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N o rt h  A m eri c a n  e v er gr e e n  f or e st s  c o v er  l ar g e  ar e a s  a n d  i n fl u e n c e  t h e  gl o b al  c ar b o n  c y cl e.  S at ellit e  r e m ot e 
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h a v e  b e e n  cl o s el y  ti e d  t o  v e g et ati o n  gr e e n n e s s.  H o w e v er,  i n  e v er gr e e n s,  t h e  a p pli c ati o n  of  s at ellit e  d at a  t o 
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ti o n s b et w e e n G P P a n d v e g et ati o n i n di c e s v ari e d a m o n g e c or e gi o n s a n d cli m at e cl a s s e s. I n g e n er al, r e gi o n s wit h 

pr o n o u n c e d  s e a s o n al  G P P  p att er n s  h a d  str o n g er  c orr el ati o n s  b et w e e n  G P P  a n d  gr e e n n e s s- b a s e d  i n di c e s  t h a n 

r e gi o n s wit h w e a k er s e a s o n al G P P p att er n s. T h e s e bi o m e diff er e n c e s w er e l e s s pr o n o u n c e d f or C CI. T h e s n o w 
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artifacts and complementary vegetation index effects reported here should be considered in any large-scale 
studies of GPP using reflectance-based indices from optical satellites.   

1. Introduction 

Evergreen forest ecosystems occupy approximately 21.6 million km2 

area representing ~49.3% of global tree cover (FAO and UNEP, 2020). 
In North America, evergreen forests cover large expanses, including the 
boreal (taiga) forests in the northern high latitude, coastal forests of the 
Pacific Northwest, eastern coastal forests along the Appalachians, forests 
of the Rocky Mountains, and other western montane forests. These 
evergreen forests provide crucial ecosystem goods and services, 
including flood regulation, water purification, timber, and wildlife 
habitat (Hassan et al. 2005; Wells et al., 2020), and play important roles 
in regulating global climate and global carbon cycle in part due to their 
geographic extent (Bonan, 2008). The distribution and growth of ever
green forests are influenced by climate, particularly temperature and 
precipitation, but these effects vary among ecoregions (Bowling et al., 
2018; Ensminger et al., 2004; Sevanto et al., 2006; Turcotte et al., 2009). 
In recent years, extensive warming and drying, coupled with insect in
festations, fires and harvests, have led to evergreen forest decline in 
much of North America, from the southwest to the boreal regions of 
Canada and Alaska (Kirilenko and Sedjo, 2007; Williams et al., 2013; 
McDowell et al., 2016; White et al., 2017; Stralberg et al., 2020; Wells 
et al., 2020). These recent trends suggest that a warmer climate might 
not necessarily lead to higher productivity of evergreen forests espe
cially in regions concurrently experiencing a decrease in precipitation 
(Ammer, 2019; Zhang et al., 2022). Long-term changes in climate can 
also have a lasting effect on ecosystem productivity by causing a shift in 
species composition and thereby altering community productivity po
tential (Dial et al., 2022; Thompson et al., 2013). 

Satellite remote sensing can provide repeated, standardized mea
surements over large areas and can serve as a tool to estimate ecosystem 
gross primary productivity (GPP) at different scales. The widely used 
Normalized Difference Vegetation Index (NDVI) (Running et al., 2004) 
and newly developed products that are based on red and near-infrared 
(NIR) bands, including NIRv (Badgley et al., 2017) and kNDVI 
(Camps-Valls et al., 2021), have been used to monitor GPP phenology 
seasonal pattern of GPP including timing and magnitude of different 
ecosystems, often at large spatial and temporal scales (e.g. 1 km pixel 
size and monthly timesteps). Studies employing these remotely sensed 
indices using empirical functions or the light use efficiency model have 
generally revealed site- and biome-based differences in the fidelity of 
their relationships with GPP (Heinsch et al., 2003; Running et al., 2004; 
Badgley et al., 2017; Ryu et al., 2019). Compared to deciduous forests, 
predicting GPP phenology based on NDVI remains challenging for 
evergreen forests due to the limited seasonal variation in green canopy 
structure (Gamon et al., al.,1995; Running et al., 2004; Hmimina et al., 
2013; Peng et al., 2017). NDVI-based indices track changes in greenness 
based on changes in chlorophyll, canopy growth or senescence (Zeng 
et al., 2022), but miss the subtle changes in photosynthetic activity 
caused by physiological regulation, which often is the preponderant 
influence on GPP phenology in evergreens (Gamon et al., 2015&2016, 
2015; Springer et al., 2017; Wong et al., 2020). In a previous study that 
compared GPP and NDVI-based vegetation indices derived using MODIS 
data, the lowest correlations between GPP and VIs were found for 
evergreen forests among all vegetated biomes examined (Camps-Valls 
et al., 2021). In contrast, indices based on the photoprotective roles of 
carotenoid pigments, e.g., the Photochemical Reflectance Index (PRI) 
and the Chlorophyll-Carotenoid Index (CCI), have shown good fidelity 
to GPP phenology in evergreens (Gamon et al., 2016; Wong et al., 2022). 
These results indicate complementary behavior of vegetation indices 
(the complementarity hypothesis; Gamon 2015, Gamon et al., 2016), 
with some addressing GPP phenology via greenness and others detecting 

less visible photoregulatory processes associated with carotenoid pig
ments and non-photochemical quenching of fluorescence. 

CCI was designed to monitor GPP phenology of evergreen forests 
because of its sensitivity to seasonal pigment change, particularly the 
relative levels of chlorophyll and carotenoid pigments (Gamon et al., 
2016). Sometimes called MODIS PRI (Rahman et al., 2004; Drolet 
et al., 2008; Middleton et al., 2016), the CCI formula is slightly different 
from the original PRI formula, which was originally designed to monitor 
the diurnal activity of the xanthophyll cycle (Gamon et al., 2016). Like 
PRI, CCI is sensitive to seasonally changing pigment pools, but unlike 
PRI, it is available from the MODIS sensors (Aqua and Terra), making it 
readily available for global analyses of GPP phenology. The long-term 
variation of the ratio between chlorophyll and carotenoid pigments 
detected by CCI indicates changes in vegetation photosynthetic activity 
(Wong and Gamon, 2015; Gamon et al., 2016; Bowling et al., 2018; 
Cheng et al., 2020; Wong et al., 2020; Walter-McNeill et al., 2021). For 
example, increased carotenoids in the winter period reflect more pho
toprotection for overwintering evergreen species (Demmig-Adams and 
Adams, 1996; Verhoeven, 2014; Bowling et al., 2018). Several studies 
have shown that CCI can track GPP phenology in both evergreen and 
deciduous trees at different spatial scales (Gamon et al., 2016; Springer 
et al., 2017; Wong et al., 2020; Pierrat et al., 2022; Yang et al., 2022); 
however, like all reflectance-based vegetation indices, CCI is also 
affected by snow cover, which can perturb its relationship with GPP. 
While these snow-cover effects have been considered before for some 
indices (e.g., NDVI; Myers-Smith et al., 2020), they have not been well 
studied for others (e.g., CCI). The overall influence of snow on remote 
observations of GPP phenology is unclear, as most studies have not 
attempted to correct for the effects of snow, leaving open the possibility 
of significant artifacts in our interpretation of GPP. 

Snow typically has very high visible reflectance and very low 
shortwave-infrared reflectance (Dozier et al., 2009) and therefore affects 
all reflectance-based vegetation indices to some degree. Snow coverage 
can be readily estimated using the MODIS Normalized Difference Snow 
Index (NDSI) that utilizes the green (B4) and SWIR (B6) bands (Riggs 
et al., 2016). However, NDSI may fail to detect snow pixels due to the 
malfunction of a large part of Aqua band 6 detectors (Gladkova et al., 
2012). Snow detection using NDSI is also sensitive to conditions with 
low visible reflectance, for example, low illumination when solar zenith 
angle is 70 and the landscape shadowed by clouds or terrain (Lv and 
Pomeroy, 2019) and forest coverage (Xin et al. 2012; Wang et al., 2018). 
As a consequence, correcting for snow cover can be complicated, yet 
remains critical because snow-affected satellite-based vegetation indices 
can confound the relationship between GPP and vegetation indices, 
particularly in northern latitude and high-altitude regions (Jin and 
Eklundh, 2014; Jin et al., 2017; Springer et al., 2017). Thus, it is likely 
that changes in apparent GPP based on vegetation indices are influenced 
by snow cover, causing uncertainty in satellite-derived estimates of 
seasonal and interannual GPP patterns and trends (Myers-Smith et al., 
2020). 

In this study, we integrated surface flux tower eddy covariance flux 
data with MODIS vegetation indices across different types of evergreen 
forests in North America, ranging from subtropical to subarctic climates, 
to test the feasibility of different MODIS-derived vegetation indices to 
track GPP in evergreen forests. Our major hypotheses were: (1) snow 
cover has a substantial effect on the performance of vegetation indices in 
tracking GPP phenology, and removing snow-based artifacts improves 
the relationship between GPP and vegetation indices; (2) CCI performs 
better than NDVI-based indices in monitoring GPP of evergreen forests 
because of its sensitivity to seasonal pigment change; and (3) the re
lationships between GPP and VIs vary geographically (e.g., by 
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e c or e gi o n) d u e t o c o ntr a sti n g cli m at e c o ntr ol s a n d f or e st c o m p o siti o n o n 

t h e p h y si ol o gi c al f u n cti o n a n d o pti c al pr o p erti e s of e v er gr e e n f or e st s. 

