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Abstract The carbon sink in pantropical biomes play a crucial role in modulating the inter-annual variations
of global terrestrial carbon balance and is threatened by extreme climate events. However, it has not been
carefully examined whether an increase in tropical gross primary productivity (GPP) can compensate the
decrease during precipitation anomalies. Using the asymmetry index (AI) and multiple GPP products, we
assessed responses of pantropical GPP to precipitation anomalies during 2001-2022. Positive Al indicates that
GPP increases are greater than GPP decreases during precipitation anomalies, and vice versa. Our results
showed an average negative pantropical GPP asymmetry, that is, GPP decreases exceeded the GPP increases
during precipitation anomalies. In addition, a positive Al was found in tropical hyper-arid and arid regions,
which is opposite to the negative Al observed in tropical semi-arid, sub-humid, and humid regions. This suggest
that tropical GPP asymmetry changes from positive to negative as the moisture increases. Notably, a significant
decreasing trend of negative Al was observed over the entire tropical region, indicating that the negative effect
of inter-annual precipitation variations on pantropical vegetation productivity has enhanced. Considering the
model predicted increasing climate variability and extremes, the negative impact of precipitation variability on
tropical carbon cycle may continue to intensify. Lastly, the divergence in Al estimates among multiple GPP
products highlight the need to further improve our understanding of the response of tropical carbon cycle to
climate changes, especially for the tropical humid regions.

Plain Language Summary Tropical biomes play an essential role in controlling the global carbon
balance but has been threatened by extreme climate events recently. Whether the increase in tropical GPP can
compensate the GPP decrease during precipitation anomalies is still poorly known. In this study, we found an
average negative asymmetric GPP response to precipitation anomalies over the entire tropics during 2001-2022,
that is, GPP decreases exceeded the GPP increases during precipitation anomalies. Meanwhile, we found that
the tropical GPP was shifted from positive asymmetry to negative asymmetry as the moisture increases.
Besides, a significantly decreasing trend of GPP asymmetry was observed over the study period, suggesting that
the negative effect of inter-annual precipitation variations on pantropical GPP has intensified.

1. Introduction

Tropical biomes hold the Earth's largest carbon pool (Chen et al., 2017; Pan et al., 2011; Wigneron et al., 2024),
especially for tropical forests accounting for approximately half of the global gross primary production (GPP)
(Wang et al., 2024). Slight fluctuations of tropical forest growth and mortality could profoundly impact the global
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Table 1

Summary of Satellite Model-Based GPP Products

Name GPP category Spatial resolution Temporal resolution Period
VPM LUE 0.05° monthly 2001-2022
BEPS Process 0.072727° daily 2001-2019
MODIS LUE 500 m 8-day 2001-2022
FLUXCOM ML 0.5° monthly 2001-2017
Prentice LUE 0.5° daily 2001-2016
BESS Process 0.25° monthly 2001-2019

Note. LUE, light use efficiency; ML, machine learning; Process, process-based model.

carbon balance, and even exacerbate the rise in atmospheric CO, concentrations (Espirito-Santo et al., 2014).
Extreme climates pose threats to the pantropical terrestrial ecosystems (Niu et al., 2014; Wigneron et al., 2020).
Major droughts and fires occurred in tropical regions in 1982, 1997-1998, 2005, 2010 and 2015-2016, and have
markedly decreased vegetation productivity and increased vegetation mortality (Yue et al., 2017). In particular,
the 2015-2016 El Nifio event induced unprecedented high temperatures and rainfall anomalies in pantropical
regions (Jimenez-Munoz et al., 2016), leading to pantropical regions acted as a carbon source during this period
(Liuetal., 2017; Yue et al., 2017). Despite the return to wetter conditions during La Nifia years could stimulate the
recovery of tropical vegetation production (Yang et al., 2022), the post-drought legacy impacts on plant growth
may still result in persistent declines in tropical vegetation productivity and biomass, countering the expected
productivity recovery from increased precipitation (Wigneron et al., 2020). Whether the pantropical GPP in-
creases can compensate for the GPP decreases during the precipitation anomalies is currently poorly known, and
remains to be studied.

