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Abstract Traditional methods of carbon monitoring in mountainous regions are challenged by complex
terrain. Recently, solar‐induced fluorescence (SIF) has been found to be an indicator of gross primary
production (GPP), and the increased availability of remotely sensed SIF provides an opportunity to estimate
GPP across the Western United States. Although the empirical linkage between SIF and GPP is strong, the
current mechanistic understanding of this linkage is incomplete and depends upon changes in leaf
biochemical processes in which absorbed sunlight leads to photochemistry, heat (via nonphotochemical
quenching [NPQ]), fluorescence, or tissue damage. An improved mechanistic understanding is necessary to
leverage SIF observations to improve representation of ecosystem processes within land surface models.
Here we included an improved fluorescence model within the Community Land Model, Version 4.5
(CLM 4.5), to simulate seasonal changes in SIF at a subalpine forest in Colorado. We found that when the
model accounted for sustained NPQ, this provided a larger seasonal change in fluorescence yield leading to
simulated SIF that more closely resembled the observed seasonal pattern (Global Ozone Monitoring
Experiment‐2 [GOME‐2] satellite platform and a tower‐mounted spectrometer system). We found that an
acclimation model based on mean air temperature was a useful predictor for sustained NPQ. Although light
intensity was not an important factor for this analysis, it should be considered before applying the sustained
NPQ and SIF to other cold climate evergreen biomes. More leaf‐level fluorescence measurements are
necessary to better understand the seasonal relationship between sustained and reversible components of
NPQ and to what extent that influences SIF.

1. Introduction
Monitoring the health of forested ecosystems is important for multiple reasons: their significance for timber
resources, watersheds, and the forests' ability to store atmospheric CO2 as organic material and mitigate cur-
rent and future climate warming. Globally, land surfaces are responsible for removing 25% of anthropogenic
greenhouse gas emissions from the atmosphere, yet it is unclear how much longer the land will maintain
that level of ecosystem service (Arora et al., 2013). Within the coterminous United States the eastern third
of the nation is primarily forested and provides the majority of carbon uptake (Lu et al., 2015). Perhaps less
well recognized is that the Western United States also contributes a significant amount of biomass and car-
bon uptake (Schimel et al., 2002) and yet is particularly vulnerable to the effects of climate change and dis-
turbance (Williams et al., 2016). This is because the observed (Clow, 2010; Knowles et al., 2006) and
projected (Boisvenue & Running, 2010) warming and drying combined with a legacy of fire suppression
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has increased forest biomass above naturally occurring levels (Houghton et al., 2000; Schimel et al., 2002).
This has left the forested regions of the Western United States particularly susceptible to disturbance from
insects (Bentz et al., 2010; Hicke et al., 2012), fire (Rocca et al., 2014), and drought‐related mortality
(Anderegg et al., 2012). Although this warrants continued monitoring, the forests across the Western
United States primarily reside in the high‐elevation, complex terrain of the Rocky Mountains, a region that
is difficult to monitor.

It is challenging to investigate the land‐atmosphere carbon exchange across complex terrain using eddy
covariance flux towers, terrestrial biosphere modeling, and atmospheric inversions. Flux tower observations
are best suited for terrain with homogeneous slope and vegetation, but these conditions are rarely met in
mountainous terrain. Terrestrial biosphere models are an effective tool for upscaling large regional fluxes
yet include significant uncertainties (Dietze, 2017; Lin et al., 2011) and are difficult to parameterize,
especially in terrain that is highly heterogeneous in topography, climate, vegetation, and soil type.
Atmospheric inversions are hampered by the limited number of CO2 observations in the Western United
States and complex atmospheric flows induced by the terrain (Lin et al., 2017). The most successful attempts
at quantifying carbon fluxes across the Western United States have involved a combination of these
approaches, including aircraft observations, but require significant resources (Desai et al., 2011; Sun et al.,
2010) that limit the temporal and spatial coverage of carbon flux estimates.

The increasing availability of remotely sensed solar‐induced fluorescence (SIF; e.g., Joiner et al., 2014;
Köhler et al., 2015) provides an opportunity to improve estimates of carbon uptake across complex ter-
rain. This is because SIF has a strong relationship with gross primary productivity (GPP) across multiple
biomes (Alemohammad et al., 2017; Joiner et al., 2014; Sun et al., 2017; Yang et al., 2015), provides a
strong constraint for GPP (Koffi et al., 2015; MacBean et al., 2018), and helps identify important mechan-
isms represented by ecosystem models (Lee et al., 2015; Norton et al., 2018). This is a particularly impor-
tant development for cold‐climate evergreen species prevalent in the Western United States, in which SIF
outperforms other greenness or reflectance indices in matching seasonal changes in GPP (Joiner et al.,
2014; Magney et al., 2019; Walther et al., 2016; Zuromski et al., 2018). This is because reflectance indices
are primarily related to changes in leaf area and leaf color as measured in discrete wave bands that, for
boreal or temperate evergreen species, may remain relatively constant across seasonal time scales.
Furthermore reflectance indices are susceptible to contamination from ground surface characteristics
not representative of the vegetation (Gamon et al., 2013). The SIF, on the other hand, is emitted directly
from excited chlorophyll molecules in a process that is linked to photosynthesis, therefore explaining the
strong empirical relationship between SIF and GPP for many biomes and time scales (Li et al., 2018; Sun
et al., 2017). In some cases, however, the SIF‐GPP relationship has been found to be weaker, particularly
for crops and evergreen broadleaf forests (Cheng et al., 2013; Yang et al., 2018). Therefore, despite a
potentially promising relationship, a more mechanistic understanding is required to leverage SIF observa-
tions for improved estimates of GPP and ecosystem processes within terrestrial biosphere models (Porcar‐
Castell et al., 2014).