2.  M et h o d s 

2. 1. Fl u x sit es 

U si n g  t hr e e  e d d y  c o v ari a n c e  d at a b a s e s  i n cl u di n g  F L U X N E T 2 0 1 5 

(P a st or ell o  et  al.,  2 0 2 0 ),  A m eri Fl u x,  a n d  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),  w e  i d e nti fl e d  e v er gr e e n- d o mi n at e d  e d d y 

c o v ari a n c e fi u x t o w er sit e s i n N ort h A m eri c a t h at h a d M O DI S o b s er v a -

ti o n  o v erl a p pi n g  wit h  fl u x  t o w er  o b s er v ati o n s  (n = 9 9  t o w er s).  W e 

a p pli e d a q u alit y c h e c k pr o c e d ur e t o t h e fl u x d at a a n d s h ort e n e d t h e li st 

of sit e s b y: ( 1) o mitti n g sit e s t h at h a d l e s s t h a n o n e y e ar of d at a; ( 2) 

o mitti n g  sit e s  wit h  f ail e d  n et  e c o s y st e m  e x c h a n g e  ( N E E)  p artiti o ni n g 

al g orit h m s a n d f ail e d G P P a n al y si s ( d et ail s b el o w); a n d ( 3) o mitti n g sit e s 

l o c at e d i n t o p o gr a p hi c all y c o m pl e x t err ai n, a s d e s cri b e d b el o w. W e u s e d 

t h e M E RI T gl o b al di git al el e v ati o n m o d el (Y a m a z a ki et al., 2 0 1 7 ) a n d 

L a n d s at  N D VI  t o  e v al u at e  t h e  l a n d s c a p e  wit hi n  t h e  fl u x  f o ot pri nt s  i n 

b ot h  v erti c al  a n d  h ori z o nt al  di m e n si o n s.  T h e  s p ati al  r e s ol uti o n s  of 

M E RI T D E M a n d L a n d s at N D VI ar e 3 ar c s e c o n d s ( ~ 9 0 m at t h e e q u at or) 

a n d 3 0 m, r e s p e cti v el y. W e c al c ul at e d t h e st a n d ar d d e vi ati o n of el e v a -

ti o n a n d s u m m er N D VI d uri n g t h e fl u x s a m pli n g ti m e p eri o d s wit hi n 1 

k m 2 a r e a s at e a c h fl u x sit e a n d eli mi n at e d sit e s i n m o u nt ai n o u s ar e a s 

( st a n d ar d d e vi ati o n of el e v ati o n > 5 0 m) a n d h et er o g e n o u s v e g et ati o n 

c o v er  t y p e s  ( st a n d ar d  d e vi ati o n  of  N D VI > 0. 2).  T hi s  sit e  s uit a bilit y 

a n al y si s  w a s  d o n e  u si n g  G o o gl e  E art h  E n gi n e  ( G or eli c k  et  al.,  2 0 1 7 ). 

T hi s pr o c e d ur e l e d t o a fi n al s el e cti o n of 4 7 e v er gr e e n fl u x t o w er sit e s f or 

o ur  a n al y si s,  s p a n ni n g  6  e c or e gi o n s  a n d  6  cli m at e  cl a s s e s  ( Fi g.  1 , 

T a bl e 1 ). 

2. 2. Fl u x t o w er d at a pr o c essi n g 

Fl u x d at a fr o m t h e s e 4 7 sit e s w er e pr o c e s s e d u si n g t h e R E d d y Pr o c 

p a c k a g e i n R ( W ut zl er et al., 2 0 1 8 ). W e u s e d t w o m et h o d s, i n cl u di n g 

d a yti m e ( L a s sl o p et al., 2 0 1 0 ) a n d ni g htti m e (R ei c h st ei n et al., 2 0 0 5 ) t o 

p artiti o n  t h e  e d d y  c o v ari a n c e  m e a s ur e d  N E E  i nt o  G P P  b a s e d  o n  t h e 

c al c ul at e d e c o s y st e m r e s pir ati o n f or e a c h sit e, wit h air t e m p er at ur e a s 

t h e t e m p er at ur e dri v er, a n d a 5 0 % fri cti o n v el o cit y t hr e s h ol d. T h e d ail y 

G P P d eri v e d fr o m t h e d a yti m e p artiti o ni n g m et h o d ( L a s sl o p et al., 2 0 1 0 ) 

i s pr e s e nt e d i n t h e m ai n t e xt, w hil e t h at fr o m t h e ni g htti m e p artiti o ni n g 

i s pr e s e nt e d i n t h e s u p pl e m e nt al m at eri al s. 

2. 3.  M O DI S M AI A C d at a 

M O DI S C oll e cti o n 6 d at a w er e c orr e ct e d t o s urf a c e r e fl e ct a n c e u si n g 

t h e  M ulti- A n gl e I m pl e m e nt ati o n of At m o s p h eri c  C orr e cti o n al g orit h m 

( M AI A C; L y a p u sti n  et  al.,  2 0 1 8 , 2 0 1 2 ).  T h e  M AI A C  pr o d u ct  (i. e., 

M C D 1 9 A 1) off er s l a n d s urf a c e bi dir e cti o n al r e fl e ct a n c e f a ct or f or b ot h 

M O DI S l a n d a n d o c e a n b a n d s ( b a n d s 1 – 1 2) at 1 k m s p ati al r e s ol uti o n o n 

a p er- o b s er v ati o n b a si s i n d ail y fil e s. T h e hi g h t e m p or al r e s ol uti o n of t h e 

M AI A C  pr o d u ct  p ot e nti all y  pr o vi d e s  m or e  i nf or m ati o n  o n  v e g et ati o n 

p h e n ol o g y  t h a n  t h e  1 6- d a y  c o m p o sit e  M O DI S  d at a  ( H mi mi n a  et  al., 

2 0 1 3 ; W a n g et al., 2 0 2 0 ). T o k e e p a l ar g e d at a s et f or s n o w d et e cti o n 

( d et ail s  b el o w),  w e  di d  n ot  filt er  d at a  wit h  l ar g e  vi e w  z e nit h  a n gl e s 

(Mi d dl et o n et al., 2 0 1 6 ) or s ol ar z e nit h a n gl e s. U si n g a t hr e s h ol d of 4 5 ◦

vi e w z e nit h a n gl e c a n r e m o v e m or e t h a n 4 0 % of t h e d at a ( W a n g et al., 

2 0 2 0 ), a n d wi nt er o b s er v ati o n s f or hi g h l atit u d e r e gi o n s oft e n h a v e l ar g e 

s ol ar z e nit h a n gl e s. T o g e n er at e a d ail y pr o d u ct f or v e g et ati o n i n di c e s, 

w e u s e d t h e o b s er v ati o n wit h mi ni m u m vi e w z e nit h a n gl e w h e n m ulti -

pl e d at a p oi nt s w er e a v ail a bl e wit hi n a si n gl e d a y. 

W e  e x pl or e d  t h e  r el ati o n s hi p  b et w e e n  fl u x  G P P  a n d  f o ur  M O DI S 

v e g et ati o n  i n di c e s  ( VI s)  i n cl u di n g  N D VI R u n ni n g  et  al.,  2 0 0 4 ),  C CI 

(G a m o n  et  al.,  2 0 1 6 ),  NI R v  (B a d gl e y  et  al.,  2 0 1 7 ),  a n d  k N D VI 

(C a m p s- V all s et al., 2 0 2 1 ) t h at h a v e b e e n u s e d t o tr a c k G P P p h e n ol o g y 

a cr o s s diff er e nt e c o s y st e m s. F or e a c h sit e, w e u s e d t h e pi x el t h at h a d t h e 

mi ni m u m  di st a n c e  b et w e e n  t h e  c e nt er  of  pi x el  a n d  t h e  fl u x  sit e.  T h e 

M O DI S VI s w er e c al c ul at e d fr o m M O DI S b a n d ( “ B ” ) n u m b er s i n di c at e d 

b y t h e s u b s cri pt s i n E q s. ( 1) – ( 3) b el o w. I n E q. ( 4) , “ t a n h” st a n d s f or t h e 

h y p er b oli c t a n g e nt f u n cti o n ( C a m p s- V all s et al., 2 0 2 1 ). 

N D VI =
B 2 − B 1

B 2 + B 1

( 1)  

NI R v = ( N D VI − 0 .0 8 )  × B 2 ( 2)  

C CI =
B 1 1 − B 1

B 1 1 + B 1

( 3)  

k N D VI = t a n h
(
N D VI 2

)
( 4) 

Fi g. 1. L o c ati o n s of e v er gr e e n f or e st fl u x t o w er s a n d r el at e d e c or e gi o n s. L e v el- 1 e c or e gi o n m a p of N ort h A m eri c a w a s o bt ai n e d fr o m t h e U nit e d St at e s E n vir o n m e nt al 

Pr ot e cti o n A g e n c y ( M c M a h o n et al., 2 0 0 1 ; O m er ni k a n d Grif fit h, 2 0 1 4 ). 
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Table 1 
Locations, climates and ecoregions of flux sites used in this study. Flux sites are sorted by latitude (from North to South). MAP and MAT indicate mean annual 
precipitation and mean annual temperature, respectively.  

Site ID Latitude 
( ) 

Longitude 
( ) 

Elevation 
(m) 

MAP 
(mm) 

MAT ( C) Level-1 Ecoregion Koppen Climate Class Refs. 

US-Prr 65.12 147.49 210 275 2.00 Taiga Subarctic Iwahana et al. (2019) 
US-Uaf 64.87 147.86 155 263 2.90 Taiga Subarctic Ueyama et al. (2023) 
US-Bn1 63.92 145.38 518 289 0.29 Northwestern forested 

mountains 
Dry continental Randerson (2016) 

US-xDJ 63.88 145.75 529 300 2.00 Northwestern forested 
mountains 

Subarctic NEON (2022) 

CA-NS3 55.91 98.38 260 502 2.87 Northern forests Subarctic Goulden (2019) 
CA-NS2 55.91 98.52 260 499 2.88 Northern forests Subarctic Goulden (2019) 
CA- 

Man 
55.88 98.48 259 520 3.20 Northern forests Subarctic Amiro (2016) 

CA-NS1 55.88 98.48 260 500 2.89 Northern forests Subarctic Goulden (2019) 
CA-NS5 55.86 98.49 260 500 2.86 Northern forests Subarctic Goulden (2019) 
CA-LP1 55.11 122.84 751 570 2.00 Northwestern forested 

mountains 
Mediterranean (Csa) Black (2022) 

CA-SF1 54.49 105.82 536 470 0.40 Northern forests Subarctic Amiro (2020) 
CA-SF2 54.25 105.88 520 470 0.40 Northern forests Subarctic Amiro (2019) 
CA-Obs 53.99 105.12 629 405 0.79 Northern forests Subarctic Black (2016) 
CA-SJ2 53.95 104.65 580 430 0.11 Northern forests Subarctic Barr and Black (2018) 
CA-Ojp 53.92 104.69 579 430 0.12 Northern forests Subarctic Black (2019) 
CA-SJ1 53.91 104.66 580 430 0.13 Northern forests Subarctic Barr (2018) 
CA-SJ3 53.88 104.65 498 433 0.13 Northern forests Subarctic Barr (2018) 
CA-Ca2 49.87 125.29 300 1474 9.86 Marine west coast forest Marine west coast Black (2018) 
CA-Qfo 49.69 74.34 382 962 0.36 Northern forests Subarctic Margolis (2019) 
CA-Ca3 49.53 124.90 162 1676 9.94 Marine west coast forest Marine west coast Black (2023) 
CA-Qcu 49.27 74.04 392 949 0.13 Northern forests Subarctic Margolis (2016) 
CA-Na1 46.47 67.10 341 1102 7.09 Eastern temperate forests Warm summer 

continental 
Bourque (2018) 

US-Wrc 45.82 121.95 371 2452 8.80 Northwestern forested 
mountains 

Mediterranean Wharton (2016) 