Global terrestrial ecosystem productivity has shown an asymmetric response to wet and dry anomalies (Haverd
etal., 2017; Wang et al., 2022), but inconsistent results regarding pantropical GPP asymmetry have been reported
among different studies, likely owing to the differences in data sources, the complexity of pantropical ecosystems,
and the challenges in accurately measuring pantropical GPP. For example, by using up-scaled GPP estimates
based on eddy covariance (EC) data, a previous study Haverd et al. (2017) reported that tropical GPP exhibited a
positive asymmetry for the past 30 years in response to precipitation anomalies. In contrast, negative asymmetries
with varying magnitude were observed over the pantropical regions (Haverd et al., 2017; Zscheischler
etal., 2014a, 2014b), when using multiple GPP data sets simulated by vegetation models. These discrepancies call
for further studies on the asymmetric pantropical GPP responses to precipitation anomalies.

Previous studies explored possible drivers for GPP asymmetries, and found precipitation to be the dominant
variable controlling the spatiotemporal changes in GPP asymmetry (Ahlstrom et al., 2015), and root-zone soil
moisture as well as aridity have been reported as important indicators for assessing the dynamic of water
availability (Stocker et al., 2019). Moreover, within the era of global warming, plants can develop different water
regulation strategies (isohydric and anisohydric plant functional traits) to improve resistance and resilience to
drought (Konings & Gentine, 2017; McDowell et al., 2008), which may profoundly influence the GPP
asymmetry.

Here, we utilized multiple GPP products to investigate asymmetric GPP responses to precipitation anomalies in
the tropics (here defined as 24°N-24°S, including tropical America, Africa, Asia and Australia) over 2001-2022.
Our aims are to: (a) examine the spatial-temporal patterns of tropical GPP asymmetry, (b) assess the tropical GPP
asymmetry for separate biomes and aridity zones, and (c) analyze the influence of multiple environmental factors
(average climate state and soil properties) and plant ecophysiological characteristics (isohydricity, canopy height,
and rooting depth) on the tropical GPP asymmetry.
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2. Materials
2.1. GPP Data Sets

1. Satellite model-based GPP. Multiple GPP data sets were utilized to compute tropical GPP asymmetry
(Table 1), including the vegetation photosynthesis model (VPM) GPP (Zhang et al., 2017), boreal ecosystem
productivity simulator (BEPS) GPP (Chen et al., 2019), moderate resolution imaging spectroradiometer
(MODIS) GPP (Running et al., 2015), FLUXCOM GPP (Jung et al., 2019), Prentice GPP (Stocker
etal., 2020), and breathing earth system simulator (BESS) GPP (Jiang & Ryu, 2016). Considering that the raw
spatial resolution is 0.25° for multiple environmental variables (see Section 2.2 for details of environmental
variables), these satellite model-based GPP used here were aggregated to 0.25° spatial resolution, and aver-
aged for each hydrological year (October—following September):

The GPP product from the VPM model (GPPyypy;) Was generated by an advanced light use efficiency (LUE)
algorithm, using satellite vegetation data (i.e., MODIS enhanced vegetation index (EVI) and land surface water
index (LSWI)) and national centers for environmental prediction (NCEP) climate data (Zhang et al., 2017). The
LUE algorithm has been widely used to the global GPP estimates (Zhang et al., 2017), due to its simplicity and the
relatively long time period of data availability. However, the bias in the simulation of the relationship between
water stress and LUE may existed in some LUE-based models (Heinsch et al., 2006), leading to the uncertainties
of GPP estimates. Here, monthly GPPyp), data at 0.05° for the hydrological year of 2001-2022 were selected.

In contrast to the LUE models, the process-based BEPS model additionally considers the CO, concentration and
nutrient deposition effects on GPP, driven by leaf area index (LAI), clumping index, land cover type, climate and
soil data (Chen et al., 2019). For the GPP estimates, BEPS model employs a leaf-level biochemical model with a
two-leaf (i.e., sunlit and shaded leaves) upscaling scheme from leaf to canopy, combined using the Farquhar
model (Chen et al., 1999). Daily GPPggpg data (spatial resolution, 0.072727°) for the hydrological year of 2001—
2019 were used.

