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ARTICLE INFO ABSTRACT

Keywords: It remains challenging to interpret seasonal profile of vegetation dynamics from empirical indices NDVI and EVI
Evergreen forest for boreal forests due to confounding impacts of snow, soil and snowmelt in winter and spring. This work aims to
Snow characterize the seasonally snow-covered Howland boreal forest ecosystem in Maine, USA with the Moderate
S?/rszal Resolution Imaging Spectrometer (MODIS) images. Vegetation cover fraction (VGCF), fractional absorption of

fAPAR 4, and fAPAR op.c1 photosynthetically active radiation (fAPAR) by all canopy components (fAPARcanopy), fAPAR by canopy chlo-
GPP rophyll (fAPAR,)) and fAPAR by canopy non-chlorophyll components (fAPARpon-ch1) Were extracted from MODIS
images in multiple years (2001 - 2014). Snow exposed during December to April. Top of canopy viewable snow
cover fraction in April of multiple years varied between 0.02 and 0.16 (0.06 + 0.04). Seasonal VGCF and
fAPAR canopy showed a summer plateau (VGCF: 0.97 + 0.01; fAPARcanopy: 0.90 + 0.01). Both seasonal fAPARp;
and fAPARyon.ch changed with time, and seasonal fAPARon.ch had a bimodal shape. Spring VGCF varied be-
tween 0.54 and 0.69 (0.61 + 0.04). Spring fAPAR., and fAPAR;on.ch1 Were 0.22 + 0.03 and 0.21 + 0.02,
respectively. Peak summer fAPAR. was 0.58 + 0.02. The lowest summer fAPARpon.ch was 0.32 £+ 0.02.
Replacing fAPAR canopy With fAPARy; to simulate boreal forest ecosystem gross primary production (GPP) could

reduce uncertainties in GPP simulations.

1. Introduction

Satellite observations are valuable for providing global information
of vegetative conditions and snow spatial-temporal extent (e.g., Gao
et al., 2015; Moulin et al., 1997; Myneni et al., 2002; Running et al.,
2004; Salomonson and Appel, 2004; Zhang et al., 2003) that is essential
for carbon cycle studies, hydrological modeling, energy balance studies,
climate modeling, water management, and agricultural management (e.
g., Heinila et al., 2019; Romanov et al., 2003; Peng et al., 2020). For
instance, the normalized difference vegetation index (NDVI) (Rouse
et al.,, 1974) and the enhanced vegetation index (EVI) (Huete et al.,
2002) from the moderate resolution imaging spectrometer (MODIS) and
other sensors have been often used for vegetation monitoring. Fractional
absorption of photosynthetically active radiation (PAR) by the entire
canopy (fAPARcanopy), fractional absorption of PAR by canopy chloro-
phyll (fAPAR.y;), NDVI, and EVI have been utilized in estimation of
ecosystem gross primary production (GPP) (e.g., Cheng et al., 2014; Xiao
et al., 2004; Zhang et al., 2020). The normalized difference snow index
(NDSI) from MODIS has been widely applied for snow monitoring (Hall
et al., 2002).

During snow-free period, NDVI and EVI prove useful for mapping
and monitoring forests. However, it remains challenging to interpret
vegetation information from NDVI and EVI for forested areas during
snow season. Forests bring difficulties to ground snow mapping (Klein
et al., 1998) because forest cover obscures snow beneath the forest
canopy while it contributes to the reflectance observed by a sensor
(Romanov et al., 2003). Therefore, impacts of snow on NDVI and NDSI
vary with forest cover (Hall et al., 2002; Lv and Pomeroy, 2019). NDVI
(NDSI) values were positively (negatively) related with the forest cover
fraction (Heinila et al., 2014; Lv and Pomeroy, 2019).

Snowmelt is another extraneous factor affecting interpretation of
these empirical indices for forested areas. Snowmelt increases soil
moisture, and decreases surface reflectance. The reflectance reduction is
greater in the water absorption bands around 1450 and 1950 nm. Snow
and snowmelt bring challenges to vegetation monitoring with empirical
vegetation indices (e.g., Moulin et al., 1997; Reed et al., 1994). Reed
et al. (1994) reported that snow could reduce NDVI values of conifer
forests, but snowmelt could increase NDVI values. In addition, snow and
snowmelt also affect the index of near-infrared (NIR) reflectance of
vegetation (NIRy) (Badgley et al., 2017; Zeng et al., 2019), a product of
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Fig. 1. (A) The 19-year-average daily air temperature (°C) for 1996 —2014; and (B) the 19-year-average daily photosynthetically active radiation (PAR) (mmol m™

s’l), bars are standard deviations.

