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Abstract

Solar radiation is the primary energy source that drives the physical and biochemical processes and determines the gross
primary production (GPP) of an ecosystem. Even though the relationship between solar radiation and GPP is acknowledged,
no radiation index (RI) has been developed to estimate GPP. Using data consisting of a total of 267 site-years obtained from
54 flux sites of diverse ecosystems, we introduced a RI that showed a strong linear relationship with GPP. Importantly, the
estimation of GPP using the RI is independent of ecosystem types, making it a simple and universal method to estimate the
productivity of any terrestrial ecosystems. The results from this study demonstrated the reliable performance of the RI in

estimating GPP and its potential application in upscaling and prediction.

INTRODUCTION

Gross primary productivity (GPP) is the rate at which solar energy is utilised by plants to capture the
greenhouse gas carbon dioxide (COz2) in the atmosphere. Knowledge of GPP in diverse terrestrial ecosystems
is critical for quantifying the feedbacks of natural ecosystems to climate change and predicting future climatic
changes (IPCC, 2013; Falkowski et al., 2000; Campbell et al., 2017; Quere et al., 2000).

Eddy covariance (EC) flux towers provide continuous and integrated measurements of net ecosystem COq
exchange from which the ecosystem GPP can be estimated (Baldocchi et al., 2001; Baldocchi, 2003; Reich-
stein et al., 2005). Currently, over 900 flux sites across the globe employ the EC technique to study carbon
cycling in various ecosystems, and much of this data can be found on the FLUXNET database (fluxdata.org).
Although the number of sites with an EC system has been rapidly increasing in recent decades, the monitored
sites still account for only a small fraction of the global ecosystems. This is largely due to: (1) the relatively
small footprint area of EC (i.e. usually within a radius of 1 km) and (2) the lack of accessibility in many



remote areas. Therefore, there is a need for approaches that estimate GPP over extensive areas without EC
systems.

Process-based ecological models simulate GPP depending on environmental variables that constrain plant
photosynthesis (such as solar radiation, temperature, precipitation, nutrient limits, etc.) and plant-specific
parameters (such as the maximum photosynthetic rate). However, these models tend to be complex and
need many parameters when compared with empirical models (Loarie et al., 2011; Gustafson, 2013; Gitelson
et al., 2016; Jiang & Ryu, 2016; Lin et al., 2020). The different parameterisations used in these models
often result in large differences in their estimated carbon dynamics (Cramer & Field, 1999; Lin et al., 2017;
Running et al., 2000).

Net radiation, which is the balance of total radiation input/output for an ecosystem, indicates the energy
that is retained within the system over a given time period. In theory, the energy retained is partially
converted into heat that is transmitted throughout the system with the rest being mostly fixed by plants
through photosynthesis (Running et al., 2004; Wu et al., 2010; Xiao et al., 2010). Therefore, we hypothesised
that a radiation index (RI) that reflects the proportion of radiation energy fixed through photosynthesis is
indicative of GPP. To test this hypothesis, we developed an RI based on the radiation balance and investigated
its relationship with GPP at different temporal scales using EC data from 54 sites of diverse terrestrial
ecosystems. Due to the easy access of radiation data globally through satellite-based remote-sensing products
(Monteith, 1972; Heinsch et al., 2003; Sjostrom et al., 2013; Xin et al., 2015), this radiation-based approach
would be an important alternative for GPP estimation, upscaling and prediction and has the potential to
be implemented globally.

METHODS

Radiation index

In this study, we formularised an RI based on different radiation components as follows:
RI= Bl (1)

R, =(DSR+ DLR)— (USR+ULR), (2)

I=ULR- DLR, (3)

where Rn is the net radiation which indicates the net energy balance of an ecosystem and/ the effective
radiation which reflects the net heat transmissions within a system through long-wave radiations (Law et al.,
2000; Turner et al., 2003; Verma et al., 2014). In theory, the difference between Rn and I can be indicative of
the radiation that is absorbed by an ecosystem through photosynthesis. DSR is the downwelling short-wave
radiation, also known as global radiation, which is included to normalise Rn and I so that the RI could be
applicable in different seasons and regions with variable radiation inputs into a system. DLR, USR and ULR
are the downwelling long-wave radiation and upwelling short- and long-wave radiation, respectively (Figure