The MODIS MOD17A2H V6 GPP product (GPPy,opys) is calculated based on a MOD17 algorithm, using a LUE
approach (Running et al., 2015). However, the MOD17 algorithm assumes that the LUE for each vegetation type
remains constant (Running et al., 2015), and optical remote sensing measurements are susceptible to atmospheric
conditions, especially in the tropics where cloud cover and aerosol effects occurred frequently (Zeng, Hao,
et al., 2022), potentially affecting the accuracy of GPP estimates. Considering the relatively long time period of
GPPyopis. 8-day GPPy, o s data (spatial resolution, 500 m) for the hydrological years of 2001-2022 were used.

The FLUXCOM GPP product (GPPg; yxcom) 1S generated by upscaling the EC fluxes of FLUXNET observa-
tions to global scale based on machine learning (Jung et al., 2019). It should be noted that the uncertainty of
FLXCOM GPP is higher in the tropics than in other regions, owing to the complexity of tropical ecosystems and
limited FLUXNET sites in the tropics (Jung et al., 2020). The FLUXCOM includes various GPP subsets driven by
diverse meteorological data sets. Here, the monthly FLUXCOM GPP forced by the CRU-JRA data (spatial
resolution, 0.5°) over the period 2001-2017 was selected, as it covered the longest time period.

The Prentice GPP, being a LUE-model based GPP product (GPPp,¢ice), 18 forced by the site-scale carbon and
water flux measurements (Stocker et al., 2020). Daily Prentice GPP (spatial resolution, 0.5°) from 2001 to 2016
was used.

The BESS V2 GPP (GPPgggs) is derived by a process-based model that coherently integrated land-atmosphere
physical and biochemical processes (Jiang & Ryu, 2016). Monthly BESS GPP (spatial resolution, 0.25°) for the
hydrological years of 2001-2019 were used here.

(2) Site GPP. Two ground-based site level GPP data sets (GPP) were selected to confirm the pantropical GPP
asymmetry based on the satellite observations, including FLUXNET2015 (Pastorello et al., 2020) and
Terrestrial Ecosystem Research Network (TERN) data set (Karan et al., 2016).

For the FLUXNET 2015 data set, the monthly GPP reference data derived by a day-time flux partitioning method
were selected. For the TERN data set, the monthly GPP data generated from artificial neural networks were
selected, because some TERN sites do not provide GPP data produced from the day-time approach.

Since there are a limited number of EC sites providing flux measurements in tropics, only eight EC sites having an
observation period longer than eight hydrological years were available for this study (Table 2), consisting of four
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Table 2
Summary of the GPP Flux Sites

Site ID Data set Latitude Longitude Vegetation type Period

AU-ASM TERN —22.2828 133.2493 SAV 20112022
AU-CB TERN —16.2382 145.4272 EBF 2010-2021
AU-CT TERN —16.1032 145.4470 EBF 2011-2018
AU-How FLUXNET2015 —12.4943 131.1523 WSA 2001-2013

AU-Stp TERN —17.1507 133.3502 GRA 2009-2020

AU-TTE TERN —22.2870 133.6400 GRA 2013-2020
BR-Sal FLUXNET2015 —2.8567 —54.9589 EBF 2003-2010
GF-Guy FLUXNET2015 5.2788 —52.9249 EBF 2005-2013

Note. SAV, savannas; GRA, grasslands; WSA, woody savannas; EBF, evergreen broadleaf forests.

evergreen broadleaf forest (EBF) sites, two grassland (GRA) sites, one savanna (SAV) site, and one woody
savanna (WSA) site. We further merged WSA into SAV and renamed EBF as forests. Consequently, the
vegetation types of the EC sites were stratified into three classes: forests, savannas, and grasslands.

2.2. Environmental Variables

All the environmental variables were also aggregated to hydrological annual composites at 0.25° resolution, in

order to ensure a uniform spatial resolution.

1.

Precipitation, provided by Climate Hazards Group InfraRed Precipitation with Station Data (CHIRPS) data
set (Funk et al., 2015). CHIRPS is a long-term global precipitation data set that is suited for the monitoring of
drought events accurately (Funk et al., 2015), providing daily and pentad precipitation data at 0.05° spatial
resolution. Here, daily CHIRPS precipitation data during 2001-2022 were selected.

