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Abstract

Satellite derived sun-induced chlorophyll fluorescence (SIF) has been increasingly used for estimating
gross primary production (GPP). However, the relationship between SIF and GPP has not been well
defined, impeding the translation of satellite observed SIF to GPP. Previous studies have generally
assumed a linear relationship between SIF and GPP at daily and longer time scales, but support for
this assumption is lacking. Here we used the GPP/SIF ratio to investigate seasonal variations in the
relationship between SIF and GPP over the Northern Hemisphere (NH). Based on multiple SIF
products and MODIS and FLUXCOM GPP data, we found strong seasonal hump-shaped patterns for
the GPP/SIF ratio over northern latitudes, with higher values in the summer than in the spring or
autumn. This hump-shaped GPP/SIF seasonal variation was confirmed by examining different SIF
products and was evident for most vegetation types except evergreen broadleaf forests. The seasonal
amplitude of the GPP/SIF ratio decreased from the boreal/arctic region to drylands and the tropics.
For most of the NH, the lowest GPP/SIF values occurred in October or September, while the
maximum GPP/SIF values were evident in June and July. The most pronounced seasonal amplitude of
GPP/SIF occurred in intermediate temperature and precipitation ranges. GPP/SIF was positively
related to temperature in the early and late parts of the growing season, but not during the peak
growing months. These shifting relationships between temperature and GPP/SIF across different
months appeared to play a key role in the seasonal dynamics of GPP/SIF. Several mechanisms may
explain the patterns we observed and future research encompassing a broad range of climate and
vegetation settings is needed to improve our understanding of the spatial and temporal relationships
between SIF and GPP. Nonetheless, the strong seasonal variation in GPP/SIF we identified highlights

the importance of incorporating this behavior into SIF-based GPP estimations.
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Introduction

Accurately quantifying the dynamics of plant photosynthetic carbon inputs into ecosystems (e.g.,
gross primary production; GPP), at broad geographical scales is fundamental to understanding how
global changes are influencing the Earth system (Beer et al., 2010; Sitch et al., 2008; Turner et al.,
2003; Xiao et al., 2010). Since the 1980s, remote sensing has increasingly been used for regional and
global-scale GPP estimation (Hilker et al., 2008; Prince and Goward, 1995; Tucker et al., 1986), and
numerous remote sensing-based GPP products are widely used in ecological, environmental, and
Earth science research (Running et al., 2004; Yuan et al., 2010). Despite these advances, there is still
considerable uncertainty in the quantification of regional and global GPP and thus carbon cycling
(Anav et al., 2015; Keenan et al., 2012; Sjostrom et al., 2013). The difficulty arises, in part, because
most remote sensing-based GPP products are derived from light use efficiency models and these often
represent GPP potential but not actual photosynthetic amount (He et al., 2013; Turner et al., 2006).
The recent emergence of sun-induced chlorophyll fluorescence (SIF) data from satellite-based
instruments can help resolve this uncertainty by providing observations that are more strongly related
to actual photosynthetic carbon uptake (Frankenberg et al., 2011; Guanter et al., 2014; Mohammed et
al., 2019; Parazoo et al., 2014; Sun et al., 2017). Specifically, satellite SIF retrieves the fluorescence
signal that is emitted from canopy-scale photosynthetic activity (Joiner et al., 2011; Meroni et al.,
2009). However, if SIF is to provide accurate GPP estimates, the relationship between SIF and GPP
needs to be understood and quantified (Porcar-Castell et al., 2014).

It is commonly accepted that GPP increases linearly with SIF (Guanter et al., 2012; Li et al.,
2018; Sun et al., 2017; Yang et al., 2017; Zhang et al., 2016). However, whether this linear
relationship is constant or varies across different regions and vegetation types remains uncertain (Gu
et al., 2019; Xiao et al., 2019; Zhang et al., 2018). Using the ratio of GPP/SIF as a metric of the SIF-
GPP relationship, we showed previously that this relationship can vary substantially at large spatial
scales and depending on climate, with water availability as the primary factor governing geographic
variation in growing season GPP/SIF ratios (Chen et al., 2020). We found that GPP/SIF ratios
increased from dry-and-hot to wet-and-cold climates, which may be related to moisture regulated
stomatal responses and leaf shape and clustering patterns (Chen et al., 2020). While more definitive

determinants of the primary mechanisms underlying spatial variation in SIF-GPP relationships are
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needed, it is clear that the use of SIF for GPP monitoring and the use of SIF-derived GPP to constrain
carbon cycle model predictions require understanding how both location and climate affect this

relationship.