When photons are absorbed by chlorophyll, there are three primary pathways for the absorbed energy: (1)
photochemistry (photosynthesis), (2) heat dissipation (nonphotochemical quenching [NPQ]), and (3) fluor-
escence. Chlorophyll molecules and associated structures within the photosystems of plant leaves are
responsible for capturing light energy. The light energy is then transported to a reaction center within the
photosystem that converts it into chemical energy (electron transport), which is ultimately used to convert
atmospheric CO2 to carbohydrates. In competition with the photochemical transition of energy, a de‐
excitation reaction that results in the emission of fluorescence occurs. The probability of fluorescence
increases with irradiance at low‐light conditions and gradually decreases under high‐light conditions
(Maxwell & Johnson, 2000). To avoid cell damage during periods of excess light, plants have evolved the
capacity to dissipate some of this excess energy as heat, via NPQ, primarily through the regulation of xantho-
phyll cycle pigments (Demmig‐Adams &Adams, 2006). For example, a de‐epoxidation reaction converts vio-
laxanthin to zeaxanthin, where the zeaxanthin mediates heat dissipation. This increases NPQ (Jahns &
Holzwarth, 2012), thereby decreasing the likelihood of photosystem damage. This type of regulation of the
xanthophyll cycle occurs relatively quickly (minutes to hours) and reverses during the night and hence is
referred to as reversible NPQ (Porcar‐Castell, 2011).
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An important component of fluorescencemodels is the empirical relationship between light saturation (frac-
tion of absorbed light not used for photosynthesis) and reversible NPQ (e.g., Flexas et al., 2002). A technique
using weak pulse amplitude modulated light that induces active fluorescence emission from plants (PAM
fluorometry) has been used for decades to quantify this light saturation‐versus‐NPQ relationship (Baker,
2008; Porcar‐Castell, 2011; van der Tol et al., 2014). Much less research, however, has been devoted to quan-
tifying slower changes in NPQ (e.g., days to months), referred to as sustained NPQ (Demmig‐Adams &
Adams, 2006; Porcar‐Castell, 2011).

Sustained NPQ is an important regulator of light energy for species that maintain leaf area year‐round (e.g.,
temperate, boreal evergreen; Míguez et al., 2015; Porcar‐Castell, 2011; Verhoeven, 2014). Unlike the rever-
sible NPQ component, sustained NPQ varies on longer time frames (days, months; Porcar‐Castell, 2011)
and provides an important outlet for energy during winter dormancy, when photosynthesis is negligible
(Bowling et al., 2018; Ensminger et al., 2004). Sustained NPQ is associated with a sustained accumulation
of zeaxanthin, but other factors contribute as well (Verhoeven, 2014). Despite this important role, the
mechanisms of sustained NPQ are not yet represented in land surface models, and their impact on SIF is
unknown. Here we ask: Does sustained NPQ influence the seasonal pattern of SIF for evergreen temperate
forests? To that end, we implement a fluorescence submodel within a land surface model (Community Land
Model, Version 4.5 [CLM 4.5]) at a high‐elevation evergreen forest in the Rocky Mountains of Colorado
(Niwot Ridge). We determine whether including a representation of sustained NPQ improves the simulation
of the seasonal pattern of SIF by comparing against tower‐ and satellite‐based measurements. In this way we
test our mechanistic understanding of the relationship between SIF and GPP, given the empirical relation-
ship between the two (e.g., Sun et al., 2017). This added understanding will improve the ability to use SIF
observations to constrain processes that impact the magnitude and pattern of GPP within land
surface models.

2. Theory

We provide a theory section that defines the mechanistic representation of fluorescence emission
(section 2.1). Next, we give a description of pulse amplitude modulated (PAM) fluorometry measurements
that are used to parameterize NPQ (section 2.2). This is followed by the methods (section 3.1) that describe
how this representation of fluorescence is implemented within the models. All terms and symbols are
defined in Table 1.

2.1. Representation of SIF

The fate of light energy absorbed by a leaf can be represented as the sum of photochemical yield (ΦP), fluor-
escence yield (ΦF), dynamic heat dissipation yield (ΦN), or basal thermal dissipation yield (ΦD) as

ΦP þ ΦF þ ΦN þ ΦD ¼ 1: (1)

WhereasΦD is the minimum amount of heat lost regardless of leaf chemistry,ΦN responds to environmental
changes on both short (diel) and long (months) time scales. The short, reversible response (ΦR) represents
leaf photoprotection that ramps up during high‐light conditions (midday) and the long, sustained response
(ΦS) occurs in response to seasonal changes. This can be expressed as

ΦN ¼ ΦR þ ΦS: (2)

The yields can also be defined in terms of rate coefficients, k, as

ΦP ¼ kP= kP þ kF þ kN þ kDð Þ; (3)

ΦN ¼ kN= kP þ kF þ kN þ kDð Þ; (4)

ΦD ¼ kD= kP þ kF þ kN þ kDð Þ; (5)

ΦF ¼ kF= kP þ kF þ kN þ kDð Þ: (6)

Genty et al. (1989) have shown that ΦF can be related to ΦP as
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ΦF ¼ kF
kF þ kD þ kN

1−ΦPð Þ; (7)

where, following van der Tol et al. (2014), kF = 0.05 and kD = max (0.03T+0.0773,0.87), where T is tempera-
ture in °C. Whereas kD remains relatively constant, kN regulates most of the variation in reversible thermal
dissipation and is empirically determined through leaf‐level measurements using PAM fluorometry (see
section 2.2). ΦP can be expressed in terms of a maximum photochemical yield under dark‐acclimated condi-
tions (ΦPmax) as

ΦP ¼ ΦPmax 1−xð Þ; (8)

where x is the degree of light saturation (fraction of absorbed light not used in photosynthesis),

Table 1
List of Symbols Used

Symbol Description Units

APAR Absorbed photosynthetically active radiation μmol·m−2·s−1

Ci Leaf intracellular CO2 partial pressure Pa
Cp Leaf CO2 compensation point Pa
GPP Gross primary productivity (canopy photosynthesis) g C·m−2·day−1

Fcanopy Canopy‐level emitted fluorescence (radiance) W·m−2·μm−1·sr−1

Fleaf Leaf‐level emitted fluorescence (irradiance) μmol·m−2·s−1

FLNR Fraction of leaf nitrogen within RuBisCo g N·RuBisCO·g−1 N
Fm Maximal dark‐acclimated fluorescence (PAM) μmol·m−2·s−1