. Root-zone soil moisture (RZSM), derived from the fifth generation of the land component of the ECMWF

reanalysis (ERAS-Land) data set (Hersbach, 2019). ERA5-Land provides monthly averaged soil moisture
(SM) at a 0.25° spatial resolution. In this present study, monthly ERA5-Land SM below 100 cm depth were
selected to calculate the RZSM (in units of m® m™>) during 2001-2022, using a weighted average method (Fan
et al., 2024; Gonzalez-Zamora et al., 2016; Martinez-Fernandez et al., 2019) as follows:

RZSM = 0.07 X 070 + 0.21 X Og0m + 0.72 X 0, 00em (1)

where 65, Or5.m»> and 6. represent the 0-7, 7-28 and 28-100 SM, respectively.

. Vapor pressure deficit (VPD), provided by the TerraClimate data set (Abatzoglou et al., 2018). Monthly VPD

data (kPa) for 2001-2022 with 1/24° resolution were selected.

. Photosynthetically Active Radiation (PAR), derived from the ERA5-Land data set (Hersbach, 2019). ERAS-

Land provides monthly downward shortwave radiation at the spatial resolution of 0.25°. We converted the
original unit (J m™>) to the W m™> through dividing by the accumulation period. Monthly ERA5-Land
downward shortwave radiation from 2001 to 2022 were converted to PAR by multiplying a factor of 0.5
(Chen et al., 1999).

. Air temperature, obtained from ERAS5-Land data set (Hersbach, 2019). The ERAS5-Land provides above-

ground air temperature at 2 m. We converted an original unit (K) into degrees centigrade (°C). Monthly ERAS-
Land air temperature for 2001-2022 were selected.

2.3. Ancillary Data Sets

All ancillary data sets were aggregated to a 0.25° resolution for ensuring a uniform spatial resolution across the

whole study.

1.

Land cover map, derived from the MODIS MCD12Q1 product at 500-m spatial resolution during 2001-2020
(Friedl et al., 2019). The MCD12Q1 land cover map with the International Geosphere-Biosphere Program
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(IGBP) land cover classification was used to identify the land cover type for each pixel. Pixels dominated by
croplands and non-vegetated land cover types were excluded. We further merged evergreen needleleaf forests,
evergreen broadleaf forests, deciduous needleleaf forests, deciduous broadleaf forests, and mixed forests into
forests. Closed shrublands and open shrublands were merged into shrublands. Woody savannas were merged
into savannas. All pixels where land cover change has occurred during 2001-2020 were excluded from further
analysis. Accordingly, tropical vegetation is characterized by four land cover types (Figure S1a in Supporting
Information S1), namely, forests (covering 29.21% of the tropical region), shrublands (covering 8.69% of the
tropical region), savannas (covering 29.12% of the tropical region), and grasslands (covering 32.98% of the
tropical region).

. Forest cover loss, defined as a stand-replacement disturbance or a change from a forest to a non-forest state.

We calculated forest loss rates at 0.25° spatial resolution by Hansen forest cover loss map (Hansen
etal., 2013), namely, the percentage of forest cover loss areas within each 0.25° pixel during the period 2001—
2022. All pixels with more than 5% forest loss rates were defined as forest cover loss regions and were
excluded from further analysis.

. Forest degradation, defined as a disturbance in the forest canopy that is visible from space over a short time

period, leading to biodiversity and carbon losses. We calculated forest degradation rates at 0.25° spatial
resolution by Vancutsem forest degradation map (Vancutsem et al., 2021), namely, the percentage of forest
degradation areas within each 0.25° pixel. All pixels with more than 5% forest degradation rates were defined
as forest-degradation regions and were excluded from further analysis.

. Aridity index, is provided by Global Aridity Index V3.0 data set (Zomer et al., 2022) at the spatial resolution of

30 arc-seconds, is computed by the ratio of precipitation to potential evapotranspiration from WorldClim V2.1
data set (Zomer et al., 2022), which can be used to indicate the moisture of the pantropical regions.
Accordingly, tropical drylands are defined by aridity index <0.65 and include four sub-types (Berg &
McColl, 2021): hyper-arid (aridity index < 0.05), arid (0.05 < aridity index < 0.2), semi-arid (0.2 < aridity
index < 0.5), and sub-humid regions (0.5 < aridity index < 0.65). The tropical humid regions are defined by
aridity index > 0.65 (Figure S1b in Supporting Information S1).