Table 1
Spring (DOY 72-152) air temperature and PAR (high temperatures are
highlighted).

Year Air Temperature (°C) PAR (pmolm’zs’l)
2001 6.4 406.5
2002 5.3 354.5
2003 4.7 341.7
2004 5.4 362.3
2005 5.2 346.7
2006 7.5 381.2
2007 5.1 370.1
2008 5.4 396.0
2009 6.5 377.6
2010 9.1 381.9
2011 6.5 362.9
2012 7.7 391.0
2013 6.2 400.6
2014 4.7 392.3

NDVI and reflectance of the NIR band.

Chapin et al. (2000) synthesized major North American high-latitude
research programs and reported a positive correlation between NDVI of
boreal forests and spring temperature. However, Goetz et al. (2005)
analyzed NDVI of boreal forest areas and did not conform this positive
correlation. Snow, snowmelt and soil can be confounding factors that
affect interpretation of NDVI because they also contribute to reflectance
of the two bands for NDVI computing. Zhang et al. (2020) presented the
coupled Leaf-Vegetation-Soil-Snow-Surface water body (LVS3) radiative
transfer model that fits the need in Arctic and boreal areas to retrieve
information of vegetation and snow from optical sensors. The LVS3
model has been applied for the Utgiagvik tundra ecosystem in Alaska to

2

retrieve cover fractions of vegetation (VGCF), snow (SNOWCEF), soil
(SOILCF), and surface water bodies (WaterBodyCF), leaf area index
(LAI), canopy chlorophyll content (CCC), foliar dry matter, fAPAR ),
fractional absorption of PAR by canopy non-chlorophyll components
(fAPARpon.ch1) and fAPAR anopy. Absorption of PAR by canopy chloro-
phyll (APAR,y,)) indicates potential photosynthetic capability and can be
computed from fAPARy and climatic PAR data (APAR. = fAPARy,; X
PAR).

The Howland boreal forest ecosystem in Maine has different char-
acteristics from the Utgiagvik tundra ecosystem. The tundra ecosystem
is non-forested. VGCF value for the tundra ecosystem is very low in snow
season. In contrast, the Howland boreal ecosystem contains certain
conifer forest, and MODIS can’t see snow/snowmelt beneath dense
forest canopy. This study utilizes the LVS3 model for the boreal forest
ecosystem to retrieve VGCF, SOILCF, SNOWCEF, fAPAR.}), fAPARon-chl,
etc.

Previous investigations reported that correlation between net
ecosystem exchange (NEE) and the length of carbon uptake period
(CUP) for evergreen needleaf forests was strong (e.g., Churkina et al.,
2005; Richardson et al., 2010). Hollinger et al. (2004) showed that
springtime temperatures were significantly correlated with C uptake at
the Howland forest. Richardson et al. (2009, 2010) expressed that the
interannual variability in springtime temperatures explained a consid-
erable proportion of the interannual variability in spring GPP for both
conifer and broadleaved forests. The hypothesis is that higher spring
temperature increases plant photosynthetic activity in terms of APARcp;
at boreal forest ecosystems.

The objectives of this study are: [1] to characterize the boreal forest
ecosystem with VGCF, fAPAR canopy, fAPARcy and fAPARon chi; [2] to
investigate when and how much snow over the Howland forest region
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Fig. 2. The 6 x 6 km? Howland forest area in Maine: (A) the true color image obtained by the EO-1 Hyperion on March 5, 2014 (DOY 64) at a spatial resolution of 30
m; and maps of (B) snow cover fraction (SNOWCF); (C) surface water cover fraction (WaterBodyCF); (D)soil cover fraction (SOILCF); (E) vegetation cover fraction
(VGCF); (F) fAPAR anopy; (G) fAPARy); (H) fAPARon.chi; (I) NDSI; (J) NDVI; (K) EVI; (L) NIRy; and (M) canopy chlorophyll content (ug cm’z), (B) — (H) share the
upper legend describing values between 0 and 1, and (I) — (L) share the middle legend describing values between —1 and 1. Note that values of EVI less than —1 or
greater than 1 are not shown.