F′m Maximal light‐acclimated fluorescence (PAM) μmol·m−2·s−1

FmR Reference, maximal dark‐acclimated fluorescence (PAM) μmol·m−2·s−1

fnps Light lost to basal heat dissipation (CLM only) Fraction
Ft Instantaneous, light‐acclimated fluorescence (PAM) μmol·m−2·s−1

Fo Minimal, dark‐acclimated fluorescence (PAM) μmol·m−2·s−1

Fv Difference between Fm and Fo (PAM) μmol·m−2·s−1

Ja Actual electron transport rate μmol·m−2·s−1

Je Potential electron transport rate μmol·m−2·s−1

K Leaf‐to‐canopy‐level SIF conversion factor (W·m‐2·μm‐1·sr‐1)(μmol·m−2·s−1)−1

kP Photochemical rate coefficient Dimensionless
kF Fluorescence rate coefficient Dimensionless
kN Dynamic heat dissipation rate coefficient Dimensionless
kD Basal heat dissipation rate coefficient Dimensionless
kR Reversible, heat dissipation rate coefficient Dimensionless
kS Sustained, heat dissipation rate coefficient Dimensionless
kS,max Seasonal maximum kS Dimensionless
NEE Net ecosystem exchange of carbon g C·m−2·day−1

NPQ Nonphotochemical quenching (heat dissipation) Dimensionless
PQ Photochemical quenching (photosynthesis) Dimensionless
ΦP Photochemical yield Dimensionless
ΦPmax Maximum, dark‐acclimated photochemical yield Dimensionless
ΦF Fluorescence yield Dimensionless
ΦN Dynamic heat dissipation yield Dimensionless
ΦD Dark heat dissipation yield Dimensionless
ΦR Reversible, heat dissipation yield Dimensionless
ΦS Sustained, heat dissipation yield Dimensionless
psn Leaf‐level photosynthesis μmol·m−2·s−1

S Acclimation state (acclimation model) °C
SIF Solar‐induced fluorescence W·m−2·μm−1·sr−1

Vcmax Maximum carboxylation rate at leaf temperature μmol·m−2·s−1

x Degree of light saturation Fraction
xCLM Degree of light saturation calculated with CLM Fraction
xPAM Degree of light saturation calculated with PAM fluorometry Fraction

Note. For processes related to radiative transfer or heat dissipation, μmol refers to the number of “photons”; for psn and
Vcmax, μmol refers to the number of CO2 molecules. Symbols with “PAM” in parentheses are measured with PAM
fluorometry. RuBisCo = ribulose‐1,5‐bisphosphate carboxylase/oxygenase; PAM = pulse amplitude modulated; CLM
= Community Land Model.
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x ¼ 1−
Ja
Je

; (9)

and Ja and Je are the actual and potential electron transport rates, respectively.ΦPmax can be defined in terms
of rate coefficients as

ΦPmax ¼ kP
kF þ kD þ kP þ kS

; (10)

where kP= 4.0. The traditional definition of ΦPmax ignores the impact of sustained NPQ such that kS= 0. In
cold‐climate evergreen conifers, however, kS is not negligible; therefore, we have included it in equation (10).
The total leaf‐level emitted fluorescence (Fleaf) is calculated as

Fleaf ¼ ΦF APAR; (11)

where APAR is the absorbed photosynthetically active radiation.

2.2. PAM Fluorometry

PAM fluorometry measurements are used to define an empirical relationship for the sustained (kS) and
reversible (kR) components of the NPQ rate coefficients (kN = kR+kS; Baker et al., 2008; Porcar‐Castell et al.,
2014). This method subjects a leaf to saturating pulses of photosynthetically active radiation under light‐ and
dark‐acclimated conditions and records the emitted fluorescence. Following Porcar‐Castell (2011), the sus-
tained NPQ rate constant is defined as

kS ¼ FmR

Fm
−1

� �
kF þ kDð Þ; (12)

where Fm and FmR are the maximal dark‐acclimated and reference dark‐acclimated maximal fluorescence,
respectively. The reference value FmR is the Fm value when sustained NPQ is negligible. This occurs at night,
during the growing season. The reversible NPQ rate constant is defined as

kR ¼ FmR

F′m
−
FmR

Fm

� �
kF þ kDð Þ; (13)

where F′m is the maximal light‐acclimated fluorescence. The reversible NPQ rate coefficient (kR) responds
to the light saturation as measured through PAM fluorometry (xPAM) following van der Tol et al. (2014):

xPAM ¼ 1−
F′

m−Ft
� �

=F ′

m

Fm−Foð Þ=Fm
; (14)

where Ft is the light‐acclimated steady state fluorescence and Fo is the minimal dark‐acclimated fluores-
cence. The relationship between xPAM and kR is used to parameterize the relationship within CLM
(xCLM versus kR) that defines kN (equation (7)). For simplicity, in equations (12) and (13) we assume kF
+kD = 1.

3. Materials and Methods
3.1. Models

We used CLM 4.5 to perform leaf‐level fluorescence simulations with three separate model formulations
defined as CLM‐SIF, CLM‐NPQ, and CLM‐NPQ‐kR(t). These formulations primarily differ in the parameter-
ization of kR and kS, which we describe in more detail in section 3.5 and in the supporting information (Table
S1). CLM provides a fully prognostic description of biogeochemical cycling from the soil subsurface to the
top of the vegetation canopy. We used a version of CLM 4.5 that had been previously calibrated to match
the carbon, heat, and water exchange characteristics as measured at the AmeriFlux tower (US‐NR1) at
Niwot Ridge (Raczka et al., 2016). The site‐specific calibration included an empirical downscaling of
Vcmax to accurately simulate the observed seasonal pattern in GPP. Details regarding CLM 4.5 can be
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found elsewhere (Oleson et al., 2013). Here we emphasize the implementation of the fluorescence submodel
within CLM 4.5 that follows the representation used within the Soil Canopy Observation, Photochemistry
and Energy fluxes (SCOPE) model, Version 1.7 (van der Tol et al., 2009; van der Tol et al., 2014), a canopy
radiation and vegetation model (equations (1)–(11)). The simplifications within CLM 4.5 were based, in part,
on a prior implementation of the fluorescence submodel within CLM 4.0 (Lee et al., 2015).