While progress has been made in assessing spatial variation in the SIF-GPP relationship,
defining and better understanding the temporal dynamics of this relationship is also needed.
Evaluating how the SIF-GPP relationship changes within the growing season for a given location is
necessary to more accurately predict GPP from SIF data. Importantly, because vegetation type can
usually be safely assumed to be constant within a year, knowledge of the potential variation in
seasonal GPP/SIF ratios may provide additional insight needed for understanding mechanisms
governing the variation of SIF-GPP relationship in both space and time (Jeong et al., 2017; Magney et
al., 2019; Porcar-Castell et al., 2014).

Here, using multiple SIF datasets, we investigated how the SIF-GPP relationship varies across
the growing season cycle in the Northern Hemisphere (NH). The aim of this study is to improve our
understanding on the SIF-GPP relationship and its controlling factors from a seasonal cycle
perspective. We hypothesized, based on our earlier analyses (Chen ef al., 2020), that the seasonal
course of GPP/SIF ratios would be unimodal or hump-shaped driven by climatic seasonality (H1),
with higher values in the summer than in spring or autumn. Because climatic seasonality shows a
clear latitudinal pattern, we also hypothesized that potential seasonality of GPP/SIF would be
strongest in the boreal and arctic regions, intermediate in the temperate, and least dynamic in the
tropics (H2). Furthermore, as climatic variables such as temperature and precipitation and their roles
as limiting factors for plant photosynthesis vary considerably across different seasons (e.g., Tan et al.,
2015), we thus further hypothesized that correlations between climatic factors and GPP/SIF would

change across different seasons, consistent with seasonal pattern of GPP/SIF variations (H3).

2. Data and Methods

As we focused primarily on seasonal variation of the relationship between SIF and GPP, we
used the GPP/SIF ratio as a diagnostic metric for this relationship. To assess the robustness of the

GPP/SIF ratio and its temporal variations, we used four sets of gridded and contiguous SIF data from
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different satellite sensors, which are the Global Ozone Monitoring Experiment-2 (GOME-2; Joiner et
al., 2013), Greenhouse Gases Observing Satellite (GOSAT; Frankenberg et al., 2011), Orbiting
Carbon Observatory 2 (OCO-2; Sun et al., 2017), and Tropospheric Monitoring Instrument
(TROPOMI; Kohler et al., 2018). Note the coverage of the native SIF data from the OCO-2 sensor are
spatially discontinuous, and some methods are needed to gap-fill the observations to derive a fully
covered SIF product. Here we used the one developed by Li & Xiao (2019; GOSIF) which is a dataset
derived from OCO-2 SIF soundings using a machine learning method. While these SIF products have
different spatial and temporal resolutions and coverages, we linearly interpolated all the datasets to a
common 1° by 1° spatial resolution. All SIF datasets have been daily corrected for comparability
(Frankenberg et al., 2011; Zhang et al., 2018). Details about these SIF datasets and their processing
can be found in Chen et al. (2020). In particular, we normalized each GPP and SIF product within the
range of [0,1] by min-max scaling. It should be noted that this normalization does not change the
results, as evidenced by analyses with un-normalized original data we will present in supplementary
figures. When using un-normalized data, we excluded grids/months with SIF values < 0.1 mW m-2 sr-
! nm!, since a very small value in the division would generate exceptionally large GPP/SIF values

and cause spurious seasonal variations (Fig. S1).

We used data-driven modelled GPP products from both FLUXCOM (ftp://ftp.bgc-
jena.mpg.de/pub/outgoing/FluxCom/CarbonFluxes/RS METEO/member/) and MOD17A2 GPP
(MODIS GPP; Zhao and Running, 2010). Monthly FLUXCOM GPP, currently available for 1982-
2018, was upscaled from eddy covariance tower measurements using multiple machine learning
algorithms trained with meteorological measurements and satellite data (Tramontana et al., 2016),
each generating a set of GPP product. Here we used the average of these GPP products. MODIS GPP
from 2000-2018 was obtained from NASA's Land Processes Distributed Active Archive Center (LP
DAAC) and was calculated using a light use efficiency model forced by satellite observations and
climate data (Zhao and Running, 2010). The original spatial resolution of FLUXCOM GPP is 0.5° by
0.5°, and that of MODIS GPP is 0.05° by 0.05° spatial resolution. We aggregated both datasets to 1°
by 1° to match that of SIF products, and calculated the mean value of FLUXCOM GPP and MODIS
GPP. As we will show in supplementary result figures, the use of the mean value from the two GPP

products does not affect the robustness of the results. Because growing season length clearly changes
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across the NH, we used grid-specific growing season length following Zhu et al. (2016). For each
month during the location-specific growing season, we calculated multi-year mean GPP/SIF ratio for

each SIF product.