exposes to MODIS in terms of SNOWCEF, i.e., top of canopy snow cover
fraction; [3] to investigate when and how much soil exposes to MODIS in
terms of SOILCF; and [4] to investigate the hypothesis using climatic
measurements in conjunction with MODIS fAPAR,, data.
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Fig. 3. MODIS 8-day seasonal dynamics of (A) VGCF; (B) SOILCF; (C) SNOWCF
and (D) WaterBodyCF during 2001-2014, and (E) the 14-year average seasonal
8-day VGCF, SOLCF, SNOWCF and WaterBodyCF for the 50 x 50 km? sur-
rounding area of the US-Hol site, bars are standard deviations. Note that the
water sub-model of LVS3 includes muddy soils/water.

2. Methods
2.1. Study area

The US-Hol site (location: 45.2041° N, 68.7402° W), part of the
Ameriflux network (https://ameriflux.lbl.gov/sites/siteinfo/US-Hol), is
a mature temperate-boreal transitional forest at Howland in Maine.
Micrometeorology measurements include climatic PAR, air tempera-
ture, wind speed and precipitation since 1996. The vegetation around
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the US-Hol site is mainly conifers and some hardwoods. The soils are
glacial tills with low fertility and high organic composition (Hollinger
et al., 1999). Summer LAI of this site is about 5.3 m?/m? (Xiao et al.,
2004). A 50 x 50 km? region centered at the US-Ho1 site was selected to
study temporal dynamics of vegetation.

2.2. Satellite images and the inversion approach

Zhang et al. (2020) has detailed description of the way to process
MODIS satellite data and spectrally MODIS-like data, and the LVS3
model. This paper provides major points. Fourteen-year MODIS data
from Terra and Aqua (2001-2014) were atmospherically corrected with
the multi-angle implementation of atmospheric correction (MAIAC) al-
gorithm (https://modis-land.gsfc.nasa.gov/MAIAC.html) (Lyapustin
etal., 2018) and were processed to 8-day composites for the 50 x 50 km?
boreal forest study region, (Cheng et al., 2014; Zhang et al., 2014a,b,
2015, 2020). This study utilized surface reflectance (p) data of all seven
“land” bands of cloud-free observations: visible (band 3, blue: 459-479
nm; band 4, green: 545-565 nm; band 1, red: 620-670 nm), near
infrared (band 2, NIR;: 841-875 nm; band 5, NIR,: 1230-1250 nm), and
shortwave infrared (band 6, SWIRy: 1628-1652 nm; band 7, SWIR,:
2105-2155 nm). The MODIS images were used as input for LVS3 re-
trievals, and were used to compute NDVI, EVI and NIR.

The Hyperion visible to shortwave infrared (VSWIR) spectrometer
covers the spectral ranges of the MODIS bands 1-7 (Zhang et al., 2012,
2013, 2016, 2020). The Hyperion 30 m images overlapping this 50 x 50
km? study region surrounding the US-Ho1 site were limited, and they
did not cover the entire region. Therefore, one cloud free and near nadir
Hyperion image that covered the US-Hol site was acquired on day of
year (DOY) 64 in 2014. A surrounding 6 x 6 km? area of the US-Hol site
was subset from this Hyperion image for visual evaluation with fine
spatial details.

An improved version of the leaf model PROSPECT (Baret and Fourty,
1997) with five variables is used in LVS3 to simulate leaf optical prop-
erties: leaf internal structure variable; leaf total chlorophyll content
(Cqap); leaf dry matter content (Cp,); leaf water thickness (Cy) and leaf
brown pigment (Cprown) (Zhang et al., 2006, 2009; Zhang et al., 2005).
The vegetation model SAIL (Verhoef, 1998) considers LAI, stem area
index, stem fraction, VGCF, etc., and has been employed alone or
coupled with PROSPECT to simulate optical properties of vegetation (e.
8., Jacquemoud et al., 2009; Yang et al., 2020b; Zhang et al., 2012). The
SAIL model is used in LVS3 to simulate canopy optical properties.
(Zhang et al., 2009, 2012, 2013, 2014a, 2015, 2016) successfully
developed a two-variable model to mimic soil: soil cover fraction
(SOILCEF), and soil profile variable (SOIL,). Similarly, snow and surface
water bodies in the LVS3 model are simulated with two snow variables
and two water body variables, respectively (Zhang et al., 2020).