The fluorescence (ΦF) and photosynthetic yield (ΦP) follows equations (7) and (8), where kD=0.95 and

ΦP ¼ 1−fnpsð Þ 1−xCLMð Þ; (15)

where fnps (= 0.15) is the fraction of light lost to basal thermal dissipation and fluorescence in the absence of
dynamic heat dissipation (regulatory NPQ). The potential (Je) and actual (Ja) electron transport rates are
defined as

Je ¼ 0:5 1−fnpsð Þ APAR; (16)

Ja ¼ 4 psn
Ci þ 2Cp

Ci−Cp
; (17)

where psn is the nitrogen‐limited CO2 assimilation rate, Ci the leaf intracellular CO2 concentration, Cp the
CO2 compensation point, and the coefficient 0.5 represents the absorption cross section for photosystem II
(PSII). The xCLM is the degree of light saturation calculated with CLM‐simulated Ja and Je. The model for-
mulations CLM‐SIF and CLM‐NPQ used an approximation (equations (15) and (16); ΦPmax = 1 − fnps),
whereas CLM‐NPQ‐kR(t) used equation (10) to define ΦPmax (Table S1).

CLM 4.5 does not include radiative transfer of fluorescence within the canopy; therefore, similar to Lee
et al. (2015), we used the radiative transfer model within SCOPE (van der Tol et al., 2014) to create an
empirical conversion factor (K740) as a function of solar zenith angle (SZA) to convert from leaf fluores-
cence (μmol·m−2·s−1; equation (11)) to canopy fluorescence (W·m−2·μm−1·sr−1) at 740 nm and apply this
to CLM as

Fcanopy ¼ Fleaf

K740 SZAð Þ : (18)

SCOPE was also used to generate the complete spectrum of canopy fluorescence radiation that provided a
method to convert between radiance values centered upon wave bands that matched the satellite and spec-
trometer observations (e.g., 740–758 nm). More details of this conversion are provided in the supporting
information (Text S1 and Figure S1).

Although we primarily used SCOPE to calculate a leaf‐to‐canopy level conversion factor (equation (18)) for
CLM, SCOPE is also equipped with a representation of leaf biochemistry and photosynthesis. Therefore, we
ran a stand‐alone version of SCOPE to use as a benchmark against CLM simulations of fluorescence. Unlike
CLM, SCOPE does not include a representation of biogeochemical cycling (e.g., dynamic carbon pools);
therefore, we prescribed the leaf area index (4 m2 m−2), canopy height (13 m), leaf chlorophyll content
(25 μg cm−2; Bowling et al., 2018; Bradford et al., 2008; Burns et al., 2018), and a calibrated seasonally vary-
ing Vcmax (Raczka et al., 2016) to best match the canopy characteristics and flux observations at US‐NR1. We
used the same years of meteorological data (1999–2013) fromUS‐NR1 as we used within Raczka et al. (2016).

Ultimately, both CLM and SCOPE simulations matched seasonal changes in observed photosynthesis
(Figure S2), an important step for isolating the impact of the fluorescence model formulations. We provide
a table of the differences in implementation between CLM and SCOPE fluorescence formulations (Table S1).

3.2. Site: Niwot Ridge, Colorado

We used the subalpine forest site at Niwot Ridge (AmeriFlux: US‐NR1) as our focal site because it has clearly
distinguishable active and dormant periods for GPP that are strongly related to leaf pigment composition
(Bowling et al., 2018; Magney et al., 2019) and likely to influence SIF. We have previous CLM modeling
experience at the site (Raczka et al., 2016), and a tower‐based spectrometer system (PhotoSpec; section 3.4
) was installed in June 2017 to monitor SIF (Grossmann et al., 2018). The US‐NR1 site is located in the
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RockyMountains of Colorado (Burns et al., 2015; Hu et al., 2010; Monson et al., 2002) and consists primarily
of temperate evergreen species of lodgepole pine (Pinus contorta), Engelmann spruce (Picea engelmannii),
and subalpine fir (Abies lasiocarpa). The forest is approximately 120 years old as a result of forest thinning
performed in the early 1900s. Details on the flux measurements, data processing, and quality control are
provided in Burns et al. (2015).

3.3. Parameterizing CLM With NPQ Observations

Measurements to quantify seasonality of NPQ were not available at Niwot Ridge; therefore, we used contin-
uous PAM fluorometry measurements from Hyytiälä, Finland, to parameterize the NPQ rate coefficients for
the Niwot Ridge model simulations (section 2.2) through a relation with mean air temperature. Seasonal
changes in air temperature are known to be a strong determinant of sustained NPQ across a range of biomes
(Míguez et al., 2015); therefore, we used the relationship between mean temperature and sustained NPQ
measured at Hyytiälä to estimate sustained NPQ changes at Niwot Ridge (section 3.5). Hyytiälä is similar
in biome and climate to Niwot Ridge, consisting of a Scots pine (Pinus sylvestris) forest that was planted in
1962 after a prescribed burn (Kolari et al., 2009). The fluorescence measurements were made with a
MONITORING‐PAM Multi‐Channel Chlorophyll Fluorometer (MONI‐PAM; Porcar‐Castell et al., 2008).
The fluorescence measurements used in this analysis span from August 2008 through August 2009
(Porcar‐Castell, 2011). The temperature record was obtained from the SMEAR II University of Helsinki
observation network (Junninen et al., 2009).

3.4. SIF Measurements

We used a tower‐mounted scanning spectrometer system (PhotoSpec) installed to evaluate the fluorescence
simulations (Grossmann et al., 2018). The PhotoSpec, installed at Niwot Ridge in June 2017, operated con-
tinuously between the nadir position (directly down) to ~45° from nadir. The PhotoSpec had a field of view
of 0.7° and paused for 20 s in steps of 0.7°. We used 24‐hr daily averages of the filtered hourly median values
of the PhotoSpec observations in the far‐red spectrum (745–758 nm) to estimate a canopy average to com-
pare against our model simulations. The PhotoSpec observations were filtered to remove erroneous values
from instrument retrieval errors or nonvegetated surfaces. This included removing data if the photosynthe-
tically active radiation was less than 10 μmol·m−2·s−1, the normalized difference vegetation index was
greater than 0.6, or the far‐red SIF retrievals fell within the 1st and 99th percentiles. More details can be
found in Grossmann et al. (2018).