1).
Study sites and data

We obtained the gap-filled 30-min data, including the four components of radiation (DSR, USR, DLR,
ULR; W[?Jm2) and GPP (g[?]C[?Jm2[?]time™!), of 54 sites with EC flux towers from FLUXNET
(https://fluxnet.org), OZflux (http://www.ozflux.org.au) and ChinaFlux (http://www.chinaflux.org/) (Fig-
ure 2; Table S1). The dataset consists of a total of 267 site-years and covers a wide range of vegetation types,
including tropical rainforests, subtropical evergreen forests, temperate deciduous forests, coniferous forests,
shrub lands, savannas and grasslands, across North America, Europe, Asia and Australia. Each ecosystem
type includes at least three sites in different regions to ensure its regional representativeness (Table S1). The
instrumentation information of each site is also outlined in Table S1.

Statistics



In order to show the results of different ecosystem types, we selected a representative site for each ecosystem
type. Significant differences between mean values were tested using one-way ANOVA. All data processing
and statistical analyses were conducted using the Statistical Analysis System (SPSS 22.0 Software, SPSS
Inc. 2013, IBM, Armonk, NY, USA).

RESULTS
Variations of Rn/DSR and I/DSR

Figure 3 shows the seasonal variations of Rn /DSR and I /DSR for seven sites representing each of the
seven ecosystem types studied. The variations of Rn /DSR were negatively correlated with thel /DSR. In
the tropical and subtropical forests, Rn /DSR was higher than I /DSR over the entire year. By contrast,
for other ecosystems that are associated with a strong seasonality, Rn /DSR became lower than I /DSR
in the winter or non-growing seasons. Accordingly, the difference between Rn /DSR and I /DSR, which is
the RI, varied among the different sites with the greatest seen in the tropical rainforest and smallest in the
grassland.

Relationship between the RI and GPP at monthly and daily scales

The monthly GPP showed positive relationships with the RI in all the ecosystems. The correlations were
significant (p < 0.05) in most of the sites except for the tropical rainforest (MY_PSO), where the correlation
was weak (R? = 0.15, p = 0.07) (Figure 4). Besides the tropical rainforest site, the RI explained 73-88% of
the GPP variance at the monthly scale, with the greatest explanatory degree presented in the subtropical
evergreen forest.

The daily variations of the GPP and RI at the selected sites also showed significant correlations (p < 0.05),
except in the tropical rainforest (MY_PSO) (Figure 5). Besides the tropical rainforest, the explanatory
degrees of RI were between 40% and 71%, which were lower compared with those at the monthly scale.

Relationship between the RI and GPP at the annual scale across all sites

A strong linear relationship was observed between the annual GPP and RI across all 267 site-years (Figure
6). The RI explained 85% of the variance in the annual GPP.

DISCUSSION
Advantages of the RI

This study introduces a new index based on radiation balance to estimate GPP of terrestrial ecosystems
of diverse vegetation types. By implementing a simple linear regression equation, RI is a universal index
that provides satisfactory estimations of GPP, especially at the annual scale, regardless of the ecosystem
types. This approach can be an alternative to the expensive conventional EC method, especially in places
where implementation of EC system is not possible. The index also has great potential to be used for GPP
upscaling and prediction at the global scale, which needs further evaluations.

The GPP estimation using process-based and empirical models requires complex inputs from meteorological
and vegetation observations in addition to remote-sensing data (Huete et al., 2008; Harris & Dash, 2011;
Ma et al., 2014; Zhang et al., 2016; Sims et al., 2006, 2008; Jiang & Ryu, 2016; Wonsick et al., 2014). The
required data in these models were often not available at a sufficient temporal or spatial scale (Sims et al.,
2008; Zhang & Zhao, 2014). For example, inputs of the vegetation photosynthesis model (VPM) include
both leaf chlorophyll content and chlorophyll-level fraction of absorbed photosynthetically active radiation
(FPARCch]) across various terrestrial biomes over time. However, obtaining extensive field measurements of
chlorophyll content at different levels is a challenging task (Zhang et al., 2016). Any uncertainty associated
with the observations (e.g. sample size) will be propagated throughout the model simulation and will affect
the final estimation. By contrast, the RI approach requires only radiation variables as inputs, which can be
reliably measured in situ using a net radiometer (Prince, 1991; Gower et al., 1999; Xiao et al., 2005; Tang et
al., 2015) or acquired from satellite-based remote-sensing products (Zhou et al., 2007; Bonan, 2008; Jackson



et al., 2008; Kosugi et al., 2008; Pitman et al., 2011). Therefore, the simplicity of RI makes it an approach
with a great potential for wide implementation.

