is unrelated to changes in 
canopy properties that is somewhat less evident in NDVI time series. 

A novel aspect of our analysis is that it demonstrates the feasibility of 
retrieving LAI with sufficient temporal frequency to resolve the 
phenology of forest canopies at a spatial resolution that captures 
landscape-scale patterns in phenology. This capability provides sub
stantial information related to spatial variability in canopy LAI that is 
not detected at coarser spatial resolutions. To illustrate, Fig. 9 shows 
maps of LAI estimated for two adjacent days at 500 m spatial resolution 
from the MODIS Collection 6 LAI/fPAR product (K. Yan, Park, Yan, 
Chen, et al., 2016; K. Yan, Park, Yan, Liu, et al., 2016) and at 30 m 
resolution estimated from HLS. Inspection of this figure clearly illus
trates the additional granularity of landscape-scale information afforded 
by 30 m HLS imagery relative to MODIS. Because LAI is non-linearly 
related to both spectral vegetation indices and a wide array of bio
physical processes (Friedl et al., 1995; Garrigues et al., 2006; Jin et al., 
2007; Y. Xiao et al., 2014), the higher spatial resolution afforded by 
Landsat and Sentinel 2 imagery has potential to substantially improve 
not only the spatial representation of seasonal variation in LAI, but also 
to reduce bias introduced via scaling processes in models that use 
remotely sensed LAI as inputs. 

4.2. Estimating fAPARC phenology from remote sensing 

We compared two methods for estimating variation in fAPARC over 
the growing season. The first method (BG91) estimates fAPARC directly 
from vegetation indices, while the second method (FT04) estimates 

Table 4 
Agreement between observed and modeled values of daily APAR. Bias is defined 
as Observed Modeled.   

Observed SVI Only Observed Interpolated SVI 
R2 RMSE Bias R2 RMSE Bias 

EVI2 0.90 1.57 0.00 0.94 1.22 -0.42 
NDVI 0.90 1.50 0.00 0.93 1.24 -0.04 
NIRV 0.91 1.41 0.00 0.95 1.10 -0.24  
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fAPARC using remotely sensed estimates of LAI and a first-order model 
of canopy absorption based on Beer s Law. Our results indicate that both 
methods were able to accurately estimate seasonal variation in instan
taneous fAPARC across the growing season. Because FT04 parameterizes 
the effect of diurnal variation in solar zenith angle on fAPARC, we used 
this method to estimate half-hourly fAPARC and then aggregated 30- 
minute values of fAPARC with corresponding values of incoming PAR 
(PARi) to estimate daily total PAR absorbed by the canopy ( ). 

Significantly, even though FT04 relies on remotely sensed estimates 
of LAI, when aggregated to daily values derived from 30-minute values 
of fAPARC, exhibited only modest bias and was relatively insensitive 
to uncertainty in remotely sensed LAI. This was especially true during 
the mid-growing season when LAI was high and fAPARC was relatively 
stable. This occurs because the relationship between fAPARC and LAI is 
asymptotic, and for LAI values greater than ~2.0 fAPARC was relatively 
insensitive to changes in LAI Fig. 2. During the spring greenup and fall 
greendown periods when LAI is lower, however, instantaneous values of 
fAPARC estimated via FT04 were modestly biased, especially for time 
periods when solar zenith angles were large. Fortunately, because PARi 
is low under these conditions the impact of these systematic errors on 
was relatively minor. However, given the growing importance of the 
spring and fall phenological sub-periods to changes in net growing 
season carbon budgets (e.g., Richardson et al. 2009, Keenan et al. 2014), 
accounting for and correcting the source of this bias is an important issue 
that needs to be addressed in future work. 

It s important to note that our analysis specifically focused on 
fAPARC rather than total fAPAR absorbed by all canopy elements 
(leaves, branches, and stems; i.e., fAPART). Some studies either explicitly 
or implicitly include woody canopy elements (i.e., branches, trunks) in 
estimates of fAPAR, while others have showed the importance of dis
tinguishing between photosynthetic and non-photosynthetically active 
parts of the canopy (Cheng et al., 2014; Gitelson & Gamon, 2015; Hall 
et al., 1992; Hanan et al., 2002; Vina & Gitelson, 2005; Q. Zhang et al., 
2014). Indeed, many indirect methods for estimating LAI do not 
distinguish between photosynthetically active and 
non-photosynthetically active canopy elements (discussed in Yan et al. 
2019, Rogers et al. 2021). Hence, model-based estimates of fAPARC that 
use LAI values estimated by these indirect methods may not accurately 
represent fAPAR from leaves (i.e., fAPARC), which is of primary interest. 
Because remotely sensed estimates of LAI and fAPAR are most relevant 
to studies and models focused on ecosystem processes (i.e., carbon, 
energy and, water budgets), it s important that model-based estimates of 
fAPAR to distinguish between PAR absorbed by woody elements versus 
PAR absorbed by leaves in the canopy. 