We also compared the simulations against a SIF product (Köhler et al., 2015) derived from the Global Ozone
Monitoring Experiment‐2 (GOME‐2) satellite measurements. The satellite soundings used here were filtered
for relative cloud fractions < 0.3 and specifically capture the Niwot Ridge location to reduce spatial mis-
match. However, the satellite SIF product may have been influenced by land surfaces not representative
of the subalpine forest site because of inhomogeneous land cover and coarse spatial resolution of
GOME‐2 (80 × 40 km2 before July 2013 and 40 × 40 km2 after). We followed the strategy proposed by
Frankenberg et al. (2011) to convert instantaneous SIF measurements to daily, 24‐hr averages, which
accounts for variations in acquisition time (10:00 am± 30min Local Standard Time), length of day, and solar
zenith angle. Given the differences in spatial resolution, viewing angle, and daily averaging methodology
between the satellite product and PhotoSpec, we expected differences in SIF magnitude but similar relative
seasonal changes in SIF. Therefore, we compared relative seasonal changes in SIF between the observations
and model simulations.

3.5. Implementation

We provide a summary illustration of the steps required to generate the Niwot Ridge fluorescence simula-
tions (Figure 1). To address the role of sustained NPQ in generating SIF, we performed three separate simu-
lations with CLM: one with a default NPQ parameterization (CLM‐SIF) that ignored contributions from
sustained NPQ, a second with a site‐specific NPQ parameterization (CLM‐NPQ) that accounted for both
reversible (kR) and sustained NPQ (kS), and a third formulation (CLM‐NPQ‐kR(t)) that is similar to
CLM‐NPQ but includes a seasonally varying representation of reversible NPQ (kR(t)). Following Lee et al.
(2015), the CLM‐SIF simulation used fluorescence data from Flexas et al. (2002) that define a two‐parameter
fit to represent kN as
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kN xð Þ ¼ 6:2473x−0:5944ð Þx: (19)

In this formulation kS = 0; therefore, kN = kR.

CLM‐NPQ, on the other hand, parameterized sustained NPQ (kS) independently from reversible NPQ (kR).
To estimate kS for Niwot Ridge, we first calculated kS for Hyytiälä (Figure 2). To account for environmental
differences (e.g., temperature) between sites (Figure S3) that are known to influence NPQ (Míguez et al.,
2015) and phenology (Richardson et al., 2018), we implement an acclimation model designed to simulate
phenological changes (e.g., photosynthetic capacity) for cold‐climate conifers (Mäkelä et al., 2004). Here
we used the daily mean temperature (T) to define an acclimation state (S) as

dS
dt

¼ T−S
τ

; (20)

where τ determines how quickly S responds to T. Following Kolari et al. (2014), we set τ= 7 days. Given that
the transition in sustained NPQ can respond to radiation and photoperiod (Way & Montgomery, 2015), we
tested a separate formulation in which incoming shortwave radiation influenced τ such that the response of
S was faster under high‐light conditions. We also tested a formulation where photoperiod was used as the
predictor for sustained NPQ. Including shortwave radiation or photoperiod offered minimal improvement;
therefore, for parsimony, we present results only where S was influenced by T. More details concerning the
complete range of model formulations tested are provided in the supporting information (Table S2). The
acclimation state is used to predict the sustained NPQ (kS) as

ks ¼ ks;max

1þ eb S−Tsð Þ (21)

where ks,max (dimensionless) is the seasonal maximum sustained NPQ and b (°C−1) and Ts (°C) are fitted
parameters. We performed separate calibrations for the spring and fall at Hyytiälä (Figure 3) and then
applied that relationship to Niwot Ridge using local daily temperature (Figure 4) to obtain the local

Figure 1. Overview of methodological workflow for model development, calibration, and validation of canopy‐level fluorescence at Niwot Ridge. PAM fluorometry
measurements were made at Hyytiälä, Finland. Measurements from the tower‐mounted PhotoSpec system (Grossmann et al., 2018) and GOME‐2 satellite (Köhler
et al., 2015) for Niwot Ridge were compared against the CLM 4.5 and SCOPE SIF simulations.
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seasonal pattern in kS. We inserted that representation of kS for Niwot
Ridge (Figure 4, Niwot Ridge‐ spring/fall acclimation model) into model
formulations CLM‐NPQ and CLM‐NPQ‐kR(t) by performing a linear inter-
polation of kS between months to provide a smooth seasonal transition.
We defined kR for CLM‐NPQ by fitting Hyytiälä data to a three‐parameter
functional form used within the SCOPE model (van der Tol et al., 2014):

kR xð Þ ¼ kno 1þ βð Þ eα ln xð Þ

βþ eα ln xð Þ (22)

where kno = 2.582, β= 20,470, and α= 1.043. This functional form for kR is
illustrated in Figure 5 and labeled CLM‐NPQ. For CLM‐NPQ‐kR(t), kR was
fitted to winter and summer data from Hyytiälä (Figure S4). During spring
and fall, kR was transitioned between the winter and summer fits in syn-
chronizationwith the transition of kS asmodeled at Niwot Ridge (Figure 4).

We performed a final simulation using SCOPE as a benchmark for the
CLM fluorescence model development. The SCOPE simulation was simi-

lar to the CLM‐SIF simulation as it used Flexas et al. (2002) data to define a relationship between kR and
x (Figure 5) and ignored kS (Table S1). We compared the model‐simulated canopy fluorescence at Niwot
Ridge to measurements from the tower‐mounted spectrometer at the site (PhotoSpec; Grossmann et al.,
2018) and satellite‐inferred fluorescence from measurements from GOME‐2 (Köhler et al., 2015). We com-
pared the simulations and observations for a single and multiple years. The years for this comparison were
not identical between the simulations and observations; however, we were mainly concerned with seasonal
changes in SIF (and GPP), which remained consistent across multiple years.

To quantify the differences between simulated and observed seasonal SIF and kS, we used piecewise linear
regression (Muggeo, 2003, 2008) to define phenological periods (e.g., Magney et al., 2016) using the “segmen-
ted” package in R (R Development Core Team, 2018). This software calculates inflection points within the
seasonal SIF and NPQ that we used to classify the boundaries of the seasons. The inflection points and
the rate of change between the inflection points (slope) were used as metrics for comparison between model
simulations and observations.