US- 
xWR 

45.82 121.95 407 2225 9.20 Northwestern forested 
mountains 

Mediterranean NEON (2022) 

US-xAB 45.76 122.33 363 2450 10.00 Marine west coast forest Mediterranean NEON (2022) 
US-Ho2 45.21 68.75 91 1064 5.13 Eastern temperate forests Warm summer 

continental 
Hollinger (2021) 

US-Ho1 45.20 68.74 60 1070 5.27 Eastern temperate forests Warm summer 
continental 

Hollinger (2021) 

US-Me2 44.45 121.56 1253 523 6.28 Northwestern forested 
mountains 

Mediterranean Law (2022) 

US-Me5 44.44 121.57 1188 590 6.47 Northwestern forested 
mountains 

Mediterranean Law (2021) 

US-Me6 44.32 121.61 998 494 7.59 Northwestern forested 
mountains 

Mediterranean Law (2021) 

US-Me3 44.32 121.61 1005 719 7.07 Northwestern forested 
mountains 

Mediterranean Law (2018) 

US-Blk 44.16 103.65 1718 573 6.23 Northwestern forested 
mountains 

Warm summer 
continental 

Meyers (2016) 

CA-TP4 42.71 80.36 184 1036 8.00 Eastern temperate forests Warm summer 
continental 

Arain (2018) 

US-CPk 41.07 106.12 2750 545 6.10 Northwestern forested 
mountains 

Subarctic Ewers et al. (2016) 

US- 
NR1 

40.03 105.55 3050 800 1.50 Northwestern forested 
mountains 

Subarctic Blanken et al. (2022) 

US-Blo 38.90 120.63 1315 1226 11.09 Northwestern forested 
mountains 

Mediterranean Goldstein (2019) 

US- 
Vcm 

35.89 106.53 3003 646 6.40 Northwestern forested 
mountains 

Warm summer 
continental 

Litvak (2022) 

US-Vcp 35.86 106.60 2500 550 9.80 Northwestern forested 
mountains 

Warm summer 
continental 

Litvak (2022) 

US-NC2 35.80 76.67 5 1320 16.60 Eastern temperate forests Humid subtropical Noormets et al. (2022) 
US-Fmf 35.14 111.73 2160 546 9.50 Temperate sierras Mediterranean Dore and Kolb (2019) 
US-Fuf 35.09 111.76 2180 562 8.70 Temperate sierras Mediterranean Dore and Kolb (2019) 
US-xTA 32.95 87.39 135 1382 17.20 Eastern temperate forests Humid subtropical NEON (2022) 
US-xJE 31.19 84.47 44 1307 19.20 Eastern temperate forests Humid subtropical NEON (2022) 
US-SP2 29.76 82.25 50 1314 20.07 Eastern temperate forests Humid subtropical Bracho and Martin, 

2016a 
US-SP3 29.75 82.16 50 1312 20.25 Eastern temperate forests Humid subtropical Bracho and Martin, 

2016b 
US-SP1 29.74 82.22 50 1309 20.06 Eastern temperate forests Humid subtropical Bracho and Martin, 

2016c 
US-xSB 29.69 81.99 45 1302 20.90 Eastern temperate forests Humid subtropical NEON (2022)  
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2. 4. S n o w r e m o v al al g orit h m a p pli e d t o M O DI S VIs 

T o e v al u at e t h e s n o w eff e ct s o n M O DI S v e g et ati o n i n di c e s, w e u s e d 

d at a c oll e ct e d at t h e C A- Qf o fl u x sit e (l o c at e d i n Q u e b e c, C a n a d a, l ati -

t u d e: 4 9. 6 9◦ , l o n git u d e: − 7 4. 3 4 ◦ ), w hi c h i s al s o r e gi st er e d a s sit e C hi -

b o u g a m a u wit hi n t h e P h e n o C a m n et w or k ( S e y e d n a sr oll a h et al., 2 0 1 9 ). 

T h e o v erl a p pi n g o b s er v ati o n s of e d d y c o v ari a n c e, M O DI S, a n d P h e n o -

C a m i m a g er y i n 2 0 0 9 at t hi s bl a c k s pr u c e a n d j a c k pi n e d o mi n at e d f or e st 

sit e e n a bl e d u s t o d eli n e at e t h e c o nf o u n di n g eff e ct s of s n o w o n v e g et a -

ti o n  i n di c e s.  T h e  s n o w- aff e ct e d  p eri o d s,  i n cl u di n g  s pri n g  s n o w  m elt, 

w er e  vi s u all y  i d e nti fi e d  fr o m  t h e  P h e n o C a m  i m a g e s,  w hi c h  cl e arl y 

r e v e al e d p eri o d s of s n o w c o v er f or t hi s p arti c ul ar sit e d u e t o a n ar e a of 

b ar e gr o u n d i n cl u d e d i n t h e i m a g e s. 

T o  d et e ct  a n d  t h e n  mi ni mi z e  t h e  s n o w  eff e ct s  o n  t h e  G P P- VI  r e -

l ati o n s hi p s,  w e  d e v el o p e d  a  m et h o d  t o  i d e ntif y  s n o w  pi x el s  b y 

c o m bi ni n g N D SI, C CI a n d k N D VI, b e c a u s e c o m bi ni n g m ulti pl e i n di c e s 

l e a d s  t o  i m pr o v e d  s n o w  d et e cti o n  f or  f or e st e d  ar e a s  o v er  u si n g  N D SI 

al o n e ( L v a n d P o m er o y, 2 0 1 9 ; W a n g et al., 2 0 1 8 ). I n t hi s st u d y, w e u s e d 

C CI  a n d  k N D VI  i n  s n o w  d et e cti o n.  U nli k e  N D VI- b a s e d  i n di c e s,  s n o w 

i n cr e a s e s C CI v al u e s ( Fi g ur e S 1 i n t h e s u p pl e m e nt al m at eri al s). k N D VI 

w a s  d e si g n e d  t o  b e  i n s e n siti v e  t o  N D VI  v ari ati o n  w h e n  N D VI  i s  l o w 

(C a m p s- V all s et al., 2 0 2 1 ). F or e v er gr e e n f or e st s, t h e s e l o w N D VI v al u e s 

ar e m o st li k el y c a u s e d b y s n o w c o v er. T h u s, k N D VI v al u e s ar e c o n st a ntl y 

l o w, wit h li mit e d v ari ati o n s d uri n g s n o w- c o v er e d p eri o d s ( Fi g ur e S 1 i n 

t h e  s u p pl e m e nt al  m at eri al s).  T hi s  c o m bi n ati o n  of  C CI  a n d  k N D VI  i s 

p arti c ul arl y u s ef ul t o s e p ar at e s n o w- aff e ct e d d at a fr o m s n o w fr e e d at a i n 

t h e k N D VI- C CI s p a c e, w hi c h h a s r el ati v el y l o w k N D VI v al u e s a n d hi g h 

C CI v al u e s ( Fi g ur e S 2 i n t h e s u p pl e m e nt al m at eri al s). F or sit e s t h at h a v e 

a l o n g s n o w- aff e ct e d p eri o d ( a n n u al t ot al n u m b er of s n o w- aff e ct e d d a y s 

> 3 0), w e i d e nti fl e d s n o w pi x el s b a s e d o n N D SI a n d tr ai n e d a bi n ar y 

s u p p ort  v e ct or  m a c hi n e  ( S V M; B o s er  et  al.,  1 9 9 2 )  t o  di sti n g ui s h 

s n o w- aff e ct e d  pi x el s  u si n g  d at a  c oll e ct e d  d uri n g  t h e  fl u x  a n d  M O DI S 

d at a o v erl a p f or e a c h sit e. T o a ut o m at e m o d el s el e cti o n f or e a c h sit e, w e 

u s e d  B a y e si a n  o pti mi z ati o n  i n  M atl a b  2 0 2 1 b  t o  o pti mi z e  h y p er -

p ar a m et er s  of  e a c h  S V M  cl a s si fl c ati o n  m o d el  ( G el b art  et  al.,  2 0 1 4 ; 

S n o e k et al., 2 0 1 2 ). I n e a c h S V M s n o w d et e cti o n m o d el, w e u s e d N D SI t o 

l a b el pi x el s aff e ct e d b y s n o w a n d u s e d C CI a n d k N D VI a s i n p ut s of S V M. 

W e  t e st e d  t h e  S V M  cl a s si fl c ati o n  a c c ur a c y  at  e a c h  sit e  u si n g  1 0-f ol d 

cr o s s- v ali d ati o n. W e t h e n a p pli e d t h e s n o w d et e cti o n al g orit h m t o all 

t h e d at a at t hi s sit e t o i d e ntif y s n o w- aff e ct e d d at a t h at mi g ht b e mi s s e d 

b y u si n g N D SI al o n e ( Fi g s. 2 , S 1 a n d S 2 i n t h e s u p pl e m e nt al m at eri al s). 

W e  r e m o v e d  t h e  d at a  eit h er  l a b el e d  a s  s n o w  a c c or di n g  t o  N D SI  or 

cl a s si fl e d  a s  s n o w  b y  t h e  bi n ar y  S V M  m o d el.  F or  sit e s  w h o s e  t ot al 

n u m b er of a n n u al s n o w- aff e ct e d d a y s w a s l e s s t h a n 3 0 d a y s, w e r e m o v e d 

t h e s n o w- aff e ct e d pi x el s i d e nti fi e d wit h N D SI, b e c a u s e a s m all tr ai ni n g 

s a m pl e h a d t h e p ot e nti al t o d e cr e a s e t h e a c c ur a c y of S V M cl a s si fl c ati o n. 

Aft er r e m o vi n g s n o w- aff e ct e d d at a, w e t h e n u s e d a s y m m etri c G a u s si a n 

f u n cti o n s  (J ö n s s o n  a n d  E kl u n d h,  2 0 0 4 )  t o  flt  t h e  s n o w-fr e e  d at a  a n d 

e xt e n d t h e fltt e d c ur v e t o e sti m at e t h e t h e or eti c al s n o w-fr e e v e g et ati o n 

i n d e x v al u e s i n t h e wi nt er. T o q u a ntif y t h e eff e cti v e n e s s of s n o w r e m o v al 

al g orit h m, w e c al c ul at e d t h e P e ar s o n c orr el ati o n c o ef fi ci e nt s b et w e e n 

d ail y G P P a n d v e g et ati o n i n di c e s b ef or e a n d aft er s n o w r e m o v al f or t h e 

4 7 sit e s. 