4.3. Relevance to ecosystem models and carbon budgets 

The ability to measure and monitor fine-scale spatial heterogeneity 
in LAI and fAPAR at sub-seasonal to interannual time scales from remote 
sensing has two important implications for ecosystem monitoring 
modeling. First, the realism of phenology in ecosystem models is poor 
(A. D. Richardson et al., 2012), which introduces substantial error and 
uncertainty in model-based estimates of the current and future carbon 
budgets of terrestrial ecosystems (M. Chen et al., 2016; E. K. Melaas 
et al., 2016). Hence, the availability of accurate, fine-scale, and spatially 
explicit information related to phenology in LAI and fAPAR provides a 
valuable source of data that can be used to parameterize and refine the 
representation of phenology in ecosystem models. 

Second, multi-year time series of remote sensing provide a valuable 
source of information related to interannual variability in LAI and 
fAPAR, and by extension, ecosystem productivity. Because the HLS re
cord is short, the range of interannual variability in phenology at the 
Harvard Forest for the period we examined is relatively low. Pheno
logical metrics from the 30m Multisource Land Surface Phenology 
product (Bolton et al., 2020), which is derived from HLS imagery 
(MSLSP30NA; https://lpdaac.usgs.gov/products/mslsp30nav011), 

show a total range of 6 days for the date of mid-greenup in spring (DOY 
138-144) and 8 days for the date of mid-greendown in fall (DOY 
289-297) across the four years included in this study. There is, however, 
ample evidence that the range of phenological variability at Harvard 
Forest is substantially greater than 6-8 days in both the spring and fall 
(Finzi et al., 2020). Further, climate change is likely to increase vari
ability in phenology (e.g., Friedl et al. 2014), and by extension, carbon, 
energy, and water budgets. Under the assumption that phenological 
variation in green leaf area is the primary driver of variation in light use 
efficiency during spring and fall at the Harvard Forest, we estimate that 
a shift to earlier greenup of 10 days increases GPP by 83.7 g m 2 for the 
period from April 1 to June 21. This translates into an increase in 
springtime GPP of 22.8% and an increase in annual GPP by 5.6%. 
Similarly, we estimate that a corresponding shift to later greendown of 
10 days increases fall GPP by 18.2 g m 2 for the period between the 
September 21 and December 1 (increases of 10.0% and 1.2% for fall and 
annual GGP, respectively). These estimates are based on long-term mean 
data and are thus approximate. However, they are consistent with re
sults from more detailed studies focused on this question (Finzi et al., 
2020; A. D. Richardson et al., 2009), and more importantly, they illus
trate why improved characterization of sub-seasonal and interannual 
variation in LAI and fAPAR is important for modeling and quantifying 
dynamics in the energy, water and carbon budgets in terrestrial 
ecosystems. 

5. Conclusions 

In this study, we examined how the relationships between SVIs 
computed from time series of optical imagery at 30 m spatial resolution 
and LAI and fAPAR vary over the growing season. Using three different 
vegetation indices (EVI2, NDVI, and NIRV) computed from HLS image 
time series, we estimated LAI time series using the framework originally 
described by Baret and Guyot (1991), which we adapted to account for 
seasonal variation in canopy properties and solar zenith angle. We then 
used the remotely sensed LAI values to estimate 30-minute fAPARC and 
up-scaled these data in combination with 30-minute values of incoming 
PAR to compute daily values of the total PAR absorbed by the canopy. 
Our results demonstrate that the relationship between vegetation 
indices and LAI (and therefore fAPARC) varies seasonally (primarily 
because of variation in solar zenith angle), but if this seasonal variation 
is accounted for, phenological variation in LAI, fAPARC and daily APAR 
can be retrieved using time series of HLS imagery with good accuracy. 

Remote sensing has been used for decades to map and monitor LAI 
and fAPAR. With the launch of Sentinel 2A and 2B by the European 
Space Agency in 2015 and 2017, respectively, the potential for remote 
sensing-based monitoring vegetation properties and function has 
dramatically increased. We can now monitor the phenology of canopy 
properties at spatial resolutions that are an order of magnitude higher 
than was previously possible from instruments such as MODIS. Indeed, a 
variety of recent studies have demonstrated that this is possible at even 
higher spatial resolution using commercial imagery (Houborg & 
McCabe, 2018; Moon, Richardson, et al., 2021). Because ecosystems are 
spatially and temporally heterogeneous and are increasingly subject to 
disturbance and changes in phenology, the ability to monitor these 
changes at spatial resolutions that resolve landscape properties provides 
important new capabilities and opportunities to improve understanding 
of how ecosystem properties and processes are changing in response to 
climate change. The results we present here provide an important 
proof-of-concept regarding both the feasibility of monitoring 
sub-seasonal variation in vegetation canopy properties, as well as the 
potential value and utility of mapping these properties at spatial reso
lutions that capture landscape-scale variation in vegetation in a way that 
was not previously possible (Figs. 6 and 13). 
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