The Metropolis algorithm (Zhang et al., 2006; Zhang et al., 2005), a
type of Markov Chain Monte Carlo (MCMC) estimation procedure, is
employed to invert the LVS3 model. The Metropolis algorithm estimates
posterior probability distributions of the variables of LVS3 by inspection
of the retrieved distributions, e.g., VGCF, SNOWCEF, SOILCF, Water-
BodyCF, Cgp, LAIL etc. From the posterior distributions of the variables,
one then obtains the solutions of CCC, foliar dry matter, fAPAR anopy,
fAPAR p; and fAPARon-chi, €tc. with LVS3.

3. Results
3.1. Climate

The US-Hol research site is among the pioneering AmeriFlux tower
sites. I analyzed the micrometeorology data of this site from 1996 to
2014. This site had a mean annual precipitation of 857.8 mm. It had a
mean annual wind speed of 2.6 m s~ and mean annual temperature of
6.8 °C, with a minimum mean monthly temperature of -8.1 °C in
January and a maximum mean monthly temperature of 19.9 °C in July.


https://ameriflux.lbl.gov/sites/siteinfo/US-Ho1
https://modis-land.gsfc.nasa.gov/MAIAC.html
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NIR, for the 50 x 50 km? surrounding area of the US-Hol site, bars are stan-
dard deviations.

Temperature, soil moisture and climatic PAR are among the factors of
vegetation growth and photosynthetic phenology. Snow, snowmelt and
precipitation have impacts on temperature and soil moisture. The
multiyear-average daily air temperature increased from spring to late
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June, remained relatively stable until August, and declined afterward
toward winter (Fig. 1 A). On average, air temperature was above 0 °C
during day of year (DOY) 80-331 and below 0 °C between DOY 332 and
the following DOY 79. Spring (DOY 72-152) average temperature was
> 7.5 °C in 2006, 2010 and 2012 while < 6.5 °C in other years during
2001-2014 (Table 1). The multiyear-average daily PAR increased from
spring to summer (DOY 160-248), was very variable in the spring and
summer, and declined in fall (DOY 256-328) (Fig. 1 B). Multiyear
average seasonal values of PAR (1996-2014) were 373.0, 452.4, 219.9
and 140.0 pmolm2s~! in spring, summer, fall and winter, respectively.
Thus, PAR values in these seasons were 31%, 38%, 19% and 12% of the
value of annual total PAR, respectively. Spring PAR in 2001-2014 was
also listed in Table 1.

3.2. Visual evaluation of LVS3 retrievals with fine spatial details using
one Hyperion image

Snow and snowmelt often present at Howland forest in the winter-
spring snow season. Retrievals from the LVS3 model with the Hyperi-
on 30 m image on DOY 64, 2014 can be visualized with fine spatial
details of the surrounding 6 x 6 km? area of the US-Hol site. Open and
sparsely forested areas with large snow cover viewable by the sensor
were identified, and the extremely dense forest areas had limited snow
cover viewable by the sensor (Fig. 2 A and 2 B). Open water contained in
wetlands, small lakes and ponds and viewable snowmelt, or shadows
were determined (Fig. 2 C). There was little bare soil ground viewable by
the sensor on the collecting day (Fig. 2 D). Fig. 2B-2E maps SNOWCF,
WaterBodyCF, SOILCF and VGCF, with mean values of 0.08, 0.17, 0.02,
and 0.72, respectively. Fig. 2F-2H maps fAPARcanopy, fAPARcy and
fAPARpon-ch, With mean values of 0.57, 0.25 and 0.32, respectively.
Fig. 2I-2L manifests NDSI, NDVI, EVI and NIR,, with values of 0.27,
0.36, 0.32 and 0.11, respectively. Fig. 2 M maps CCC-, with mean value
of 31.42 pg cm 2. Densely forested areas had high values of VGCF, CCC,
fAPAR canopy and fAPARy;, and low values of SNOWCF and NDSI, while
open areas and wetlands had high values of NDSI, and low values of
VGCF, CCC, fAPAR anopy and fAPAR ). There were differences between
the widely used NDVI and fAPAR). -