Ecological significance of the RI

Forests generally absorb more solar radiation than grasslands or shrub lands, resulting in a lower albedo at
the surface. In particular, tropical rainforests, with high canopy wetness and darker leaves, have a canopy
albedo as low as 0-5% (Yanagi & Costa, 2011). This explains the high ratio of Rn to DSR found in tropical
rainforests compared with other ecosystems (Figure 3). At the same time, forests generally have high
evapotranspiration rates and maintain a relatively cooler canopy surface temperature as compared with the
ambient temperature (Helliker & Richter, 2008; Rotenberg & Yakir, 2010; Arora & Montenegro, 2011; Lee et
al., 2011; Lawrence & Vandecar, 2014). Therefore, the amount of long-wave radiation transmitted from this
cooler canopy surface (ULR) is low. On the other hand, due to the high air temperature, the DLR is high
in tropical rainforests, resulting in an overall decrease in the effective radiation (i.e. ULR-DLR) (Figure 3).
Hence, the large difference between Rn /DSR and I /DSR throughout the season, as shown in the tropical
rainforest in Malaysia (MY _PSO; Figure 3), is likely a result of the combination of high photosynthesis and
evapotranspiration. The opposite can be applied to ecosystems like grasslands, where low net radiation and
high ULR are present, resulting in smaller RI values (Figure 3).

In this study, by analysing different radiation components measured at the surfaces of various ecosystems,
we sought to understand the quantity of radiative energy retained in the ecosystem as a proxy to estimate
GPP. Garbulsky et al. (2010) suggested that the global GPP is controlled by climatic constraints which
depend on the specific ecosystem type. In this study, we demonstrated that the relationship between RI and
GPP is independent of the ecosystem type, suggesting that the RI is a universal variable that depicts the
productivity of an ecosystem through the overarching radiation properties without needlessly considering
the complex biophysical processes in ecosystems with varying climate and vegetation.

UNCERTAINTIES

Uncertainties are associated with all observations, including radiation measurements. For example, vegeta-
tion heterogeneity can lead to non-uniform radiation interception, and global radiation measurements made
under direct sunlight were found to be lower (about 10%) than those above the canopy (Tuzet et al., 1997).
On the other hand, radiometer readings are greatly influenced by weather. For example, water droplets on
sensors can absorb long-wave radiation, resulting in large deviations in long-wave radiation readings during
rain or dewfall events (Michel et al., 2008). This explains the relatively weak relationship between RI and
GPP at the daily scale. However, these sensor-induced deviations are much less significant at the annual
scale, making the annual estimations of GPP more reliable.
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Figure 1 Schematics of a radiation index (RI) based on the radiation balance and its relationship with gross
primary productivity (GPP). Rn is the net radiation which indicates the net energy balance of an ecosystem;
DSR, DLR, USR and ULR are the downwelling short- and long-wave radiations and upwelling short- and
long-wave radiations, respectively; and [ is the effective radiation which reflects the net heat transmissions
within a system through long-wave radiations.
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Figure 2 Distribution of the 54 FLUXNET, OZflux and ChinaFlux sites (for details, refer Table S1).
The dataset consists of a total of 267 site-years and covers a wide range of vegetation types, including
tropical rainforests, subtropical evergreen forests, temperate deciduous forests, coniferous forests, shrub
lands, savannas and grasslands across North America, Europe, Asia and Australia.
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Figure 3 Variations of Rn /DSR and I /DSR in the selected tropical rainforest, subtropical evergreen forest,
temperate deciduous forest, coniferous forest, shrub land, savanna and grassland ecosystems.

Figure 4 Correlations of the monthly radiation index and the gross primary productivity in the selected
tropical rainforest, subtropical evergreen forest, temperate deciduous forest, coniferous forest, shrub, savanna
and grassland ecosystems.

Figure 5 Correlations of the daily radiation index and the gross primary productivity in the selected tropical
rainforest, subtropical evergreen forest, temperate deciduous forest, coniferous forest, shrub, savanna and
grassland ecosystems.

Figure 6 Correlation between annual gross primary productivity and radiation index from 54 flux sites of
diverse ecosystems.
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