. Isohydricity data, estimated using Ku-Band backscatter data (including both V- and H-polarizations) from the

active microwave satellite QuikSCAT (Li et al., 2017). Plants are characterized by different water regulation
strategies through stomatal and xylem regulation, spanning from being strictly isohydric to highly anisohydric
(McDowell et al., 2008). Biomes dominated by isohydric plants are known to develop a conservative
phenological strategy through stomatal closure and leaf drop to reduce water losses and avoid hydraulic failure
(leading to a relative stability of leaf water potential) during the drought period (McDowell et al., 2008).
Biomes dominated by more anisohydric plants, by contrast, could keep their stomata relatively open and
effectively allow leaf water potential to decrease as SM declines during moisture deficit states (McDowell
et al., 2008). In accordance with the static isohydricity data, higher values indicate more anisohydric func-
tioning, and lower values indicate more isohydric functioning (Li et al., 2017). Here, only the V-polarization
isohydricity data at a 0.05° spatial resolution were selected, as two polarizations (H and V) of QuickSCAT
exhibit similar spatial patterns of isohydry/anisohydry estimates (Li et al., 2017).

. Maximum rooting depth, provided from the European Commission EartH2Observe and estimated from an

inverse model (Fan et al., 2017). Maximum rooting depth at a 30” (~1-km) spatial resolution was selected.

. Canopy height, derived from Global 1 km Forest Canopy Height database (Simard et al., 2011). The canopy

height product was calculated using the 2005 GLAS LiDAR measurements, combining the tree cover and
meteorological data.

. Soil organic carbon (SOC) and soil sand fraction, derived from Harmonized World Soil Database (HWSD)

version 1.2 (Wieder, 2014). Here the 0.05° spatial resolution SOC and soil sand fraction from the depth of 0-
30 cm were selected.

3. Methods
3.1. Asymmetry Index

An asymmetry index (AI) was applied to assess asymmetric GPP responses to precipitation anomalies in the
tropics. For each pixel, we filtered out linear trends from the time series of GPP and precipitation to avoid spurious
GPP-precipitation correlations due to long-term trends. On this basis, we computed the standardized anomaly
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(SA) of detrended GPP and precipitation, for better understanding the relative difference in the GPP asymmetry
across biomes and aridity gradients:

X —-X
XSA,[ = ! pu (2)

where X is the detrended GPP or precipitation, Xg ; represents the SA value of X in the year i. X and & indicate the
long-term mean and standard deviation value of X over the study period, respectively. We partitioned the pre-
cipitation anomalies into wet and dry anomalies, and defined the wet anomalies (or wet years) and the dry
anomalies (or dry years) as the years with precipitationg, value > 1 and precipitationg, value < —1, respectively
(Zaveri et al., 2020).

We further calculated the tropical GPP responses during the wet and dry anomalies, as follows:

GPPW = GPPSA,We[ (3)
GPPD = GPPSA,dry (4)
Al = GPPy, + GPP, 5)

where GPPy, and GPP;, represent the response of pantropical GPP to wet and dry anomalies, respectively.
Moreover, Al is calculated by the sum of GPPy;, and GPPj,. Al > O indicates a positive GPP asymmetry, indicating
that GPP increases are higher than GPP decreases during the precipitation anomalies, and vice versa for Al < 0.
By using this method, we also calculated the precipitationy, and precipitationp, values to represent the intensities
of wet and dry anomalies, and calculated the Al values of precipitation to represent the asymmetric distribution of
wet and dry anomalies (Figure S2 in Supporting Information S1). Generally, our results showed that the spatial
distribution of wet anomalies matched with the spatial distribution of dry anomalies (Figures S2a and S2b in
Supporting Information S1), and that the Al of precipitation anomalies is close to neutral (Figure S2c in Sup-
porting Information S1). Thus, this method ensures that the GPP asymmetry is caused by the intrinsic asymmetric
sensitivities of GPP to the precipitation anomalies, rather than the asymmetry caused by the asymmetric distri-
bution of precipitation anomalies over the tropics (Zhao et al., 2022).

3.2. Analysis of GPP Asymmetry

One-way analysis of variance (ANOVA) was used to examine the statistical differences (P < 0.05) in GPP
asymmetry for each biome and aridity zone (Sun et al., 2023). To analyze how the magnitude of precipitation
anomalies affects the GPP asymmetry, we varied the magnitude of precipitation anomalies used for analysis by
changing the precipitationg, thresholds that define the wet and dry anomalies (ranging from +1 to +2) (Fami-
glietti et al., 2021). We calculated the Al value for each flux site (Algc) based on the available time periods of the
flux sites and computed Pearson's correlation coefficient (P < 0.05) between Alge and the Al values of the
corresponding remote sensing pixels, in order to compare biome-scale and site-scale Al values in the tropics.