2. 5.  C o ntri b uti o ns of s n o w artif a cts vs. bi ol o gi c al eff e cts t o v e g et ati o n 

i n d e x v ari ati o ns 

T o e v al u at e t h e e xt e nt of s n o w i n fi u e n c e f or e a c h i n d e x, w e c al c u -

l at e d a s eri e s of “ d elt a ” v al u e s d u e t o s n o w, v e g et ati o n, a n d all f a ct or s 

c o m bi n e d. T o d o t hi s, w e c o m p ar e d t h e c h a n g e i n y e arl y VI v al u e s (i. e., 

t h e “ t ot al” r a n g e a cr o s s t h e a n n u al p eri o d i n VI v al u e s; “ y e arl y ” d elt a VI) 

t o t h e c h a n g e d u e t o s n o w artif a ct s (i. e., “ s n o w- aff e ct e d ” d elt a VI v al u e s) 

a n d d u e t o a ct u al v e g et ati o n c h a n g e (i. e., “ s n o w-fr e e ” d elt a v al u e s, t h e 

Fi g. 2. S e a s o n al c o ur s e of G P P ( bl a c k li n e s) a n d v e g et ati o n i n di c e s ( N D VI, C CI, NI R v, a n d k N D VI) b ef or e ( bl u e p oi nt s) a n d aft er (r e d p oi nt s) s n o w r e m o v al ( “ S R ” ). 

D at a w er e c oll e ct e d fr o m t h e C A- Qf o fl u x sit e i n 2 0 0 9. Gr e y- s h a d e d ar e a s d e n ot e s n o w- aff e ct e d p eri o d s, a n d t h e v erti c al y ell o w b a n d i n di c at e s s n o w- m elt p eri o d i n 

t h e l at e s pri n g b a s e d o n vi s u al i n s p e cti o n of P h e n o C a m i m a g er y. W e al s o i d e nti fl e d a n a d diti o n al s n o w d a y o n O ct o b er 1 3, 2 0 0 9 u si n g P h e n o C a m i m a g er y. 
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c h a n g e i n VI v al u e s d u e t o t h e r e si d u al eff e ct of v e g et ati o n, f oll o wi n g 

c orr e cti o n f or s n o w c o v er). Y e arl y d elt a s w er e c al c ul at e d b y s u btr a cti n g 

t h e mi ni m u m v al u e fr o m t h e m a xi m u m v al u e wit hi n a y e ar. S n o w-fr e e 

(“ v e g et ati o n ” )  d elt a s  w er e  c al c ul at e d  b y  s u btr a cti n g  t h e  mi ni m u m 

v al u e  fr o m  t h e  m a xi m u m  v al u e  fr o m  M a y – O ct o b er.  S n o w- aff e ct e d 

d elt a s  w er e  c al c ul at e d  b y  s u btr a cti n g  t h e  mi ni m u m  v al u e  fr o m  t h e 

m a xi m u m v al u e i n t h e s n o w aff e ct e d m o nt h s ( N o v e m b er t o A pril). T hi s 

m et h o d ol o g y all o w e d u s t o e v al u at e t h e a n n u al c h a n g e i n a v e g et ati o n 

i n d e x d u e t o a ct u al bi ol o gi c al eff e ct s a s s o ci at e d wit h v e g et ati o n str u c-

t ur al a n d p h y si ol o gi c al c h a n g e s v er s u s t h o s e d u e t o s n o w artif a ct s. 

2. 6.  R el ati o ns hi ps b et w e e n VIs a n d a p ar a n d ε i n t h e L U E m o d el 

T o e x pl or e t h e r el ati o n s hi p s b et w e e n M O DI S v e g et ati o n i n di c e s a n d 

diff er e nt  t er m s  i n  t h e  li g ht  u s e ef fl ci e n c y  ( L U E)  m o d el,  w e  c o m bi n e d 

A P A R u si n g  d ail y  m a xi m u m P P F D fr o m  t h e  fi u x  m e a s ur e m e nt s  wit h 

M O DI S N D VI t o pr o vi d e a n i n di c at or of f A P A R. C o n si d eri n g t h e o v er-

e sti m ati o n of M O DI S f A P A R e s p e ci all y f or s p ar s e f or e st s i n b or e al r e gi o n 

(I w at a et al., 2 0 1 3; Y a n et al., 2 0 1 6 ), w e dir e ctl y e sti m at e d f A P A R b y 

utili zi n g  a  li n e ar  r el ati o n s hi p  b et w e e n  N D VI  a n d f A P A R (Si m s  et  al., 

2 0 0 6 ). T h e n, t h e ef fl ci e n c y of utili zi n g li g ht i n p h ot o s y nt h e si s ( ε ) w a s 

c al c ul at e d a s 

ε =
G P P

A P A R
=

G P P

P P F D × f A P A R
=

G P P

P P F D × f (N D VI )
( 5)  

3.  R e s ult s 

3. 1. S n o w eff e cts o n M O DI S VIs 

T h e i n fl u e n c e of s n o w c o v er v ari e d wit h v e g et ati o n i n d e x at t h e C A- 

Qf o sit e ( Fi g s. 2 a n d 3 ). All v e g et ati o n i n di c e s w er e aff e ct e d b y s n o w, 

w hi c h i n cr e a s e d C CI v al u e s, b ut d e cr e a s e d N D VI- b a s e d i n di c e s ( N D VI, 

NI R v,  a n d  k N D VI).  A m o n g  t h e  N D VI- b a s e d  i n di c e s,  k N D VI  w a s  l e a st 

s e n siti v e t o c h a n g e s i n s n o w c o v er ( e x hi biti n g l e a st v ari ati o n) d u e t o t h e 

c o m pr e s s e d v ari ati o n w h e n N D VI v al u e s w er e l o w d uri n g s n o w- c o v er e d 

p eri o d s. T h e c o ntr a sti n g r e s p o n s e s t o s n o w c o v er of C CI a n d k N D VI t o 

t h e  pr e s e n c e  of  s n o w  e n a bl e d  s n o w  d et e cti o n  wit h  t h e s e  t w o  i n di c e s 

(Fi g s. 2 , S 1 a n d S 2 i n t h e s u p pl e m e nt al m at eri al s). 

T h e m a g nit u d e of c h a n g e s i n t h e v e g et ati o n i n di c e s d u e t o s n o w v s. 

v e g et ati o n p h e n ol o g y b e c a m e cl e ar b y m e a n s of “ d elt a ” v al u e s f or e a c h 

i n d e x, d e fl n e d a s t h e a b s ol ut e diff er e n c e b et w e e n s u m m er m a xi m a t o 

wi nt er mi ni m a wit h a n d wit h o ut s n o w c orr e cti o n ( Fi g. 3 ). All i n di c e s 

s h o w e d l ar g e s n o w eff e ct s, w hi c h w e r ef er t o a s “ s n o w artif a ct s ” b e c a u s e 

t h e y r e pr e s e nt t h e p ot e nti all y c o nf o u n di n g eff e ct s of s n o w o n r el ati o n -

s hi p s b et w e e n G P P a n d v e g et ati o n i n di c e s. I n all c a s e s, t h e s n o w r e m o v al 

al g orit h m r e d u c e d t h e s n o w eff e ct s o n v e g et ati o n i n di c e s ( Fi g s. 2 a n d 3 ). 

T h e  p erf or m a n c e of  v e g et ati o n  i n di c e s  i n  tr a c ki n g G P P  p h e n ol o g y 

w a s  cl e arl y  c o nf o u n d e d  b y  s n o w  c o v er a g e.  At  t h e  C A- Qf o  sit e,  s n o w 

c o v er gr e atl y e x a g g er at e d t h e s e a s o n al v ari ati o n i n N D VI; m o st of t h e 

s e a s o n al v ari ati o n i n N D VI- b a s e d i n di c e s o c c urr e d d uri n g tr a n siti o n s i n 

s n o w- c o v er w h e n d ail y G P P w a s l e s s t h a n 1 g C m − 2 d − 1 (Fi g s. 3 a n d 4 ), 

r e v e ali n g a cl e ar artif a ct of s n o w c o v er o n t h e G P P- N D VI r el ati o n s hi p. 

Fi g. 3. S e a s o n al d elt a v e g et ati o n i n d e x ( N D VI, C CI, NI R v, a n d k N D VI) v al u e s b ef or e ( a) a n d aft er ( b) s n o w r e m o v al i n 2 0 0 9. Y e arl y ( bl u e) d elt a s w er e c al c ul at e d b y 

s u btr a cti n g t h e mi ni m u m v al u e fr o m t h e m a xi m u m v al u e wit hi n a y e ar. S n o w-fr e e (r e d) d elt a s w er e c al c ul at e d b y s u btr a cti n g t h e mi ni m u m v al u e fr o m t h e m a xi m u m 

v al u e fr o m M a y – O ct o b er, a n d r e pr e s e nt t h e d elt a VI v al u e s attri b ut a bl e t o v e g et ati o n c h a n g e. S n o w- aff e ct e d ( y ell o w) d elt a s w er e c al c ul at e d b y s u btr a cti n g t h e 

mi ni m u m v al u e fr o m t h e m a xi m u m v al u e i n t h e s n o w aff e ct e d m o nt h s ( N o v e m b er t o A pril). D at a w er e c oll e ct e d fr o m t h e C A- Qf o fl u x sit e. 
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Si mil ar  eff e ct s  w er e  s e e n  f or  t h e  ot h er  gr e e n n e s s  i n di c e s  ( NI R v  a n d 

k N D VI), wit h m u c h of t h e s e a s o n al c h a n g e attri b ut a bl e t o c h a n g e s i n 

s n o w  c o v er  r at h er  t h a n  c h a n g e s  i n  v e g et ati o n  a s s o ci at e d  wit h  G P P 

(Fi g. 4 ). S n o w h a d t h e o p p o sit e eff e ct o n C CI; s n o w m elt r e v er s e d t h e si g n 

of  t h e  r el ati o n s hi p  b et w e e n  G P P  a n d  C CI  (fr o m  p o siti v e  t o  n e g ati v e) 

(Fi g. 4 ), gr e atl y r e d u ci n g t h e s e a s o n al v ari ati o n i n C CI a n d it s c orr el ati o n 

wit h G P P. 

D u e  t o  t h e  eff e ct s  of  s n o w  o n  t h e s e  r e fl e ct a n c e- b a s e d  i n di c e s 

(Fi g s.  2 – 4 ),  r e m o v al  of  s n o w- aff e ct e d  d at a  cl e arl y  c h a n g e d  t h e  r el a -

ti o n s hi p b et w e e n G P P a n d v e g et ati o n i n di c e s i n e a c h sit e, e x pr e s s e d a s 

t h e  c orr el ati o n s  b et w e e n d ail y  G P P  a n d  v e g et ati o n i n di c e s f or  t h e  4 7 

sit e s ( Fi g. 5 ). T h e hi g h a c c ur a c y of s n o w i d e nti fi c ati o n u si n g bi n ar y S V M 

cl a s si fl c ati o n ( a v er a g e cl a s si fl c ati o n a c c ur a c y = 0. 9 6 8) a n d l o w err or s i n 

fltti n g v e g et ati o n i n di c e s s e a s o n al c ur v e s i n di c at e d hi g h c o n fl d e n c e i n 

t h e s n o w r e m o v al al g orit h m ( T a bl e S 1 i n t h e s u p pl e m e nt al m at eri al s). 