4. Results
4.1. Sustained and Reversible NPQ

A strong seasonal change in sustained NPQ was observed at Hyytiälä (Figure 2, Table 2, and Figure S5) with
the peakmonthly average in February (6.71) andminimummonthly average in July (0.09). The widest range
(95% CI) of sustained NPQ occurred during the months of January (2.45, 6.35) and April (0.35, 6.76). The
transition from low to high sustained NPQ occurred relatively slowly during the fall transition (0.07

unit/day; Table 2 and Figure S5) compared to the transition from high
to low sustained NPQ during the spring transition (−0.19 unit/day;
Table 2 and Figure S5).

The spring/fall acclimation state model as controlled by daily mean tem-
perature was the best single predictor for sustained NPQ (Figure 3 and
Table S2, R2: 0.93, RMSE: 0.62), whereas the addition of incoming short-
wave radiation (R2: 0.94, RMSE: 0.59) or photoperiod (R2: 0.90, RMSE:
0.72) provided minimal improvement. Using equation (21), the seasonal
pattern of sustained NPQ for Niwot Ridge was similar to the measure-
ments at Hyytiälä with the exception of October through January where
lower mean air temperatures at Niwot Ridge (−2.8 and −1.7 °C for each
site, respectively) led to calculated sustained NPQ that was higher at
Niwot Ridge than measured at Hyytiälä (3.4 and 1.9 for each site, respec-
tively; Figure 4). The acclimation model at Niwot Ridge predicted an early
and rapid increase in kS during the fall transition compared to that at

Figure 3. Observed sustained NPQ (kS; Porcar‐Castell, 2011) for Hyytiälä
Forest, Finland (years 2008–2009) compared against kS as simulated from
the acclimation model (equations (20) and (21)). The spring/fall acclimation
model (R2: 0.93 RMSE: 0.62) was used to simulate kS at Niwot Ridge
(Figure 4), and the all‐season acclimation model (R2: 0.87 RMSE: 0.98) is
shown for reference.

Figure 2. Seasonal pattern in sustained NPQ (kS) measured in a Scots Pine
Forest at Hyytiälä, Finland (2008–2009). Box plots represent the distribution
of monthly sustained NPQ calculated for 15‐min intervals including the
median (red line), interquartile range (blue box), and entire range excluding
outliers (black line). The data are from Porcar‐Castell (2011).
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Hyytiälä (Figure 4, Table 2, and Figure S5) with the start and end of the
fall transition occurring 30 and 68 days earlier, respectively, for Niwot
Ridge. In addition, the acclimationmodel predicted that the winter season
for Niwot Ridge was 62 days longer in duration as compared to that
for Hyytiälä.

The reversible NPQ fit based upon all months of the Hyytiälä site data
(CLM‐NPQ; equation (22)) was similar to predictions from the SCOPE
model yet much lower than that of the CLM‐SIF at high‐light saturation
(equation (19) and Figure 5). Whereas all three functions were similar
during relatively low light saturation, for high‐light saturation values
(x > 0.6), the Hyytiälä fit for kR (CLM‐NPQ) was on average 43% lower
than that of the CLM‐SIF (Figure 5). This difference in behavior is in part
because kN for CLM‐SIF is fitted to temperate Mediterranean trees,

shrubs, and grapes (Flexas et al., 2002), whereas kR for CLM‐NPQ was fitted to the conifer species at
Hyytiälä. Although CLM‐NPQ used a single relationship between reversible NPQ and light saturation
(Figure 5), the relationship was found to change with season (Figure S4) and was accounted for in CLM‐

NPQ‐kR(t). In that model formulation the summer kR (June‐August) was on average 2.6 units higher than
the winter kR (January‐February) for high‐light saturation values (x > 0.6).

4.2. Simulated Versus Measured Fluorescence

In general, the CLM simulation that included a representation of sustained NPQ provided a seasonal pattern
of SIF more similar to the measurements from the satellite and PhotoSpec (Figure 6, Table 2, and Figure S6).
Furthermore the multiyear percent seasonal change in SIF intensity relative to peak values (Figure 6d) was
relatively high for CLM‐NPQ (84%), CLM‐NPQ‐kR(t) (78%), PhotoSpec (97%), and satellite (~100%), whereas
the CLM‐SIF simulation was lower (70%). This difference in seasonal change in SIF intensity was consistent
with changes in fluorescence yield (ΦF; Figure S2c). The ΦF seasonal change for CLM‐NPQ (0.005 to 0.013)
and CLM‐NPQ‐kR(t) (0.005 to 0.012) was greater than that for CLM‐SIF (0.007 to 0.011). The CLM‐NPQ‐kR(t)
formulation most closely matched the phenological periods as compared to the PhotoSpec observations
(Table 2 and Figure S6). For example, the start and duration of the spring transition for CLM‐NPQ‐kR(t)
(start: day of year [doy] 99, duration: 74 days) were nearly identical to those for the PhotoSpec (start: doy
96, duration: 72 days) and significantly outperformed those for CLM‐SIF (start: doy 19, duration: 150 days).

The modeled day‐to‐day variation in fluorescence (Figure 6a) was higher
(in standard deviation: CLM‐SIF: 0.07 W·m−2·sr−2·μm−1, CLM‐NPQ: 0.09
W·m−2·sr−2·μm−1, CLM‐NPQ‐kR(t): 0.08 W·m−2·sr−2·μm−1) than the
PhotoSpec measurements (0.03 W·m−2·sr−2·μm−1). However, when nor-
malized by the average magnitude of fluorescence, the percent day‐to‐
day variation was similar between CLM‐SIF (34%), CLM‐NPQ (35%),
CLM‐NPQ‐kR(t) (35%), and the PhotoSpec (43%).