Based on previous studies (Al-Yaari et al., 2020; Chang et al., 2023), we selected a 11-year temporal moving
window to compute the running mean of the Al value, and used a linear regression method to analyze the trends of
tropical GPP asymmetry. For details, we computed the SA values of detrended GPP and precipitation over the
entire period of 2001-2022, to ensure that the mean GPP and variance of GPP in each temporal moving window
remained consistent. Then we used the corresponding SA values of detrended GPP and precipitation in each
window to generate the time series of Al, which was used to calculate the trends of tropical GPP asymmetry. In
addition, we selected different window lengths (9, 11, 13, 15 years) to test the robustness of the tropical GPP
asymmetry trends (see Section 4.2). Here, GPP asymmetry trends with P < 0.1 were regarded as statistically
significant. Moreover, all variables used to analyze the influencing factors on tropical GPP asymmetry were
unified as static data by calculating multiyear average values.

FAN ET AL.

6 of 20

35UB017 SUOWIWOD dAIR81D a|ced||dde sy Ag pautenob ale S ie YO ‘asn Jo SajnJ oy Akeiq1T8uluQ AB|1/W UO (SUONIPUOD-pUe-SWIB)W0D A | 1M Afeld 1 Bu|uo//:Sdny) SUOIPUOD pue SWid | 8y} 88S *[720z/TT/ZT] uo ArelqiauljuQ A1 9oueld auelyooD Aq 09/700431202/620T OT/I0p/wod A3 1M Areiqipuljuo'sgndnBe//:sdny woly pepeojumod ‘0T ‘v20g ‘1.2v8Zee



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2024EF004760

1.5

Al

Al

Al

Al

9°N

9°S
18°S -

Al

1.5
1.5
Uo
-1.5
—— 15
_, 1.5
{8 2, e
¢ P g R 0
15
/ o
» 0
- 15
1.5
io
-1.5

120°W

60°W

Figure 1. Spatial patterns of the GPP asymmetry in the tropics during 2001-2022: (a) Alypyg; (b) Alggps; (©) Alyopiss () Alg uxcoms: (€) Alpreniices () Algggs-

4. Results
4.1. Spatial Patterns of Tropical GPP Asymmetry

Across the different GPP products, the spatial pattern of the tropical GPP asymmetry was generally consistent in
drylands but different in humid regions (Figure 1), with negative Al values mainly observed in most parts of
tropical America, central and southern tropical Africa, Madagascar, New Guinea, and northern Australia. By
contrast, positive Al values were mainly located in southeastern Australia.

During 2001-2022, the response of GPP to precipitation anomalies exhibited an overall negative asymmetry over
the entire pantropical regions (—0.115 for Alg yxcom, —0.104 for Alggpg, —0.081 for Alypy;, —0.072 for
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Alyiopiss —0.071 for Algggg, —0.041 for Alp.nice) (Figure 2). This suggests that the GPP decreases generally
exceed the GPP increases in response to the precipitation anomalies. The Al values of GPP were consistently
negative for forests, savannas, and grasslands, with savannas displaying the strongest negative Al value for most
GPP products (Figure 2). Specifically, in the case of GPPyp,,, the negative asymmetry in grasslands
(Alypy = —0.057) is caused by a larger GPP decrease during dry anomalies (GPP, = —0.387) as compared to the
GPP increases during wet anomalies (GPPy, = 0.33) (Figures S3a, S3b and S4a in Supporting Information S1). In
contrast, a negative GPP asymmetry in forests (Alypy; = —0.084) is due to a larger GPP decrease during wet
anomalies (GPPy, = —0.486) than GPP increases during dry anomalies (GPP, = 0.402) (Figures S3a, S3b and
S4a in Supporting Information S1). For savannas, GPP decreased in both wet and dry anomalies
(GPPy = —0.104, GPP, = —0.014), leading to the strongest negative asymmetry in savannas (Alypy = —0.118)
(Figures S3a, S3b and S4a in Supporting Information S1). However, different Al results from GPP products were
found in shrublands, as indicated by the Alypy (—0.036), Alggpg (—0.021), and Alg; yxcom (—0.156) showing
negative values, while the Aly;ops (0.139), Alp,cpice (0.155), and Alzggg (0.256) show positive values (Figure 2).