B ef or e  s n o w  c orr e cti o n,  all  of  t h e  N D VI- b a s e d  i n di c e s  w er e  m or e 

str o n gl y  c orr el at e d  wit h  G P P  t h a n  C CI,  w hi c h  h a d  a  n ot a bl y  w e a k er 

c orr el ati o n wit h G P P ( Fi g. 5 ). Aft er s n o w r e m o v al, t h e c orr el ati o n b e -

t w e e n G P P a n d C CI w a s e n h a n c e d, w hil e t h e c orr el ati o n b et w e e n G P P 

a n d  N D VI- b a s e d  i n di c e s  ( N D VI,  NI R v,  a n d  k N D VI)  d e cr e a s e d  sli g htl y 

(Fi g. 5 ). Aft er s n o w c orr e cti o n, w e al s o n oti c e d l e s s a m o n g sit e v ari a -

ti o n s  b et w e e n G P P- C CI c orr el ati o n  t h a n G P P- N D VI  b a s e d i n di c e s  c or -

r el ati o n s ( Fi g. 5 ). 

S n o w  r e m o v al  cl e arl y  i m pr o v e d  t h e  a bilit y  of  C CI  t o  tr a c k  G P P 

c h a n g e  f or  t h e  s u b ar cti c  a n d  s u btr o pi c al  sit e s  ( T a bl e  1 a n d Fi g.  6 ). 

O v er all,  C CI  a n d  NI R v  yi el d e d  str o n g er  r el ati o n s hi p s  wit h  G P P  t h a n 

N D VI a n d k N D VI ( Fi g. 6 ). Str o n g r el ati o n s hi p s b et w e e n G P P a n d N D VI 

b a s e d  i n di c e s  w er e  f o u n d  f or  s u b ar cti c  a n d  hi g h  el e v ati o n  sit e s  t h at 

b el o n g  t o  t h e  e c or e gi o n  of  N ort h w e st er n  f or e st e d  m o u nt ai n s,  li k el y 

b e c a u s e of a l ar g e c o ntri b uti o n  of t h e b a c k gr o u n d a n n u al v e g et ati o n, 

w hi c h c o ul d e n h a n c e t h e r el ati o n s hi p b et w e e n o v er all e c o s y st e m G P P 

a n d gr e e n n e s s i n di c e s. F or m o st M e dit err a n e a n sit e s, C CI o ut p erf or m e d 

N D VI b a s e d i n di c e s i n tr a c ki n g G P P p h e n ol o g y, e x pr e s s e d a s str o n g er 

c orr el ati o n wit h d ail y G P P ( Fi g. 6 ). 

Str o n g  c orr el ati o n s  w er e  f o u n d  b et w e e n  A P A R  a n d  v e g et ati o n 

i n di c e s, e x c e pt f or t h e mi d-l atit u d e sit e s (Fi g. 6 ). F or m o st of t h e sit e s, 

NI R v s h o w e d t h e str o n g e st c orr el ati o n wit h A P A R a m o n g t hr e e t e st e d 

v e g et ati o n  i n di c e s,  e x c e pt  f or  M e dit err a n e a n  a n d  h u mi d  s u btr o pi c al 

( E a st er n  t e m p er at e  f or e st s)  sit e s  ( Fi g.  6 ).  T h er e  w er e  o nl y  r el ati v el y 

w e a k c orr el ati o n s b et w e e n L U E a n d v e g et ati o n i n di c e s, a n d t h e s e c or -

r el ati o n s w er e str o n g e st f or t h e hi g h l atit u d e b or e al f or e st s. F or m o st of 

t h e sit e s, C CI s h o w e d a sli g htl y b ett er r el ati o n s hi p wit h L U E t h a n t h e 

N D VI- b a s e d i n di c e s, l ar g el y b e c a u s e f e w er sit e s r e p ort e d C CI h a vi n g l o w 

( n e g ati v e) c orr el ati o n s, u nli k e t h e N D VI- b a s e d i n di c e s. 

C orr el ati o n b et w e e n G P P a n d v e g et ati o n i n di c e s v ari e d wit h e c or -

e gi o n ( Fi g. 7 ). O v er all, v e g et ati o n i n di c e s p erf or m e d b e st at m o nit ori n g 

G P P at t h e n ort h er n b or e al a n d t ai g a sit e s wit h a s u b ar cti c cli m at e a n d at 

t h e  E a st er n  t e m p er at e  sit e s  wit h  a  h u mi d  s u btr o pi c al  cli m at e,  b ut 

( e x c e pt  f or  C CI)  w or k e d  p o orl y  at  T e m p er at e  Si err a  sit e s.  U nli k e  t h e 

N D VI- b a s e d i n di c e s, C CI p erf or m e d m or e c o n si st e ntl y a cr o s s sit e s, a n d 

l a c k e d  sit e s  wit h  n e g ati v e  C CI- G P P  c orr el ati o n s.  V e g et ati o n  i n di c e s 

p erf or m e d b ett er at t h e N ort h er n f or e st s a n d T ai g a t h a n N ort h w e st er n 

f or e st s m o u nt ai n s, E a st er n t e m p er at e f or e st s, M ari n e w e st c o a st f or e st s, 

a n d  T e m p er at e  Si err a s.  R el ati o n s hi p s  b et w e e n  G P P  a n d  C CI  a n d  b e -

t w e e n G P P a n d NI R v w er e str o n g er t h a n t h o s e b et w e e n G P P a n d N D VI i n 

M ari n e  w e st  c o a st  f or e st s.  N D VI  b a s e d  i n di c e s,  i n cl u di n g  NI R v,  w er e 

Fi g.  4. R el ati o n s hi p s  b et w e e n  G P P  a n d  diff er e nt  v e g et ati o n  i n di c e s  f or  diff er e nt  s e a s o n al  p eri o d s,  ill u str ati n g  eff e ct s  of  s n o w- c o v er  (r e d  p oi nt s)  a n d  s n o w- m elt 

( or a n g e p oi nt s) o n t h e c orr el ati o n b et w e e n G P P a n d v e g et ati o n i n di c e s. D at a w er e c oll e ct e d fr o m t h e C A- Qf o fl u x sit e i n 2 0 0 9 a n d 2 0 1 0. S n o w- m elti n g p eri o d s 

w er e e sti m at e d b a s e d o n P h e n o c a m i m a g er y. 
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p o orl y c orr el at e d wit h G P P i n t h e T e m p er at e si err a s. T h e l ar g e st v ari -

ati o n s  i n  t h e  G P P – VI  r el ati o n s hi p s  o c c urr e d  i n  t h e  N ort h w e st er n 

f or e st e d m o u nt ai n s, w hi c h c o v er e d f o ur diff er e nt cli m at e cl a s s e s (Fi g. 7 

a n d T a bl e 1 ). 

W e f urt h er e x pl or e d h o w r el ati o n s hi p s b et w e e n G P P a n d s n o w c or -

r e ct e d v e g et ati o n i n di c e s v ari e d a m o n g cli m at e cl a s s e s wit hi n E a st er n 

t e m p er at e f or e st a n d N ort h w e st er n f or e st e d m o u nt ai n s, b ot h of w hi c h 

c o v er m ulti pl e cli m at e cl a s s e s ( T a bl e 1 a n d Fi g. 8 ). All v e g et ati o n i n di c e s 

w er e  a bl e  t o  tr a c k  G P P  i n  w ar m  s u m m er  c o nti n e nt al  ( Df b)  a n d  dr y 

c o nti n e nt al ( D s c) sit e s. R el ati o n s hi p b et w e e n G P P a n d C CI w a s str o n g er 

t h a n t h o s e b et w e e n G P P a n d N D VI- b a s e d i n di c e s i n M e dit err a n e a n sit e s 

wit h dr y a n d w ar m s u m m er ( C s b). T h e r el ati o n s hi p b et w e e n G P P a n d 

N D VI  b a s e d  i n di c e s  w a s  str o n g er  t h a n  t h at  b et w e e n  G P P  a n d  C CI  i n 

s u b ar cti c ( Df c) N ort h w e st er n f or e st e d m o u nt ai n s. A s i n t h e c o m p ari s o n 

a cr o s s  e c or e gi o n s  ( Fi g.  7 ),  C CI  p erf or m e d  m or e  c o n si st e ntl y  a cr o s s 

cli m at e cl a s s e s t h a n N D VI- b a s e d i n di c e s, a n d it di d n ot e x hi bit a n y sit e s 

wit h n e g ati v e C CI- G P P c orr el ati o n s ( Fi g. 8 ). 

4.  Di s c u s si o n 

O ur st u d y c o m bi n e d fl u x d at a a n d M O DI S- d eri v e d v e g et ati o n i n di c e s 

o v er 4 7 N ort h A m eri c a n e v er gr e e n f or e st sit e s t o e v al u at e t h e r el ati o n -

s hi p s b et w e e n G P P a n d v e g et ati o n i n di c e s, a n d t h e c o nf o u n di n g eff e ct s 

of s n o w o n t h e s e r el ati o n s hi p s. W e gr e atl y e x p a n d e d t h e n u m b er of sit e s 

c o m p ar e d t o e arli er C CI st u di e s ( R a h m a n et al., 2 0 0 4 ; Dr ol et et al., 2 0 0 8 ; 

G a m o n  et  al.,  2 0 1 6 ; Mi d dl et o n  et  al.,  2 0 1 6 ).  W e  al s o  e xt e n d e d  t h e 

a n al y si s  w ell  b e y o n d  b or e al  f or e st s  t o  m a n y  e v er gr e e n s  a cr o s s  e c or -

e gi o n s a n d cli m at e cl a s s e s t o t e st t h e a p pli c ati o n of C CI a n d ot h er VI s i n 

tr a c ki n g G P P i n e v er gr e e n f or e st s a cr o s s a m u c h wi d er g e o gr a p hi c r a n g e 

t h a n m o st pr e vi o u s st u di e s. O ur r e s ult s r e v e al e d t h at r e fi e ct e d li g ht fr o m 

s n o w str o n gl y i n fl u e n c e d all v e g et ati o n i n di c e s, a n d t h eir c orr el ati o n s 

wit h G P P. Pri or t o s n o w c orr e cti o n, t h e N D VI- b a s e d i n di c e s p erf or m e d 

b ett er  t h a n  C CI  i n  m o nit ori n g  G P P  of  e v er gr e e n  f or e st s,  b ut  t hi s  w a s 

p artl y d u e t o artif a ct s of s n o w, w hi c h aff e ct e d VI s u n e v e nl y. Aft er s n o w 

c orr e cti o n, t h e c orr el ati o n b et w e e n C CI a n d G P P w a s l ar g el y e n h a n c e d. 