3.3. Dynamics of cover fractions of vegetation, soil, snow and surface
water

Cover fractions of vegetation, soil, snow and surface water (VGCF,
SOILCF, SNOWCF and WaterBodyCF) range between 0 and 1. Their
temporal dynamics of the 50 x 50 km? block for 2001-2014 are dis-
played in Fig. 3. Each row in Fig. 3A-3D expresses values throughout a
year with an interval of 8-day. High spring temperature in 2006, 2010
and 2012 (Table 1) was associated with low values of SNOWCF during
DOY 88-112 of these three years. High spring temperature in these three
years also resulted in earlier dates of spring peak for SOILCF. Fig. 3 E
displays time series of the 14-year average seasonal VGCF, SOILCF,
SNOWCF and WaterBodyCF with standard deviations. Snow exposed
during December to April. There is terrain shadow at this time due to sun
angle. Muddy soil and snowmelt has been modeled in the Surface water
sub-model of the LVS3 model. Snow may melt after snow lands on the
ground in winter and early spring. Terrain shadow has similar reflec-
tance profile as water/snowmelt at MODIS bands. Therefore terrain
shadow is nominally counted as “WaterBodyCF” for the first order
analysis. If a lake or pond is covered by snow, LVS3 will recognize it as
snow-covered. Soil exposed mostly in April, May, October and
November.

Five phenological stages of vegetation growth and development were
observed during a calendar year: [1] before green-up, snow, snowmelt
and/or soil were exposed; [2] spring budding and green-up, VGCF
increased rapidly with time prior to bloom; [3] summer bloom and
pollination, VGCF reached a plateau once vegetative cover was com-
plete, and remained during bloom until senescence began; [4] fall
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senescence, deciduous leaves became chlorotic and started to lose from
plants, and needle leaves became less green; and [5] after senescence, all
deciduous leaves lost, more soil exposed, preparation for winter and
snow, and VGCF resembled that measured at the first stage. It is worthy
to note that the “after senescence” in one calendar year and the “before
green-up” in the following calendar year can be combined into one stage
from the perspective of surface dynamics of vegetation growth (Gao and
Zhang, 2021; Zhang et al., 2018).

Fig. 3 E averages the five phenological stages in 2001-2014: the first
stage (beginning of the year — DOY 064), the second stage (DOYs 072 —
152), the third stage (DOYs 160-248), the fourth stage (DOYs 256-328),
and the fifth stage (DOYs 336 — end of the year). Interannual variations
of VGCF, SOILCF, SNOWCF and WaterBodyCF were obvious in the first,
second, and fifth stages. Minimal value for the 14-year average seasonal
VGCEF (0.47 £ 0.05) occurred on DOYs 56 — 72. Peak value for the 14-
year average seasonal SNOWCF (0.19 £ 0.05) occurred on DOY 64.
The seasonal SOILCF shows a double-peak shape due to snow and
vegetation growth and development. Spring regional peak of SOILCF
(0.36 + 0.05) occurred on DOY 128 and late fall/early winter regional
peak of SOILCF (0.35 + 0.03) occurred on DOY 328. Spring seasonal
VGCF varied between 0.54 and 0.69 (0.61 + 0.04). Monthly SNOWCF in
April varied between 0.02 and 0.16 (0.06 + 0.04).

3.4. Dynamics of vegetation fAPAR canopy, FAPARy and fAPARnon chi

Temporal dynamics of the three quantitative vegetation fAPAR
variables (fAPARcanopy, fAPARcp;, and fAPARyon.chl) are displayed in
Fig. 4 with a range between 0 and 1. Each row in Fig. 4A-4C expresses
values throughout a year with an interval of 8-day during 2001-2014.
Fig. 4 D displays time series of the 14-year average seasonal VGCF,
fAPAR canopy, fAPARch1, and fAPARpon.ch1 With standard deviations.