5. Discussion
5.1. Impact of Sustained NPQ Upon Seasonal Changes in SIF

Evergreen plants in winter undergo downregulation of photosynthesis
with concomitant xanthophyll pigment changes and sustained NPQ
(Adams et al., 2004; Verhoeven, 2014), leading to a direct impact on SIF.
Here models of SIF that included a representation of seasonal variation
of sustained NPQ performed better than those that did not. Including sus-
tained NPQ led to a higher simulated seasonal amplitude and seasonal
timing of SIF that were more similar to observations from a tower‐
mounted spectrometer system and satellite observations. This demon-
strates that models must represent seasonal variation in sustained NPQ
in order to capture the strong seasonality of SIF in cold‐climate ever-
greens. The importance of seasonal changes in NPQ was consistent with

Figure 5. Reversible NPQ (kR) as calculated fromMONI‐PAM fluorescence
measurements (colored dots) at Hyytiälä (Porcar‐Castell, 2011). A single fit
for all the data (equation (22)) for the Hyytiälä data was used for the
CLM‐NPQ simulation. CLM‐SIF and SCOPE simulations used the Flexas
et al. (2002) fluorescence data for a two‐parameter (equation (19)) and three‐
parameter fit, respectively, for kR.

Figure 4. The observed sustained NPQ (kS) compared against simulated
sustained NPQ (kS) for both Hyytiälä and Niwot Ridge as calculated from
the acclimation model (Figure 3). The kS for Niwot Ridge calculated from
the spring/fall acclimation model was inserted into CLM‐NPQ and CLM‐

NPQ‐kR(t) to account for seasonal changes.
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previous studies at cold‐climate conifer forests (Porcar‐Castell, 2011;
Verhoeven, 2014; Wong & Gamon, 2015; Bowling et al., 2018;
Magney et al., 2019) where photoprotection by xanthophyll pigments
increased in winter. By linking the sustained NPQ within a fluores-
cence model, we demonstrated that this increased the seasonal range
of ΦF beyond traditional modeling approaches (e.g., CLM‐SIF and
SCOPE; Figure S2c). This better captured the relative changes in seaso-
nal SIF and improved the timing and rate of transition of SIF during
the spring season as observed at Niwot Ridge (Figure S6).
Conversely, the omission of sustained NPQ and its influence upon
fluorescence will adversely impact parameter optimization studies
(e.g., Vcmax and chlorophyll content) designed to improve understand-
ing of ecological function (Koffi et al., 2015; Lee et al., 2015; Norton
et al., 2018).

In contrast to our results, Thum et al. (2017) provided a reasonable fit
to SIF satellite observations using a fluorescence model without expli-
cit representation of seasonally varying sustained NPQ. In that work,
the land surface model JSBACH (Reick et al., 2013) was combined
with a fluorescence model to provide SIF simulations across four ever-
green forest sites in Finland, including Hyytiälä. Whereas our study
specifically included a seasonally varying representation of kS based
upon PAM fluorometry, Thum et al. (2017) assumed kS was 0. In that
case kN was assumed to be controlled by kR alone and could provide
reasonable seasonal changes in NPQ given a single and fixed relation-
ship to light saturation (x). This result could be fortuitous, however,
given the large seasonal changes in the x‐versus‐ kR relationship
(Figure S4). Ultimately, distinguishing between kR and kS is more rea-
listic and will allow for the appropriate kinetic response at subseasonal
times scales for both NPQ and SIF. In addition to differences in
the representation of sustained NPQ between Thum et al. (2017) and
this analysis, other differences such as the environmental forcing
(Figure S3) between the focus sites, and the land surface/fluorescence
models (JSBACH versus CLM) may have played a role. To what
degree these factors contributed to differences in derived quantities
of APAR, ΦF,and SIF (Figure S2) was beyond the scope of
this analysis.

5.2. Daily Mean Temperature as a Predictor of Sustained NPQ

The impact of daily mean temperature upon acclimation state was
found to be a strong predictor of sustained NPQ (Figure 3). This rela-
tionship between sustained NPQ and temperature at cold‐climate
evergreen forests is consistent with previous studies (Míguez et al.,
2015). The use of temperature to define an acclimation state is consis-
tent with prior work that simulated transitions in photosynthetic capa-
city at conifer forests (Kolari et al., 2014; Mäkelä et al., 2004) and is
similar to the approach in phenology models to determine the timing
of budburst and senescence (MacBean et al., 2015; Melaas et al., 2016).
Incoming radiation is also known to increase sustained NPQ at cold‐
climate conifer sites (Ensminger et al., 2004; Porcar‐Castell, 2011)
and suggests the intersection of high light levels and cold temperatures
both influence sustained NPQ. When we included incoming short-
wave radiation into sustained NPQ models, the impact was minimal
(Table S2). This may have been a result of a limited amount of siteT
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data we used for the calibration. Regardless, the intent of this work was to demonstrate the role that
sustained NPQ has upon ΦF and SIF, and temperature alone was sufficient in this regard.

5.3. Impact of Seasonal Variation in Reversible NPQ Upon SIF

All plants protect leaf tissues from excess light via reversible NPQ, mediated by xanthophyll pigments
varying in response to incident light (Demmig‐Adams & Adams, 2006), yet less is known about how the
reversible NPQ varies seasonally. We assumed a fixed relationship for reversible NPQ within our model
(i.e., reversible NPQ‐versus‐light saturation relationship was fixed throughout the year for CLM‐SIF and
CLM‐NPQ), but the PAM fluorometry data indicated seasonal variation in the magnitude of NPQ as a func-
tion of light saturation (Figures 5 and S4). This is consistent with observations of boreal evergreen forests,
which have relatively large reversible NPQ responses to light saturation in summer (high incident light)
and much smaller but nonzero reversible NPQ response during the winter (low incident light; Porcar‐
Castell, 2011). When seasonal variation in reversible NPQ (kR) response was added (CLM‐NPQ‐kR(t)), the
comparison with observations improved slightly (Figure 6). For example, the modeled seasonal pattern of
monthly SIF increased in correlation for both the satellite (R: 0.96 to 0.98) and PhotoSpec (R: 0.95 to 0.97).
In addition, the CLM‐NPQ‐kR(t) formulation most closely matched the timing of the seasonal transitions
as measured by the PhotoSpec (Table S2 and Figure S6). The remaining model‐observation mismatch may
arise from (1) a deficiency in the acclimation model for kS that limits its applicability to Niwot Ridge, (2) a
unique behavior in kR across site and conifer species, or (3) limitations of the fluorescence model within
CLM. The fact that all model formulations predicted significant SIF throughout the winter, where observa-
tions fell to near zero, suggests that ΦF was overestimated in the winter. This could mean either that the
assumption of a constant PSII absorption cross section was too simplistic (Equation (16)) or that an explicit
representation of the deactivation of PSII reaction centers was required. Overall, more research that com-
bines site‐level measurements of SIF, kR, and kS at Niwot Ridge in particular is needed to better understand
the cause of the model‐observation mismatch.