O ur  r e s ult s  al s o  s h o w e d  t h at  c orr el ati o n s  b et w e e n  G P P  a n d  C CI  v s. 

N D VI- b a s e d i n di c e s ar e dri v e n b y diff er e nt f a ct or s i n t h e li g ht u s e ef fl -

ci e n c y m o d el. T h e str o n g p erf or m a n c e of C CI w a s pr e s u m a bl y d u e t o it s 

s e n siti vit y t o s e a s o n al pi g m e nt c h a n g e s ( G a m o n et al., 2 0 1 6 ; W o n g et al., 

2 0 2 0 ), w hil e N D VI- b a s e d i n di c e s w er e m or e s e n siti v e t o A P A R a n d l e af 

d e v el o p m e nt of d e ci d u o u s c o m p o n e nt s i n t h e e v er gr e e n f or e st. W e al s o 

f o u n d t h at t h e r el ati o n s hi p b et w e e n G P P a n d v e g et ati o n i n di c e s v ari e d 

a m o n g e c or e gi o n s a n d cli m at e cl a s s e s, pr e s u m a bl y d u e t o t h e v ar yi n g 

c o n str ai nt s o n G P P a n d st a n d c o m p o siti o n a cr o s s bi o m e s. 

4. 1. Eff e cts of s n o w c o v er a n d s n o w m elti n g o n M O DI S VIs 

Diff er e nt v e g et ati o n i n di c e s w er e aff e ct e d diff er e ntl y b y s n o w c o v er, 

i n di c ati n g  c o ntr a di ct or y  a n d  c o nf o u n di n g  eff e ct s  of  s n o w  o n  t h e s e 

i n di c e s  (Fi g s.  4 a n d 5 ).  F or  e x a m pl e,  s n o w  t e n d e d  t o  e x a g g er at e  t h e 

s e a s o n al  tr e n d s  i n  N D VI,  k N D VI  a n d  NI R v,  b ut  s u p pr e s s  t h e  s e a s o n al 

tr e n d s  i n  C CI.  Alt h o u g h  s n o w  i n cr e a s e d  r e fl e ct a n c e  a cr o s s  t h e  w h ol e 

vi si bl e  ( VI S)  -  n e ar  i nfr ar e d  ( NI R)  r e gi o n,  it  d e cr e a s e d  t h e  diff er e n c e 

b et w e e n  VI S  a n d  NI R  b a n d s  a n d  alt er e d  r e fl e ct a n c e  v al u e s  of  VI S 

w a v el e n gt h s, l e a di n g t o a br u pt d e cr e a s e s i n N D VI- b a s e d i n di c e s a n d a n 

i n cr e a s e i n C CI a s h a s al s o b e e n r e p ort e d i n a r e c e nt e x p eri m e nt al st u d y 

(W a n g et  al., 2 0 2 3 ). Wit h o ut a c c o u nti n g  f or s n o w  c o v er, N D VI- b a s e d 

i n di c e s  c o ul d  s u g g e st  (i n c orr e ctl y)  a  r a pi d  l o s s  a n d  r el ati v e  s u d d e n 

e m er g e n c e of gr e e n f oli a g e i n t h e wi nt er f or e v er gr e e n s d u e t o c h a n g e s 

i n  s n o w  c o v er  al o n e.  B ei n g  i n v er s el y  i m p a ct e d  b y  s n o w  (r el ati v e  t o 

N D VI), C CI i n cr e a s e s d u e t o s n o w i n wi nt erti m e t h at ar e c o m p ar a bl e t o 

gr o wi n g  s e a s o n  m a xi m a  ( Fi g.  2 )  c o ul d  err o n e o u sl y  s u g g e st  a  s u d d e n 

“ t ur ni n g  o n” of  p h ot o s y nt h e si s  t h at  i n  t h e  mi d dl e  of  wi nt er  f or  e v er -

gr e e n s.  T h u s,  s n o w  i n cr e a s e d  t h e  s e a s o n al  v ari ati o n  i n  N D VI- b a s e d 

i n di c e s,  e x a g g er ati n g  t h e  c orr el ati o n  b et w e e n  G P P  a n d  N D VI.  B y 

c o ntr a st, s n o w d e cr e a s e d t h e s e a s o n al v ari ati o n i n C CI, gr e atl y r e d u ci n g 

t h e c orr el ati o n wit h G P P. 

Eli mi n ati n g  t h e  c o nt a mi n ati o n  of  v e g et ati o n  i n di c e s  d u e  t o  s n o w 

r e v e al e d  t h e  tr u e  b a s eli n e  of  t h e  v e g et ati o n  r e s p o n s e  a n d  e n a bl e d 

i m pr o v e d  e v al u ati o n  of  s e a s o n al  p att er n s  a s s o ci at e d  wit h  bi ol o gi c al 

c h a n g e s  aff e cti n g  G P P  ( H u e m mri c h  et  al.,  2 0 2 1 ).  S n o w – a n d  h e n c e 

s n o w c orr e cti o n – h a d a p arti c ul arl y str o n g i n fl u e n c e i n t h e e arl y s pri n g 

w h e n r a pi d c h a n g e s o c c urr e d i n b ot h G P P a n d s n o w c o v er ( Fi g. 2 ). I n 

a c c or d  wit h  pr e vi o u s  st u di e s  ( E kl u n d h  et  al.,  2 0 1 1 ; S pri n g er  et  al., 

2 0 1 7 ),  t h e  l ar g e st  a n d  f a st e st  N D VI  i n cr e a s e s  h a p p e n e d  d uri n g  s n o w 

m elt ( Fi g s. 2 a n d 4 ). T hi s eff e ct w a s a n artif a ct of s n o w m elt, a n d n ot a 

dir e ct  eff e ct  of  v e g et ati o n  p h e n ol o g y  or  p h y si ol o gi c al  c h a n g e.  T hi s 

d o c u m e nt ati o n  of  s e v er e  artif a ct s  i n  t h e  VI- G P P  r el ati o n s hi p s  h a s 

i m p ort a nt  i m pli c ati o n s  f or  att e m pt s  t o  m o nit or  l o n g-t er m  G P P  tr e n d s 

fr o m  s at ellit e s,  a s  m o st  st u di e s  t h at  u s e  r e fi e ct a n c e- b a s e d  v e g et ati o n 

i n di c e s  d o n ot a c c o u nt  f or s n o w  c o v er, a n d  a  l ar g e p art of  t h e si g n al 

f al s el y  attri b ut e d  t o  G P P  tr e n d s  c a n  b e  a n  artif a ct  of  c h a n gi n g  s n o w 

c o v er ( G a m o n et al., 2 0 1 3 ; M y er s- S mit h et al., 2 0 2 0 ; S h e n et al., 2 0 1 4 ). 

4. 2.  VIs pr o vi d e d c o m pl e m e nt ar y i nf or m ati o n a b o ut p h ot os y nt h eti c 

p h e n ol o g y 

T h e c o m pl e m e nt arit y h y p ot h e si s ( G a m o n 2 0 1 5 ; G a m o n et al., 2 0 1 6 ) 

ar g u e s t h at diff er e nt v e g et ati o n i n di c e s pr o vi d e c o m pl e m e nt ar y i nf or -

m ati o n  a b o ut  pl a nt  p h ot o s y nt h eti c  a cti viti e s.  N D VI  f oll o w s  c a n o p y 

d e v el o p m e nt  ( m ai nl y  i n  a n n u al  a n d  d e ci d u o u s  pl a nt s)  w hil e  C CI  i s 

s e n siti v e t o s e a s o n al pi g m e nt c h a n g e s p arti c ul arl y t h e r el ati v e l e v el s of 

c hl or o p h yll a n d c ar ot e n oi d pi g m e nt s ( G a m o n et al., 2 0 1 6 ; W o n g et al., 

2 0 2 0 ), b ot h of w hi c h c a n h a v e a n i m p ort a nt i n fl u e n c e o n G P P ( S pri n g er 

Fi g.  5. S n o w  r e m o v al  aff e ct e d  t h e  c orr el ati o n s  ( P e ar s o n  c orr el ati o n  c o -

ef fl ci e nt s)  b et w e e n  d ail y  G P P  a n d  v e g et ati o n  i n di c e s  ( N D VI,  C CI,  NI R v,  a n d 

k N D VI). D at a fr o m all t h e 4 7 sit e s w er e u s e d a n d c orr el ati o n w a s c al c ul at e d f or 

e a c h sit e s e p ar at el y. T h e li n e i n t h e mi d dl e of e a c h b o x i n di c at e s t h e m e di a n 

v al u e. T h e l o w er a n d u p p er hi n g e s c orr e s p o n d t o t h e flr st a n d t hir d q u artil e s 

(t h e 2 5t h a n d 7 5t h p er c e ntil e s) a n d d at a b e y o n d 1. 5 ti m e s of di st a n c e b et w e e n 

t h e  fir st  a n d  t hir d  q u artil e s  fr o m  t h e  l o w er  a n d  u p p er  hi n g e s  ar e  pl ott e d  a s 

i n di vi d u al  p oi nt s.  T h e  m e di a n s  ar e  r o u g hl y  si g ni fi c a ntl y  diff er e nt  at  a  9 5 % 

c o n fl d e n c e l e v el, if t h e n ot c h e s d o n ot o v erl a p ( M c Gill et al., 1 9 7 8 ). 
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et  al.,  2 0 1 7 ; W o n g  et  al.,  2 0 2 0 ).  C ar ot e n oi d  pi g m e nt s  oft e n  s er v e  a s 

p h ot o pr ot e cti v e  a n d  p h ot or e g ul at or y  pi g m e nt s.  Pr e s u m a bl y,  b e c a u s e 

c ar ot e n oi d pi g m e nt s s er v e a p arti c ul arl y str o n g p h ot o pr ot e cti v e r ol e i n 

e v er gr e e n s,  C CI  i s  al s o  m or e  s e n siti v e  t o  L U E  t h a n  t h e  N D VI- b a s e d 

i n di c e s (Fi g. 6 ). A hi st or y of r e s e ar c h h a s s h o w n t h at s e a s o n al s hift s i n 

p h ot o s y nt h eti c  a n d  p h ot or e g ul at or y  pi g m e nt s  ar e  i m p ort a nt  i n  r e g u -

l ati n g  s e a s o n al  p h ot o s y nt h eti c  a cti vit y,  p arti c ul arl y  u n d er  e xtr e m e 

t e m p er at ur e s  (W o n g  a n d  G a m o n,  2 0 1 5 ; M a g n e y  et  al.,  2 0 1 9 ; W al -

t er- M c N eill et al., 2 0 2 1). T h e b al a n c e of t h e s e p h y si ol o gi c al a n d str u c -

t ur al f a ct or s a n d t h eir i n fl u e n c e o n G P P c h a n g e s wit h v e g et ati o n t y p e 

(G a m o n, 2 0 1 5 ; G ar b ul s k y et al., 2 0 1 1 ), a n d t hi s aff e ct s t h e r el ati o n s hi p s 

b et w e e n G P P a n d v e g et ati o n i n di c e s i n diff er e nt w a y s d e p e n di n g u p o n 

t h e i n d e x a n d t h e p arti c ul ar bi o m e. 