During the third phenological stage in summer, both chlorophyll and
non-chlorophyll components (fAPAR. and fAPARyon.ch1) significantly
contributed to fAPAR anopy. Seasonal fAPARo.ch1 had a bimodal shape.

The first peak of fAPARon-ch1 Occurred after the spring peak of SOILCEF,
and the second peak of fAPARon.ch1 Occurred before the fall/winter peak
of SOILCF. On DOY 64 (the day with peak SNOWCF value), 14-year
average regional fAPAR anopy, fAPARch), and fAPARon e were 0.30 +
0.07, 0.12 + 0.02, 0.18 + 0.06, respectively. Peak average fAPAR.y
occurred on DOY 192 (0.58 + 0.02). The lowest average fAPARp-ch in
summer occurred on DOY 184 (0.32 + 0.02). Spring fAPAR., and
fAPARon-ch1 were 0.22 + 0.03 and 0.21 + 0.02, respectively.

3.5. Dynamics of NDVI, EVI and NIR,

Temporal dynamics of the three vegetation indices (NDVI, EVI, and
NIR,) are displayed in Fig. 5 with a range between —1 and 1. Each row in
Fig. 5 A-5C expresses values throughout a year from 2001 to 2014 with
an interval of 8-day. Fig. 5D-5E displays time series of the 14-year
average seasonal VGCF, fAPAR anopy, NDVI, fAPAR.y;, EVI and NIRy
with standard deviations. fAPARcanopy, NDVI, fAPARc and EVI
increased rapidly with time and with VGCF during the second pheno-
logical stage for green-up. Values of SOILCF in early 2006, 2007 and
2012 were greater than other years due to less SNOWCF and snowmelt
(therefore WaterBodyCF) in those years,

The curves for 14-year average VGCF, fAPAR anopy and NDVI showed
a plateau during the third stage in summer. The VGCF attained the
highest summer estimates (0.97-0.98) among the four biophysical var-
iables (VGCF, fAPARcanopy, fAPAR1 and fAPARpon.cn) and the three
empirical indices (NDVI, EVI and NIRy). The summer fAPAR anqpy var-
iable attained lower values than VGCF, ranging between 0.90 and 0.92.
Annual peak values of NDVI were between 0.86 and 0.91, lower than
VGCF and fAPAR canopy- The dynamics of VGCF, fAPAR anopy and NDVI
indicate that empirical VGCF-fAPAR anopy~NDVI relationships may
work reasonably well in summer for the Howland boreal forest
ecosystem.

Temporal dynamics of fAPAR.y and EVI differ substantially from
VGCF, fAPARcanopy and NDVI in terms of phase and magnitude. In
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Fig. 7. (A) Time series of spring PAR and APAR, for the 50 x 50 km? surrounding area of the US-Hol site in 2001-2014; and (B) relationship between spring

temperature and spring APAR ;.

contrast to the plateau of the curves for 14-year average VGCF,
fAPAR canopy and NDVT in the summer, fAPAR.y and EVI changed with
time in summer, reaching their peaks in early summer and then
declining gradually. The temporal dynamics of EVI in the second, third
and fourth stages from green-up to senescence is closely correlated to the
dynamics of fAPAR.p;. The maximum values for fAPARy; (0.58 + 0.02)
and EVI (0.55 + 0.02) were much lower than VGCF, fAPAR aj0py and
NDVIL

The increase rate of NDVI in early spring was greater than those of
both fAPAR.p; and fAPARyon-chl (Fig. 4 D and 5 D), suggesting that other
effects, such as changes in seasonal snow, snowmelt, soil, may be
important factors affecting early spring NDVI, corresponding to previous
studies, e.g., Moulin et al. (1997).

NIR, attained the lowest summer estimates (0.28 + 0.01) among the
four biophysical variables and the three empirical indices. NDVI for the
Howland boreal forest ecosystem saturated in summer while EVI and
NIR, did not appear to be saturated. As a result, EVI and NIR, were still
sensitive to phenological changes at leaf and canopy levels including the
aging process of the leaves.