5.4. Recommendations for Future SIF Modeling Improvements

We have used PAM fluorometry measurements to improve SIF modeling within CLM 4.5 by adding seaso-
nal changes in NPQ at a high‐elevation forest site. An opportunity remains to use fluorometry measure-
ments to also define seasonal changes in photochemical yield. The photochemical yield in CLM
presented here is imposed through the Farquhar et al. (1980) photosynthesis model (Vcmax and Jmax).

Figure 6. Simulated and observed seasonal patterns of canopy SIF (740 nm) for (a, c) absolute SIF and (b, d) normalized
canopy SIF. (a, b) The single‐year simulations are in daily resolution for the CLM simulations (year 2010) and PhotoSpec
(August 2017 to August 2018). (c, d) The multiyear simulations are monthly averages for the CLM simulations (years
1999–2013), GOME‐2 (years 2007–2016), and PhotoSpec (August 2017 to August 2018). TheCLM‐SIF simulation considers
reversible NPQ (kR) only, the CLM‐NPQ simulation considers both reversible (kR) and sustained NPQ (kS), and CLM‐

NPQ‐kR(t) considers kS and seasonal variation in kR. Both a satellite SIF product (GOME‐2; Köhler et al., 2015) and the
PhotoSpec measurements (Grossmann et al., 2018) are included for comparison.
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Seasonal changes in photosynthetic activity are represented by adjusting Vcmax in the winter months
through leaf temperature (Arrhenius equation) and a day length factor (Oleson et al., 2013). In practice,
these factors alone cannot properly simulate seasonal changes in GPP (photosynthetic yield), requiring
an additional empirical adjustment (Raczka et al., 2016). As a result, the seasonal variation of photochemi-
cal yield (determined through Vcmax and Jmax) and the fluorescence model (equation (15)) are weakly
linked, and there remains an opportunity to unify the model for internal consistency. For example, the
seasonal variation in sustained NPQ (Figure 2) could help define the day length factor, improving the
seasonal behavior of the leaf energy balance. Also, the photochemical yield as estimated through the fluor-
escence measurements could be used as an independent means to check the parameter values within the
existing Vcmax parameterization.

Although we have included reversible and sustained components of NPQ and demonstrated their influence
upon SIF, there are other potentially important processes that are not represented in CLM. Seasonal changes
in chlorophyll concentration may also influence APAR and the NPQ/PQ characteristics. Although chloro-
phyll concentration remains fairly constant throughout the year at Niwot Ridge (Bowling et al., 2018), this
is not always the case for other cold‐climate evergreen forests (Ensminger et al., 2004; Porcar‐Castell et al.,
2012; Wong & Gamon, 2015). Furthermore, low‐latitude sites such as Niwot Ridge are exposed to increased
amounts of excess light (relative to high latitudes) during the winter months, which could increase the level
of photoinhibition for the photochemical reaction centers. Similarly to NPQ, a proxy for the fraction of active
and functional reaction centers can be derived through PAM fluorometry (Porcar‐Castell et al., 2014). A
fluorescence model with explicit representation of both NPQ and functional reaction centers (developed
by Federico Magnani) has been implemented in SCOPE and JSBACH but not yet tested. The lack of repre-
sentation of functional reaction centers could account for some of the SIF mismatch between the CLM
model formulations and observations (Figures 6 and S7).

We performed an independent, calibrated simulation of SCOPE to provide a leaf‐to‐canopy SIF conversion
factor (K) for CLM. This was necessary because the implementation of CLM did not include within‐canopy
SIF radiative transfer. This approach was feasible for a single‐site simulation, but challenges arise for a larger
spatial domain where the conversion factor is a function of canopy characteristics. Canopy radiative transfer
depends upon multiple features (e.g., vegetation structure, leaf pigment content, and sun angle) that can
vary significantly by location. It is possible to empirically define a leaf‐to‐canopy SIF conversion factor based
upon a subset of canopy characteristics (Lee et al., 2015), but ultimately including a better representation of
canopy radiative transfer to dynamically convert leaf‐to‐canopy level SIF within CLM is a more practical,
long‐term solution. Such radiative transfer schemes have been included in other land surface models
(Thum et al., 2017). Ultimately, including that level of radiative detail within a global Earth system model
will substantially increase the computational costs, and implementation should be weighed against the
available resources.

6. Conclusions

We have included a representation of sustained NPQ within CLM 4.5, equipped with a SIF model, and have
performed a simulation at a high‐elevation evergreen forest within the U.S. Rocky Mountains. When the
seasonality of NPQ was calculated using leaf‐level fluorescence measurements, the simulated seasonal
variation in SIFmore closely matched satellite‐ and tower‐based SIF observations. This suggests that season-
ality of NPQ is an important influence upon SIF for middle‐ and high‐latitude evergreen forests that experi-
ence strong seasonal temperature change. Attempts to use SIF observations to constrain photosynthetic
processes/parameterization without representation of seasonality in NPQ will lead to biased results.
Despite our improvements, all of the SIF formulations implemented into CLM tended to underestimate per-
cent changes in SIF and overestimated SIF in the winter. More measurements are necessary to understand
whether this mismatch can be resolved with improved NPQ parameterizations specifically or through more
mechanistic SIF modeling approaches overall. The strong linkage between air temperature and sustained
NPQ provides confidence that air temperature may be used as a first‐order predictor of sustained NPQ.
Although including light level did not significantly improve the prediction of NPQ in this case, we anticipate
light levels will be an important predictor if the proposed model for sustained NPQ is applied across a wider
region. This is significant because continuous PAM fluorometry measurements used to calibrate sustained
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NPQ are rare, and simple approaches to estimate NPQ from environmental forcing would be valuable for
Earth system modeling.
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