We also used dominant land cover class from the Moderate-Resolution Imaging
Spectroradiometer (MODIS) MCD12C1 C5.1 product (Friedl ef al., 2010), for 2010 and at a spatial
resolution of 0.05°. This data adopts the International Geosphere-Biosphere Programme (IGBP) land
cover classification scheme (Loveland and Belward, 1997), consisting of 17 major land cover classes.
The ‘closed shrublands’ and ‘open shrublands’ classes were combined as ‘shrublands’, and the
‘woody savannas’ was grouped into the ‘savannas’ class. In this study, we used 10 major vegetation
types, or plant functional types (PFTs), including evergreen needle-leaf forest (ENF), evergreen
broad-leaf forest (EBF), deciduous needleleaf forest (DNF), deciduous broadleaf forest (DBF), mixed
forest (MF), shrublands (SHR), savannas (SAV), grasslands (GRA), permanent wetlands (WET),
croplands (CRO). To match with the SIF data, land cover data were aggregated to 1° by 1° grids by

selecting the class in each grid that occurs most often.

The global land was also divided into four climate zones based on the Kdppen—Geiger
classification system (Peel et al., 2007): tropics, dryland, temperate, and boreal/arctic. Specifically,
the tropics is the Koppen-Geiger A (tropical) climate group; the dryland is the Koppen-Geiger B (dry)
climate group; the temperate region is the Képpen-Geiger C (mild temperate) climate group; and the

boreal region is defined as the Koppen-Geiger D (continental) and E (polar) climate groups.

We used climate (temperature (TMP) and precipitation (PRE)) data from the Climatic Research
Unit (CRU) (Harris et al., 2014) v4.0.1 data set (http://www. cru.uea.ac.uk/data/) aggregated to 1° by
1° grids. This dataset is originally at the 0.5° by 0.5° spatial resolution. We also used downward
shortwave radiation (SWR) data provided by the CRUNCEP V8 reanalysis (Viovy, 2016).

To understand potential climatic control on GPP/SIF and its seasonal variation, we performed
partial correlations between GPP/SIF and climatic and radiation factors (TMP, PRE, and SWR) for
each month. Such partial correlation analyses were conducted for different regions and vegetation
types, as well as for each 1° by 1° grid cell. For grid-level partial correlation analysis, we used 9° by 9°

degree moving windows centered at each grid cell. We also conducted a random forest modelling
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analysis to identify dominant drivers for the spatial variations of GPP/SIF. Given that climatic
conditions of previous months may affect vegetation productivity (Buermann et al., 2018; Fu et al.,
2014; 2015) and thus the GPP/SIF ratio, we included climatic factors of both the focused month and
its “pre-season” months in the random forest model. Here, pre-season is defined as consecutive (no
more than three) months immediately preceding the focused month when the climatic factor shows

the strongest spatial correlation with GPP/SIF of the focused month.

3. Results

We found a clear unimodal “hump-shaped” seasonal pattern of GPP/SIF over the Northern
Hemisphere (Fig. 1), confirming H1. As a comparison, the seasonal patterns of both GPP and SIF
were also hump-shaped (Fig. S2). Regionally, this hump-shaped GPP/SIF seasonality was strongest
for the boreal/arctic region, followed by the temperate region. Moving south, the seasonality
diminished in drylands, and in the tropics the monthly GPP/SIF curve becomes flat (Fig. 1). This
decreasing seasonality of GPP/SIF from the higher to lower latitudes also confirms our hypothesis H2.
Importantly, the hump-shaped pattern of GPP/SIF over the entire Northern Hemisphere, as well as the
decrease of this hump shape from the boreal/arctic region to temperate and then to tropics and
drylands, was consistent across all four satellite SIF products, as well as when using FLUXCOM and
MODIS GPP products separately (Fig. 1, Fig. S3). In addition, this unimodal “hump-shaped”
seasonal pattern of GPP/SIF was again revealed when calculating with the original GPP and SIF

values without normalization (Fig. S4).