T h e w e a k c orr el ati o n b et w e e n G P P a n d N D VI f or m o st of t h e e v er -

gr e e n f or e st s t e st e d i s u n d o u bt e dl y d u e t o N D VI ’s s e n siti vit y t o gr e e n 

c a n o p y str u ct ur e ( w hi c h h a s littl e s e a s o n al c h a n g e i n e v er gr e e n s) al o n g 

wit h  it s  i n s e n siti vit y  t o  s u btl e  c h a n g e s  i n  p h y si ol o g y  a s s o ci at e d  wit h 

pi g m e nt s  a n d  s e a s o n al  p h ot o s y nt h eti c  c a p a cit y  c h a n g e  i n  e v er gr e e n s. 

B e c a u s e C CI i s m or e s e n siti v e t o t h e s e a s o n al d y n a mi c s i n pi g m e nt s, a 

g o o d  i n di c at or  of  t h e  r e g ul ati o n  of  p h ot o s y nt h eti c  li g ht  r e a cti o n s,  it 

a p p e ar s  t o  b e  a  m or e  s e n siti v e  i n di c at or  of  L U E  a n d  e v er gr e e n  G P P 

p h e n ol o g y  t h a n  gr e e n n e s s- b a s e d  i n di c e s  li k e  N D VI,  a s  h a s  pr e vi o u sl y 

b e e n r e p ort e d ( G a m o n et al., 2 0 1 6 ; S pri n g er et al., 2 0 1 7 ). I n c o ntr a st, 

gr e e n n e s s- b a s e d i n di c e s li k e N D VI c a n pr o vi d e g o o d e sti m at e s of r a di -

ati o n a b s or b e d b y gr e e n c a n o p y m at eri al ( A P A R) a n d ar e s e n siti v e t o t h e 

c o ntri b uti o n s  of  l e af  d e v el o p m e nt  a n d  s e n e s c e n c e  t o  o v er all  o pti c al 

Fi g. 6. C orr el ati o n s ( P e ar s o n c orr el ati o n c o ef fi ci e nt) b et w e e n G P P, L U E, a n d A P A R a n d s n o w c orr e ct e d v e g et ati o n i n di c e s. Si z e a n d c ol or of cir cl e s i n di c at e t h e 

P e ar s o n c orr el ati o n c o ef fl ci e nt. Sit e s li st e d o n t h e l eft w er e s ort e d b y l atit u d e (fr o m N ort h t o S o ut h). E c or e gi o n s a n d cli m at e cl a s s of e a c h sit e ar e s u m m ari z e d i n 

T a bl e 1 . C orr el ati o n s b et w e e n N D VI a n d A P A R a n d L U E w er e n ot c al c ul at e d, b e c a u s e N D VI w a s u s e d t o d eri v e A P A R a n d t h u s L U E. 
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si g n al s i n a n n u al a n d d e ci d u o u s s p e ci e s a n d u n d er st or y t h at c o ul d i n -

fl u e n c e t h e r e fi e ct a n c e i n n ort h er n sit e s ( I k a w a et al., 2 0 1 5), a n d t h u s of 

p ot e nti al p h ot o s y nt h eti c a cti vit y ( G a m o n et al., 1 9 9 5 , 2 0 1 6 ; W o n g et al., 

2 0 2 0 ). C CI al s o h a d str o n g c orr el ati o n s wit h A P A R ( Fi g. 6 ). T hi s mi g ht 

b e  b e c a u s e  C CI  w a s  s e n siti v e  t o  b ot h  a dj u st m e nt  of  pi g m e nt s  i n  t h e 

s pri n g  a n d  f all a s  w ell  a s  t o  c a n o p y str u ct ur al  c h a n g e  s u c h a s  n e e dl e 

e x p a n si o n a n d s h o ot el o n g ati o n ( S pri n g er et al., 2 0 1 7 ). T o tr a c k a ct u al 

p h ot o s y nt h eti c  a cti vit y  ( a n d  G P P),  a d diti o n al  pi g m e nt  i nf or m ati o n 

pr o vi d e d b y C CI a p p e ar s t o b e v er y u s ef ul, a n d t hi s c a n h el p e x pl ai n t h e 

hi g h er c orr el ati o n b et w e e n C CI a n d L U E r el ati v e t o t h e ot h er v e g et ati o n 

i n di c e s (Fi g. 6 ). C o m bi ni n g C CI a n d NI R v b y a s s u mi n g t h at t h e s e t w o 

i n di c e s m a y r e pr e s e nt li g ht u s e ef fl ci e n c y a n d A P A R i n t h e c o n v e nti o n al 

L U E m o d el r e s p e cti v el y, c o ul d l e a d t o str o n g er r el ati o n s hi p wit h G P P 

t h a n u si n g e a c h i n d e x al o n e (W o n g et al., 2 0 2 2 ). W e c al c ul at e d a n i n d e x 

b y m ulti pl yi n g n or m ali z e d C CI (t o t h e [ 0, 1 ] r a n g e t o eli mi n at e t h e ef -

f e ct s of n e g ati v e v al u e s) wit h NI R v, w hi c h l e d t o a sli g ht i n cr e a s e i n t h e 

c orr el ati o n  wit h  G P P  ( Fi g ur e  S 7  i n  t h e  s u p pl e m e nt al  m at eri al s),  s u g -

g e sti n g  t h at  t hi s  m a y  b e  a  pr o mi si n g  dir e cti o n  f or  f ut ur e  st u d y.  I n 

a d diti o n, c orr e cti o n f or s u n- vi e w g e o m etr y a n d s h a d o w fr a cti o n i n t h e 

M O DI S d at a, w hi c h w er e n ot att e m pt e d h er e, m a y f urt h er i m pr o v e t h e 

r el ati o n s hi p b et w e e n C CI a n d G P P ( Dr ol et et al., 2 0 0 8 ; Mi d dl et o n et al., 

2 0 1 6 ). 

4. 3.  G P P- VI r el ati o ns hi ps v ari e d a m o n g e c or e gi o ns 

T h e di stri b uti o n a n d gr o wt h of e v er gr e e n f or e st s ar e i n fl u e n c e d b y 

cli m at e (t e m p er at ur e a n d pr e ci pit ati o n), a n d t h e s e eff e ct s v ar y a m o n g 

e c or e gi o n s. E v er gr e e n f or e st s c a n al s o v ar y i n t h e pr o p orti o n of a n n u al 

a n d  d e ci d u o u s  s p e ci e s  pr e s e nt,  w hi c h  c a n  v ar y  wit h  di st ur b a n c e  a n d 

s u c c e s si o n  ( W ell s  et  al.,  2 0 2 0 ).  E v er gr e e n  a n d  d e ci d u o u s  s p e ci e s  al s o 

diff er i n t h eir o pti c al r e s p o n s e s t o s n o w a n d t h eir G P P p h e n ol o g y ( W a n g 

et  al., 2 0 2 3 ).  T h e s e  f a ct or s u n d o u bt e dl y  c o ntri b ut e t o  t h e  g e o gr a p hi c 

v ari ati o n  i n  t h e  r el ati o n s hi p s  b et w e e n  G P P  a n d  VI s  ( Fi g.  7 ).  F or e st 

gr o wt h a n d di stri b uti o n ar e li mit e d b y l o n g wi nt er s wit h c ol d t e m p er -

at ur e a n d s h ort d a yl e n gt h f or t ai g a, n ort h er n f or e st s a n d s u b ar cti c sit e s 

i n t h e n ort h w e st f or e st e d m o u nt ai n s (S e y e d n a sr oll a h et al., 2 0 2 1 ). B e-

si d e s b ei n g aff e ct e d b y t e m p er at ur e a n d li g ht r e gi m e, f or e st di stri b uti o n 

a n d gr o wt h ar e aff e ct e d b y s oil h y dr ol o g y. F or e st gr o wt h c a n b e li mit e d 

b y  t h e  w at er  h ol di n g  c a p a cit y  of  s a n d y  s oil s,  s u c h  a s  t h o s e  fr o m  t h e 

Gr e at L a k e s r e gi o n or e a st er n N ort h A m eri c a, w hi c h q ui c kl y b e c o m e dr y 

d uri n g  p eri o d s  of  dr o u g ht  ( Ar ai n  et  al.,  2 0 2 2 ; Ar ai n  a n d  R e str e p o- -

C o u p e, 2 0 0 5 ) a n d s o m e of t h e j a c k pi n e ( Pi n us b a n ksi a n a ) f or e st s i n t h e 

b or e al  r e gi o n  ( Di etri c h  et  al.,  2 0 1 6 ; M c C oll u m  a n d  I b á ñ e z,  2 0 2 0 ).  I n 

r e gi o n s  wit h  pr o n o u n c e d  s e a s o n al  G P P  p att er n s,  i n cl u di n g  t ai g a, 

n ort h er n  f or e st s  a n d  ot h er  s u b ar cti c  sit e s,  all  f o ur  v e g et ati o n  i n di c e s 

w er e a bl e t o tr a c k s e a s o n al G P P c h a n g e ( Fi g s. 6 a n d 7 ). T h e r el ati v el y 

l o w c orr el ati o n b et w e e n v e g et ati o n i n di c e s a n d G P P f or t w o e a st c o a st al 

f or e st sit e s ( U S- H o 1 a n d U S- H o 2) w a s d u e t o li mit e d G P P d at a ( m ai nl y i n 

t h e  f all)  c a u s e d  b y  f ail e d  d a yti m e  p artiti o ni n g  f or  m o st  of  t h e  d at a. 

Str o n g r el ati o n s hi p s b et w e e n VI s a n d G P P d eri v e d fr o m ni g htti m e p ar -

titi o ni n g  w er e  a c hi e v e d  f or  t h e s e  t w o  sit e s  ( Fi g ur e  S 4  i n  t h e  s u p pl e -

m e nt al m at eri al s). T hi s i n di c at e s t h at fl u x p artiti o ni n g m et h o d c a n al s o 

b e a s o ur c e of err or aff e cti n g G P P- VI r el ati o n s hi p s. 