The positive and negative asymmetry found at the biome-level could be observed at site scale, using the
FLUXNET2015 and TERN GPP data sets (Figure 3). The Al values of EC-based GPP varied across tropical EC
sites, ranging from a minimum value of —0.584 at GF-Guy to a maximum value of 0.924 at BR-Sal for the forest
sites, from a minimum value of —0.083 at AU-How to a maximum value of —0.024 at AU-ASM for the savanna
sites, and from a minimum value of —0.284 at AU-Stp to a maximum value of 1.055 at AU-TTE for the grassland
sites (Figure 3a). The highest correlation between satellite model-based Al values and ground-based Al values
was found for GPPypy (R = 0.88), followed by GPPy;oprs (R = 0.8), GPPgggs (R = 0.07), while low or even
negative correlation values were found for the other products: GPPp, ¢ ice (R = —0.04), GPPggps (R = —0.63), and
GPPg uxcom (R = —0.78). Consequently, given the high correlation between Al and Alypy, and the longest
period of data availability for GPPypy,, the following analysis was mainly based on the Al py results.
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Figure 3. Asymmetric response of GPP to precipitation anomalies at site scale using FLUXNET2015 and TERN data set.
(a) The asymmetry index (AI) value for each site. The relationships between Al and Alypy, Algeps: Alviopiss Alsruxcoms
Alp epiice> and Algggg were shown in (b—g). The Al value for each site is calculated based on the time period of the flux sites.
R indicates Pearson's correlation coefficient. * indicates P < 0.05 and ** indicates P < 0.01.

Additionally, the GPP asymmetry differed in sign across the aridity zones (Figure 4). Most positive Al values
were found in hyper-arid regions, followed by arid, semi-arid, sub-humid, and humid regions. The strongest
negative values of asymmetry were observed in tropical humid regions as the GPP decreases cannot be
compensated by the GPP increases during precipitation anomalies (Figures S3 and S4 in Supporting Informa-
tion S1). Furthermore, by modifying the precipitationg, thresholds used to identify precipitation anomalies, we
found that the negative Al values decreased with a higher precipitationg, threshold (Figure S5 in Supporting
Information S1), indicating that the negative GPP asymmetry over the tropics is robust over a wide range of the
considered precipitationg, threshold, and that an increase in precipitation anomalies can have a negative impact
on pantropical GPP asymmetry.

Overall, these results suggest that the pantropical regions generally showed a negative asymmetry in response of
GPP to precipitation anomalies during 2001-2022. Also, the sign of the asymmetry varied across biomes and arid
zones, with hyper-arid and arid biomes tending to exhibit positive asymmetry relative to the other biomes.
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4.2. Trends of Tropical GPP Asymmetry

We investigated the trends of the GPP asymmetry during 2001-2022 using a 11-year moving window (Figure 5).
Spatially, significant increasing trends (P < 0.1) in Alypy; Were observed for 29.91% of all pixels in the tropics,
mainly distributed in southern tropical America, Madagascar, and eastern Australia (Figure 5a). Areas with
significantly decreasing trends (covering 32.51% of the tropical regions) were mainly located in tropical rain-
forests, western Australia, and most parts of tropical Africa (Figure 5a).

Temporally, a significantly decreasing trend of Alypy was found over the entire pantropical area
(Slope = —0.011 years ™', P < 0.05, Figure 5b). This could be attributed to the weakened positive GPP response to
wet anomalies (Slope of GPPy, = —0.006 years™!, P > 0.05) and the enhanced negative GPP response (Slope of
GPPp, = —0.006 years ™', P < 0.05) to dry anomalies for the entire pantropical regions (Figure S6a in Supporting
Information S1). For the results of GPPypy,, the average Al is negative during 2001-2022 (Figure 5b), and the
percentage of negative Al is higher than positive one (Figure 5c), except for the periods centered on the year 2007.
Similarly, the decrease of Al values over the study period was also found in GPPy;ops (Slope = —0.01 years™",
P > 0.05) (Figure S7 in Supporting Information S1). In addition, we selected multiple window lengths (9, 11, 13,
15 years) to test the robustness of the tropical GPP asymmetry trends, and found that both GPPy,py; and GPPy;op;5
show a decrease in GPP asymmetry across different length windows (Figures S8 and S9 in Supporting Infor-
mation S1). These results suggest an overall decreasing trend of negative GPP asymmetry in the tropics during
2001-2022.