This hump-shaped GPP/SIF change across the growing season was also observed for most
vegetation types. As shown in Fig. 2, except for the evergreen broadleaf forests (EBF) that dominate
the tropics, all the other vegetation types are characterized with the hump-shaped GPP/SIF curve
consistently across all the four SIF products, including evergreen needle forest (ENF). This latter
vegetation type is notable because here seasonal variations in leaf area is minimal (Xu et al., 2016).
Except for EBF, the amplitude of seasonal variation (ASV) of GPP/SIF, defined as the difference
between the maximum and minimum monthly GPP/SIF values within the growing season, was greater

for forests than for other vegetation types including cropland (CRO), grassland (GRA), savannah
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(SAV), and shrubland (SHR), which was also consistent across all the SIF products (Fig. 2). Wetland
vegetation (WET) was observed with hump-shaped seasonal GPP/SIF patterns for SIF derived by
GOME-2, GOSIF, and TROPOMI, but not for that by GOSAT (Fig. 2). GPP/SIF of WET was also
much higher than that of other vegetation types by GOSIF.

Across the space, ASV was highest in the boreal forest region, decreasing toward temperate and
then drylands and tropics. This spatial pattern again confirms our earlier finding of the regional
pattern in GPP/SIF seasonality (Fig. 1). The pattern was also consistently found by all the SIF
products; the only obvious difference among these products was the much smaller ASV by GOME-2
SIF than for other SIF products in the boreal forest area (Fig. 3).

As results based on different SIF products consistently revealed highly similar patterns and
findings, hereafter we only used results derived from GOME-2 SIF for demonstration, unless
otherwise noted. Fig. 4 shows the spatial distribution of the months with the minimum and maximum
GPP/SIF values. For most of the Northern Hemisphere, October or September was the month with the
lowest GPP/SIF values (Fig. 4a). The distribution of the month of the maximum GPP/SIF values was
also heterogeneous, with July and June being the most common ones (Fig. 4b). For most of eastern
China, August was the month with the highest GPP/SIF values. In India, the highest GPP/SIF values
often occurred in September. For sub-Sahara Africa, the highest values were generally found in
August, September, or October (Fig. 4b). Furthermore, similar patterns were found by examining

individual SIF products (Fig. S5).

As potential non-linearity of the GPP-SIF relationship or the intercept of a linear GPP-SIF
relationship may change GPP/SIF ratios, we also compared the GPP-SIF relationship across growing-
season months (Mar-Oct) built with a linear and a non-linear (quadratic) model. We found that over
boreal and temperate areas, the linear model shows similar performance as non-linear models in
characterizing the GPP-SIF relationship. However, over some tropical regions, dry and arctic regions,

the quadratic model can better fit cross-month GPP-SIF relationships than the linear model (Fig. S6).

We also examined how the observed variation of GPP/SIF across different months during the
growing season may be related to climatic variations. Over the entire Northern Hemisphere,

temperature was positively related to GPP/SIF during the early and late season; yet this positive
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partial correlation between GPP/SIF and temperature turned to be close to zero for peak growing
months (Fig. 5a). This hump shaped importance of temperature control of GPP/SIF variations was
also found in temperate, dryland, and boreal/arctic regions (Fig. 5a). However, for both drylands and
temperate regions, the partial correlation coefficient between temperature and GPP/SIF was negative
during the peak growth months. In boreal/arctic regions, the partial correlation between temperature
and GPP/SIF was significantly positive across all months and less variant, with the correlation
coefficient higher in May than in other months. For tropics, temperature consistently showed a

negative correlation with GPP/SIF across all months.

In contrast to the seasonally varying temperature control of GPP/SIF, precipitation generally
showed a positive correlation with GPP/SIF across all months and most regions (Fig. 5b). Radiation
(SWR) overall did not show a strong control of GPP/SIF values across most months, except for
negative correlations during springs across all the regions (Fig. 5¢). Interestingly, the strength of SWR
control of GPP/SIF was more seasonally variable in the boreal/arctic region than in other regions. And
the radiation control of tropical GPP/SIF was more variable across the growing season than that of

temperature or precipitation.