3.6. Impacts of springtime temperature on photosynthetic activity in
spring

Previous studies investigated relationship between spring tempera-
ture and boreal forest growth, e.g., Richardson et al. (2009). Spring
temperature of the Howland forest region in 2001-2014 was between
4.7 °C (in 2014) and 9.1 'C (in 2010) (Table 1 and Fig. 6 A). The three
highest spring temperatures occurred in 2006 (7.5 °C), 2010 (9.1 °C)
and 2012 (7.7 °C). Therefore, the spring snow-off dates in these three
years were the earliest (Fig. 3 C). Warming means that more days are
available for carbon assimilation and biomass growth. The greatest
spring values of fAPAR.,, fAPARpon.chl, canopy chlorophyll content
(CCC, unit: pg cm2) and foliar dry matter (unit: g cm~2) in 2001-2014
occurred in 2010, and the lowest values occurred in 2003. Interannual
spring bio-variability during 2001-2014 was large: fAPAR.y (0.17 to
0.31), fAPARpop-ch (0.18 to 0.24), CCC (28.39 to 74.83 pg cm™2), and
foliar dry matter (0.0238 to 0.0522 g cm™2) (Fig. 6 A and 6B). Highly
positive correlations between spring temperature and spring fAPARy),
CCC and foliar dry matter were identified, and R?= 0.90, 0.92 and 0.85,
respectively. Statistics between spring temperature and spring fAPAR-
non-chl Were R?= 0.38,p =0.018 < 0.05 (Fig. 6C and 6D). Forest GPP is a
function of APAR.y (GPP = APARy X €, € is light use efficiency).
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Interannual spring variability of PAR and APAR., in 2001-2014 was
large: PAR (341.68 pmol m™%s ! in 2003 — 406.47 pmol m2s~ ! in 2001)
and APARp; (59.66 pmol m™2s~1 in 2003 — 127.06 pmol m%s~! in 2010)
(Fig. 7 A). Highly positive correlation between spring temperature and
spring APAR, was found, and R? = 0.84 (Fig. 7 B). These findings
support the hypothesis that higher spring temperature increases boreal
forest APARcp).
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4. Discussion

Tundra and evergreen needleleaf forest are two of the major plant
functional types in the Arctic-boreal region. Zhang et al. (2020) studied
the Utqiagvik tundra ecosystem in Alaska with MODIS data
(2001-2014). Fig. 8 exhibits -the 14-year average seasonal VGCF,
SOILCF, SNOWCF, WaterBodyCF, fAPAR canopy, fAPARch1, fAPARon-chl,
NDVI, EVI and NIR,, with standard deviations. For observations in this
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tundra area with high SNOWCEF, values of EVI could be greater than 1
(Fig. 8 C). The Howland boreal forest ecosystem is different from the
Utqgiagvik tundra ecosystem in terms of seasonal profiles of vegetation,
snow, and soil. The Utgiagvik tundra ecosystem has a high snow expo-
sure in snow season while the Howland forest ecosystem does not have
(Fig. 3 E and 8 A). As such, values for SNOWCF of the tundra ecosystem
in snow season are greater than the boreal forest ecosystem. Fig. 4 A
(fAPAR anopy) indicates the standing boreal forests in snow season while
Fig. 8 B (fAPAR anopy) hints little standing vegetation of the tundra
ecosystem in snow season (low stature/sparse vegetation). Temporal
length between the two SOILCF peaks for the forest ecosystem is greater
than temporal length for the tundra ecosystem (Figs. 3E and 8A).
Summer VGCF, fAPAR canopy and NDVI of the forest ecosystem (Fig. 5 D)
has a plateau shpe while the tundra ecosystem does not have (Fig. 8 B).
fAPARon-ch1 Of the forest ecosystem has a bimodal shape while fAPAR-
non-chl Of the tundra ecosytem does not have (Figs. 4D and 8B). Summer
peak fAPARy, for the forest ecosystem is greater than the EVI while
summer peak fAPAR. for the tundra ecosystem is less than the EVI
(Figs. 5 E, and 8C).