T h e m ari n e w e st c o a st f or e st sit e s ( C A- C a 2 a n d C A- C a 3) ar e l o c at e d 

Fi g. 7. C orr el ati o n s b et w e e n G P P a n d s n o w c orr e ct e d v e g et ati o n i n di c e s ( N D VI, C CI, NI R v, a n d k N D VI) b y L e v el- 1 e c or e gi o n s. T h e li n e i n t h e mi d dl e of e a c h b o x 

i n di c at e s t h e m e di a n v al u e. T h e l o w er a n d u p p er hi n g e s c orr e s p o n d t o t h e flr st a n d t hir d q u artil e s (t h e 2 5t h a n d 7 5t h p er c e ntil e s). 
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i n  t h e w ett e st  cli m at e i n  N ort h A m eri c a a n d  ar e d o mi n at e d b y  d e n s e 

D o u gl a s- flr,  h e ml o c k  a n d  c e d ar.  I n  t hi s  c a s e,  t h e  c o ntri b uti o n  of  u n -

d er st or y d e ci d u o u s pl a nt s t o r e fi e ct a n c e c a n oft e n b e n e gli gi bl e, e x c e pt 

f oll o wi n g flr e, h ar v e sti n g or i n e arl y f or e st s u c c e s si o n w h e n a n n u al s or 

d e ci d u o u s v e g et ati o n s p e ci e s d o mi n at e ( H u m p hr e y s et al., 2 0 0 6 ). T h u s, 

C CI  w a s  a bl e  t o  tr a c k  t h e  G P P  p h e n ol o g y  f or  t h e s e  sit e s  d u e  t o  it s 

s e n siti vit y t o s e a s o n al pi g m e nt c h a n g e s w hil e N D VI a n d k N D VI e x hi bi -

t e d  littl e  s e n siti vit y  t o  s e a s o n al  c h a n gi n g  G P P  (Fi g.  6 , G a m o n  et  al., 

2 0 1 6 ). 

F or T e m p er at e Si err a s ( U S- F mf a n d U S- F uf) a n d s o m e ot h er M e di -

t err a n e a n  sit e s  ( U S- M e 2,  U S- M e 3,  U S- M e 5,  a n d  U S- M e 6),  w h er e  t h e 

cli m at e f e at ur e s dr y a n d w ar m s u m m er a n d w et wi nt er, str o n g c orr e -

l ati o n s w er e o nl y f o u n d b et w e e n G P P a n d C CI, wit h all t h e N D VI b a s e d 

i n di c e s f aili n g t o tr a c k G P P p h e n ol o g y (Fi g. 7 ). I n s o m e M e dit err a n e a n 

sit e s,  G P P  i s  r e stri ct e d  b y  s u m m er  dr o u g ht  a n d  a s s o ci at e d 

p h ot o s y nt h eti c  d o w nr e g ul ati o n  i n  h ot  s u m m er  c o n diti o n s  ( G o ul d e n 

et al., 2 0 1 2 ; K ell y a n d G o ul d e n, 2 0 1 6 ), a n d v ar y wit h f or e st m a n a g e -

m e nt  a n d  di st ur b a n c e,  s u c h  a s  flr e  tr e at m e nt  ( K ol b  et  al.,  2 0 1 3 ).  I n 

a c c or d a n c e wit h pr e vi o u s st u d y at sit e s U S- F mf a n d U S- F uf ( K ol b et al., 

2 0 1 3 ), i n a y e ar wit h l at e s u m m er dr o u g ht, N D VI b a s e d i n di c e s s h o w e d 

littl e  c a p a bilit y  t o  m o nit or  t h e  o v er all  s e a s o n al  G P P  c h a n g e  (Fi g.  6 ). 

M o d er at e c orr el ati o n ( r = 0. 5) w a s f o u n d b et w e e n G P P a n d C CI a m o n g 

all  t h e  y e ar s  a n d  m a n a g e m e nt  tr e at m e nt s,  p er h a p s  b e c a u s e  of  t h e 

a d diti o n al  s e n siti vit y  of  C CI  t o  pi g m e nt  si g n al s  i n di c ati n g  p eri o d s  of 

p h ot o s y nt h eti c ( G P P) d o w nr e g ul ati o n ( Fi g. 6 ). A l ar g e b o d y of lit er at ur e 

s u g g e st s  t h at  c ar ot e n oi d- b a s e d  i n di c e s  m a y  b e  r e s p o n si v e  t o 

dr o u g ht-i n d u c e d d e cli n e s i n p h ot o s y nt h eti c a cti vit y ( S u á r e z et al., 2 0 0 8 , 

2 0 1 0 ; Z ar c o- T ej a d a et  al.,  2 0 1 2 ), s u p p orti n g  t h e  g o o d c orr el ati o n  b e -

t w e e n C CI a n d G P P i n t h e s e s y st e m s. 

Fi g. 8. C orr el ati o n s b et w e e n G P P a n d s n o w c orr e ct e d v e g et ati o n i n di c e s ( N D VI, C CI, NI R v, a n d k N D VI) b y K ö p p e n Cli m at e Cl a s s wit hi n E a st er n t e m p er at e f or e st a n d 

N ort h w e st er n f or e st e d m o u nt ai n s. T h e li n e i n t h e mi d dl e of e a c h b o x i n di c at e s t h e m e di a n v al u e. T h e l o w er a n d u p p er hi n g e s c orr e s p o n d t o t h e flr st a n d t hir d 

q u artil e s (t h e 2 5t h a n d 7 5t h p er c e ntil e s). 

Cf a: H u mi d s u btr o pi c al ( mil d wit h n o dr y s e a s o n, h ot s u m m er); Df b: W ar m s u m m er c o nti n e nt al ( si g ni fl c a nt pr e ci pit ati o n i n all s e a s o n s); C s a: M e dit err a n e a n ( mil d 

wit h  dr y,  h ot  s u m m er);  C s b:  M e dit err a n e a n  ( mil d  wit h  dr y,  w ar m  s u m m er);  Df c:  S u b ar cti c  ( s e v er e  wi nt er,  n o  dr y  s e a s o n,  c o ol  s u m m er);  D s c:  Dr y  c o nti n e nt al 

( c o ol s u m m er). 
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4.4. Disturbance impacts 

Besides climate effects, the overall ecosystem photosynthesis and 
carbon uptake of forests are affected by disturbance, such as drought, 
fire and pests (Amiro et al., 2010; Kurz et al., 2013; Xu et al., 2020). Such 
disturbances are becoming more frequent in many regions, altering the 
successional state of forests, and affecting both the distribution of 
vegetation types and presumably the links between vegetation indices 
and GPP (Zhang et al., 2016; Sarmah et al., 2021). In this study, NIRv 
exhibited the strongest correlation with GPP for the site CA-LP1, which 
is a lodgepole pine (Pinus contorta) stand that has been severely affected 
by mountain pine beetle (MPB, Dendroctonus, ponderosae) since the early 
2000s. This is likely due to NIRv s sensitivity to green canopy structure. 
While most of the mature pine canopy was killed, residual vegetation, 
including younger conifer trees and broadleaf dominated understory, 
contributed to the overall ecosystem net photosynthesis (Bowler et al., 
2012; Emmel et al., 2014). However, the yellow to red dead tree foliage 
that was caused by beetle attack can, for a few years post-disturbance, 
affect the vegetation indices and presumably influence the correlation 
between GPP and CCI at this site. A systematic evaluation of impacts of 
disturbance on relationships between GPP and vegetation indices is 
beyond the scope of this study, but further attention is required when 
estimating GPP using vegetation indices for disturbance influenced sites. 

4.5. Next generation satellites 

The results of this study indicate that combinations of structurally- 
based (NDVI-based) with pigment-based (e.g. CCI) indices can provide 
improved estimation of GPP, as has been amply demonstrated from a 
history of proximal remote sensing. Such combined approaches would 
benefit from additional attention to snow correction as demonstrated 
here. However, due to the orbital drift of Terra and Aqua satellites, the 
global CCI observation capability derived from MODIS data will likely 
be limited at some point in the near future. The Visible Infrared Imaging 
Radiometer Suite (VIIRS) instrument flying on the Suomi National Polar- 
orbiting Partnership satellite, intended to be the continuation of MODIS, 
did not retain the 531 nm band needed for calculation of CCI. Current 
hyperspectral satellites such as PRISMA (Cogliati et al., 2021; Stefano 
et al., 2013) and EnMAP (Guanter et al., 2015) do not have enough 
temporal coverage or are not free for public access. One option is the 
Second-Generation Global Imager (SGLI) on-board on the Global Change 
Observation Mission Climate (GCOM-C), which provides surface 
reflectance at 531 nm (Akitsu and Nasahara, 2022). Yet to be tested, 
SGLI-based measurements might be able to provide the ability to detect 
pigment-based GPP estimations through global PRI and CCI products 
until new hyperspectral satellites, such as NASA Surface Biology and 
Geology (Cawse-Nicholson et al., 2021) and ESA Fluorescence Explorer 
(Drusch et al., 2017) missions, are launched. Thus, it is likely that gaps in 
global coverage of critical VIs will occur in the near future, affecting our 
ability to assess GPP from reflectance-based methods due to limited 
satellite coverage. 

5. Conclusions 

The satellite-derived vegetation indices commonly used to monitor 
terrestrial ecosystem photosynthesis phenology are highly sensitive to 
snow cover. Consequently, the performance of these indices in tracking 
global GPP phenology is confounded by snow, a topic which has 
received only limited attention (e.g., Myers-Smith et al., 2020) despite 
the heavy use of vegetation indices in global GPP studies. During the 
spring transition, snow melt greatly exaggerated the apparent correla
tion between GPP and NDVI-based vegetation indices while reversing 
the correlation between GPP and CCI. After snow removal, strong re
lationships were found between GPP and CCI and NIRv, with slightly 
higher correlations between GPP and CCI for most of the sites, pre
sumably due to the sensitivity of CCI to seasonal pigment change 

associated with changing photosynthetic activity and photoprotection. 
The relationship between GPP and vegetation indices varied among 
geographical regions, ecoregions and climate classes. The GPP-VI rela
tionship was likely further affected by disturbance history and the exact 
composition of functionally distinct vegetation types (e.g. annuals, de
ciduous and evergreen). For regions with clear seasonal GPP patterns, all 
vegetation indices were able to track GPP phenology to some degree. 
Among all the ecoregions (climate classes), the strongest relationships 
between GPP and vegetation indices were found for the subarctic sites, 
while weak relationships between were found for the Mediterranean 
sites, where daily GPP exhibited moderate correlation with CCI. The 
large snow cover artifacts and complementary vegetation index re
sponses reported here should be considered in any large-scale studies of 
GPP using optical satellites (e.g. MODIS) and illustrate the limitations of 
deriving global GPP estimates based on any single vegetation index. 
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