Furthermore, spatial analyses of the partial correlations between GPP/SIF and temperature,
precipitation, and SWR confirmed the patterns on the climatic controls of GPP/SIF value revealed
above (Fig. S7). Importantly, temperature control of GPP/SIF was mostly variable across different
months, particularly in the temperate region; but remained largely positive and invariant in the
boreal/arctic region. On the other hand, the partial correlation between SWR and GPP/SIF was
variable for the boreal/arctic region but largely invariant for the temperate region. The strength of
precipitation control of GPP/SIF was generally invariant across different months for most of the NH.
Overall, these analyses on the correlation strength between climatic factors and GPP/SIF validated our
Hypothesis H3 that changing climatic controls of GPP/SIF over time were responsible for the
observed seasonality in GPP/SIF. Specifically, the varied correlation strength between temperature
and GPP/SIF across different months was likely the dominant factor for GPP/SIF seasonality in the
temperate region, while that between SWR and GPP/SIF was more important for GPP/SIF seasonality

in the boreal/arctic region.
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In light of the monthly patterns of different climatic controls of GPP/SIF variations, we
visualized the seasonality (ASV) of GPP/SIF in a climatic space formed by growing season mean
temperature and precipitation (Fig. 6). The strongest seasonality was found in intermediate
temperature and precipitation, and decreases toward both wet and dry areas (Fig. 6). This pattern was
consistent across all SIF products, especially for the intermediate temperature and precipitation ranges

with the strongest GPP/SIF seasonality.

With a random forest algorithm, the climatic factors considered collectively explained over 95%
of the spatial variations of GPP/SIF for all growing months. This additional analysis again confirms
the highly variable climatic control of GPP/SIF across months. In Mar and Apr, pre-season solar
radiation was identified as the dominant driver of the GPP/SIF variations (Fig. 7a), with GPP/SIF
dropping off quickly after pre-season radiation reaches ~200 W m (Fig. 7g). In May, temperature
was the dominant driver of the GPP/SIF variations. GPP/SIF increased sharply when temperature
increased from 0°C to 10°C, yet decreasing and then leveling off with higher temperatures (Fig. 7b).

In contrast to the early growing season when radiation and temperature dominated GPP/SIF
variations, for the late growing season (June to October), precipitation, either for the present or the
previous season, exerted the strongest control on the spatial variations of GPP/SIF (Fig. 7a). In all
cases, GPP/SIF initially increased linearly with precipitation in water-limited areas, and then leveled
off (or slightly dropped off) after reaching a certain precipitation threshold (Fig. 7a). In June and July,
pre-season and current month precipitation were equally important for GPP/SIF, with thresholds of
~1600 mm yr! and ~800 mm yr! for pre-season and current precipitation, respectively (Fig. 7a, d, e).
In August, pre-season precipitation was the dominant driver of GPP/SIF variations, with a
precipitation threshold of ~1000 mm yr! (Fig. 7a, €). In September and October, present precipitation
was the dominant driver of GPP/SIF variations, with a precipitation threshold of ~1400 mm yr! (Fig.
7a, d, e). It is also noteworthy that temperature and/or radiation could also explain considerable

variations of GPP/SIF over June-October (Fig. 7a, b, f).

4. Discussion
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Based on four different satellite-based SIF products, in association with FLUXCOM GPP data,
we documented strong seasonal patterns of GPP/SIF across the NH. The hump-shaped GPP/SIF
changes over the growing season suggest that from spring to summer, the increase of GPP is faster
than that of SIF. Similarly, the decline of GPP is also faster than that of SIF moving from summer to
autumn. The seasonality of GPP/SIF, measured by the difference between the maximum and
minimum GPP/SIF values during March to October, showed clear geographical patterns that
decreased from the boreal/arctic to temperate regions, and decreased further for drylands and tropics.
We provided evidence that this seasonal pattern was also highly robust with different GPP and SIF
data sets derived from a variety of satellite observations and modelling approaches, highlighting the
strong seasonality of the GPP/SIF ratio. This finding of the hump-shaped GPP/SIF seasonality,
together with our earlier finding of spatially-variable GPP/SIF ratios (Chen et al., 2020), suggests that
the relationship between GPP and SIF should not be assumed to be constant across time or space.
Thus, using a fixed SIF-GPP relationship to approximate GPP from satellite SIF observations would
cause large errors in GPP magnitudes and temporal patterns. Models incorporating climatic controls,
as well as their seasonal/monthly variations, on the SIF-GPP relationship would help improve the

accuracy of GPP prediction from SIF (Chen et al., 2020).