It is critical to accurately simulate the absorbed PAR for vegetation
photosynthesis and GPP in the terrestrial ecosystem models and land
surface models because errors in these simulations propagate through
the models to introduce additional errors in simulated biomass and other
fluxes. The sunlight absorbed by the canopy chlorophyll (APAR) is
associated with the photochemistry process (primary pathway), the
fluorescence from PSII and PSI, the non-photochemical quenching
(NPQ) from PSII, and metabolic heat dissipation (sensible heat) (Rascher
et al., 2015; van der Tol et al., 2014, 2016; Yang et al., 2017; Rascher
et al., 2009; Rossini et al., 2015). The sunlight absorbed by the entire
canopy (APARcanopy) is also partially allocated to non-chlorophyll
components (APARpon.ch)) for other processes (Rossini et al., 2010;
Yang et al., 2020a). Seasonal fAPAR.}, and fAPAR;on.ch show the energy
allocation strategy of the canopy. Both summer peak fAPAR., and
relative fAPARopn.ch) Of the forest ecosystem are greater than the tundra
ecosystem (Fig. 9 A). The ratio fAPARon-chl/fAPAR.y indicates over-
estimating level of APAR ., when using fAPAR aqopy to estimate APAR 1.
The overestimating level for the tundra ecosystem in summer is higher
than the forest ecosystem (Fig. 9 B).

The bimodal shape of fAPAR,q.ch1 Of the forest ecosystem points out
that this forest ecosystem allocates most of absorbed sunlight to chlo-
rophyll for the photochemistry process in early summer than in other
time of plant growing season. Sharp increase in PAR over the forest
ecosystem in spring results in sharp trends of fAPARy;. The sensitivity of
fAPAR canopy Of the forest ecosystem in spring depends on the timing of
full foliage cover. Partitioning fAPAR anopy into fAPARy and fAPARon-
ch1 is valuable for accurate estimates of the escape ratio of near-infrared
solar-induced chlorophyll fluorescence (Yang et al., 2019, 2020a; Yang
and van der Tol, 2018; Zeng et al., 2019).

The PhenoCam network provides repeat digital RGB images for many
sites spanning a wide range of plant functional types, ecoregions, and
climate zones (Richardson et al., 2018). The US-Ho2 site (location:
45.2128° N, 68.7418° W), ~775 m apart from the US-Hol1 site, is setup to
study regrowing from the clearcut in 1990. The cameras on the US-Hol
and US-Ho2 towers are taller than the forests, so that the fields of view
of the cameras are across the landscapes. The evergreen forest dominates
the images from the US-Hol camera while mixed forest dominates the
images from the US-Ho2 camera. The camera on US-Hol started on 1/1/
2007 (https://phenocam.sr.unh.edu/webcam/sites/howland1/) while
the camera on US-Ho2 started on 3/30/2008 (https://phenocam.sr.unh.
edu/webcam/sites/howland2/). Both cameras can see snow on trees in
snow season while the camera on US-Hol (US-Ho2) can’t (can) see snow
on the ground. The fields of view of the cameras are different from the
field of view of MODIS. It is challenging to quantitatively compare the
camera images from the towers and the MODIS images straightforward.
The green chromatic coordinate (GCC) and vegetation contrast index
(VCD) computed with the digital numbers of PhenoCam’s Red, Green and
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Blue bands are often used to track vegetation phenology (Richardson
et al., 2018; Zhang et al., 2018). MODIS also has Red, Green and Blue
spectral bands. Time series of GCC and VCI from MODIS may also be used
to track vegetation phenology with the same methods developed for
PhenoCam’s GCC and VCI. Studies of time series of MODIS’s GCC and VCI
and comparison with PhenoCam’s GCC and VCI in the future will be
valuable.

5. Conclusions

VGCF and SNOWCF of the Howland ecosystem document dynamics
and seasonal profiles of vegetation cover and exposure of snow.

Seasonal fAPAR anopy, fAPARch and fAPARon.cni of the Howland
ecosystem reveal the energy allocation strategy of the canopy, indicating
fAPARon-ch is critical and changes in summer. Overestimating level of
APARp1 with fAPAR anopy during summer peak fAPARy time is 55%
(Fig. 9 B), hinting potential of replacing fAPARcanopy With fAPARy to
reduce uncertainty in GPP estimates (Yang et al., 2020a).

The LVS3 model may be useful for flood and inundation monitoring
(FIM) with optical satellite data, e.g. MODIS, VIIRS, advanced baseline
imager (ABI), and advanced himawari imager (AHI), since it can provide
information of cover fraction of open water bodies. Further research is
needed to exclude terrain shadows, muddy soils, etc. from persistent
water bodies for FIM products.
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