Modelling algorithms have been used in the generation of these GPP and SIF products. There is
a chance the seasonal pattern observed here may arise from dataset artifacts. However, considering
the very different methods in deriving these gridded GPP and SIF products, for example, between
FLUXCOM and MODIS GPP products, the consistency of the seasonal pattern across these different
products suggest that the chance of dataset artifacts may be small. This seasonal pattern was also
consistently found across different vegetation types in the mid-to-high latitudes. Wetland vegetation
had a higher GPP/SIF when derived from the GOSIF product. It was noticed that SIF was slightly
underestimated for this vegetation type (slope = 0.74; Li and Xiao, 2019). Since SIF values are less
than 1.0, a slight, systematic underestimation of SIF could lead to an overestimation of the resulting

GPP/SIF ratio.

We found that the correlation coefficient between precipitation and GPP/SIF was generally
consistent across different months for both the entire Northern Hemisphere and for individual grids.

On the other hand, the seasonally varying influences of temperature and radiation were likely the
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primary causes for the seasonal variations in GPP/SIF in temperate and boreal/arctic regions,
respectively. For temperate ecosystems, increasing temperature in spring months seemed to enhance
GPP more than to stimulate SIF emission, leading to an increasing GPP/SIF ratio as temperature
continues to increase from spring to summer (Fig. 5a; Fig. 7). In summer months, temperature
increase has little impact on both GPP and SIF, perhaps because temperature is already at or near the
optimum for photosynthesis (Huang et al., 2019). Thus, the correlation between summer temperature
and GPP/SIF is close to zero or even negative. From summer to autumn, with temperature decreasing,
the decline of GPP is faster than that of SIF, hence the GPP/SIF ratio declines again. By contrast, for
boreal/arctic ecosystems where temperature is consistently lower than that required for optimal
photosynthesis (Huang et al., 2019), warming seems to always boost photosynthetic carbon uptake
more than that indicated by SIF reemission. Solar radiation, on the other hand, is consistently
negatively correlated with GPP/SIF in spring months for most regions, suggesting that the increase in
spring radiation stimulates more SIF reemission than photosynthetic carbon uptake when temperature
is the primary factor limiting photosynthetic carbon assimilation in the cool spring. In the
boreal/arctic region, however, increase radiation in summer benefits carbon assimilation and less
proportion of the absorbed radiation reemits as SIF. Finally, we note that the viewing geometry may
vary among different satellite products and across different months, which may also lead to seasonal
variations in GPP/SIF. However, as we discussed before (Chen et al., 2020), such view geometry
difference is much smaller than seasonal climatic variations (Biriukova et al., 2020). Therefore, the
observed GPP/SIF variations across seasons are not likely to be primarily caused by different sensor

geometries.

Mechanistic explanations for the temperature and radiation control of the seasonal variation of
GPP/SIF are so far lacking. Essentially, the variation in GPP/SIF suggests that environmental and
ecophysiological controls of GPP flux and SIF signals may be partly decoupled. The reason of this
partial decoupling may lie in the changing allocation of incoming photons to different paths during
the photosynthetic process under different climate and radiation conditions (Baker, 2008; Rosema et
al., 1998; van der Tol et al., 2009). Previously, we hypothesized that changing stomatal conductance
in response to water stress may explain observed spatial patterns in GPP/SIF. Here the stomatal

explanation of GPP/SIF variations may still hold as precipitation consistently demonstrated a positive
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correlation with GPP/SIF across all months. However, with temperature and radiation dominating the
seasonal variation of GPP/SIF in the temperate and boreal/arctic regions, respectively, it seems that
stomatal conductance may not be the primary cause for the seasonal pattern. Instead, we suspect that
the increasing photosynthetic enzyme activity with temperature may explain the faster increase of
GPP than SIF, thus increasing GPP/SIF ratios. Furthermore, as negative correlations between
GPP/SIF and temperature did occur in some months, such relationships could be associated with high
vapour pressure deficits (VPDs) and stomatal closure. Nonetheless, more direct evidence from field
studies is needed to verify or reject the hypothesis. Furthermore, changing leaf age and leaf phenology
during the growing season can strongly impact photosynthetic efficiency (Wu et al., 2016; 2017) and

thus may also play a role in determining the seasonal GPP/SIF variation.

In addition to these above plant physiological perspectives, canopy structure may also play
some role underlying the seasonal hump-shaped GPP/SIF pattern. Satellite SIF is also affected by
radiative transfer (escape ratio) while GPP is not. During the peak growing season, the canopy is
denser and the escape ratio is lower compared to the early and late growing seasons. This seasonal
change in canopy structure can also lead to a higher GPP/SIF ratio during the peak growing season.
Since the seasonal dynamic of vegetation canopy structure (escape ratio) also has strong correlations
with other climate factors, it is difficult to separate the potential contribution of canopy structure from

that of climate by correlation or machine learning analyses.

Overall, our analyses revealed important seasonal patterns for the SIF-GPP relationship, which
can be corroborated across several SIF products. This seasonal GPP/SIF variation highlights the
importance of incorporating climate and vegetation information in the estimation of GPP from
satellite SIF observations. Assuming temporal invariance of the GPP/SIF relationship to estimate
GPP from SIF observations may lead to incorrect or biased conclusions about interannual and spatial
variations of GPP. The underlying mechanisms for these seasonal GPP/SIF patterns require further
investigation, perhaps by expanding the spatiotemporal coverage of SIF measurements in the field to

encompass a broad range of phenological states, climatic conditions and vegetation types.
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jena.mpg.de/geodb/projects/Data.php; The CRU climatic data are available at http://www.

cru.uea.ac.uk/data/.
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Figure Legends

Fig. 1. Average monthly GPP/SIF (+SD range) for different regions over the Northern Hemisphere
(NH) during the growing season. Please note that GPP and SIF values have been normalized to [0,1]
before calculating their ratios. The definition of the growing season length for each grid followed Zhu
et al. (2016). For each region, we only included months with 50% or more of its area in the growing
season. Each subfigure was derived from FLUXCOM GPP and one of the following SIF products: (a)
GOME-2, (b) GOSAT, (¢) GOSIF, and (d) TROPOMI. GPP, gross primary production; SIF, solar-

induced chlorophyll fluorescence.

Fig. 2. Average monthly GPP/SIF (+SD range) for different vegetation types over the Northern
Hemisphere (NH) during the growing season. The definition of the growing season length for each
grid followed Zhu et al. (2016). For each vegetation type, we only included months when 50% or
more of the area of that vegetation type falls within the growing season. Each subfigure was derived
from FLUXCOM GPP and one of the following SIF products: (a, ) GOME-2, (b, f) GOSAT, (¢, g)
GOSIF, and (d, h) TROPOMI.

Fig. 3. The spatial distribution of the amplitude of seasonal variation (ASV) in GPP/SIF. Here ASV
was calculated as the difference between highest and lowest monthly GPP/SIF values during the
growing season. The definition of the growing season length for each grid followed Zhu et al. (2016).
Each subfigure was derived from FLUXCOM GPP and one of the following SIF products: (a)
GOME-2, (b) GOSAT, (¢) GOSIF, and (d) TROPOMI.

Fig. 4. The spatial distribution of the month with the (a) minimum and (b) maximum GPP/SIF values.

The pie figure in the insets shows the percentage of different months for all the grids.

Fig. 5. Box-whisker plot of the distribution of partial correlation between monthly GPP/SIF and
climate variables: (a) temperature, (b) precipitation, and (¢) short wave radiation, over the Northern

Hemisphere (NH) and for different regions during the growing season.

Fig. 6. The distribution of the seasonal amplitude (ASV) in GPP/SIF across the temperature-
precipitation space. Note that both GPP and SIF were normalized before calculating GPP/SIF ratios.
ASV was calculated as the difference between highest and lowest monthly GPP/SIF during March to
October. Each climatic bin is 4°C (temperature) by Imm day! (precipitation).
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Fig. 7. Relationship between the GPP/SIF ratio and climatic factors based on a random forest
algorithm. (a), the importance rank of climatic factors to the spatial variations of the monthly
GPP/SIF ratio. (b-g), the partial dependence of the GPP/SIF ratio on present-season temperature (b),
pre-season (PS) temperature (c), present-season precipitation (d), PS precipitation (e), present-season

shortwave radiation (f) and PS shortwave radiation (g).
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