Interestingly, different trends of Alypy; values were found across aridity zones (Figure 6). During the 2001-2022
period, a decrease in Alypy; values was observed over the arid (Slope = —0.026 years™!, P < 0.01, Figure 6b),
sub-humid (Slope = —0.008 years™", P > 0.05, Figure 6d) and humid regions (Slope = —0.013 years™', P < 0.05,
Figure 6d). Specifically, a decreasing trend of Al py, in arid regions is mainly attributed to the combination of a
weakened positive GPP response to wet anomalies (Slope of GPPy, = —0.013 years™, P < 0.05, Figure S6¢ in
Supporting Information S1) and an enhanced negative GPP response (Slope of GPP, = —0.013 years ™', P < 0.01,
Figure S6c¢ in Supporting Information S1) to dry anomalies. The decrease in Alypy; in sub-humid regions is
attributed to the greater enhanced positive GPP response to wet anomalies in comparison to the enhanced negative
GPP response to dry anomalies (Figure S6e in Supporting Information S1). For the humid regions, the decrease in
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Figure 7. Trends of the tropical GPP asymmetry for different biomes during 2001-2022 from GPPyp,, calculated using a 11-year moving window: (a) Forests;
(b) Shrublands; (c) Savannas; (d) Grasslands. The shaded areas represent the 95% confidence interval. * indicates P < 0.05 and ** indicates P < 0.01.

Alypy Was mainly due to the significant decrease in the positive response of GPP to dry anomalies (Slope of
GPPp, = —0.013 years™ ", P < 0.01, Figure S6f in Supporting Information S1). By contrast, an increase in the GPP
asymmetry index was observed over the hyper-arid (Slope = 0.031 years™', P > 0.05, Figure 6a) and semi-arid
regions (Slope = 0.003 years_l, P > 0.05, Figure 6¢), which mainly attributed to the enhanced positive GPP
response to wet anomalies (Figures S6b and S6d in Supporting Information S1). Similar results were found in
Alyiopis (Figure S10 in Supporting Information S1). Thus, the magnitude of decreasing Alypys over the arid, sub-
humid, and humid regions is greater than the magnitude of increasing Alypy; over the hyper-arid and semi-arid
regions, leading to an overall decreasing trend of Alypy, over the entire pantropical area.

At the biome level, the Al py; showed a decreasing trend in forests (Slope = —0.025 years ™', P < 0.01, Figure 7a)
and shrublands (Slope = —0.025 years™', P < 0.01, Figure 7b). The decreasing trend of Alypy, in forests and
shrublands is mainly due to the significant weakening in positive response of GPP to dry anomalies (Slope of
GPP,, = —0.016 years™", P < 0.01, Figure S11a in Supporting Information S1) and the significant increasing in
negative response of GPP to dry anomalies (Slope of GPP, = —0.024 years™', P < 0.01, Figure S11b in Sup-
porting Information S1), respectively. Also, the decrease in Alyp,, was found in savannas
(Slope = —0.01 years™!, P > 0.05, Figure 7c), attributed to the greater weakened positive GPP response to dry
anomalies (Slope of GPP, = —0.012 years™ ', P < 0.05, Figure S11c in Supporting Information S1) in comparison
to the weakened negative GPP response to wet anomalies (Slope of GPPy, = 0.02 years™", P > 0.05, Figure S11c
in Supporting Information S1). Similar results of GPP asymmetry were found in Aly;opis, €xcept for forest bi-
omes (Figure S12 in Supporting Information S1). Conversely, an increase in Alypy; Was found in grasslands
(Slope = 0.003 years™!, P > 0.05, Figure 7d), which is due to the enhanced positive GPP response to wet
anomalies (Slope of GPPy, = 0.001 years™", P > 0.05, Figure S11d in Supporting Information S1) and weakened
negative GPP response to dry anomalies (Slope of GPP, = 0.002 years ™', P > 0.05, Figure S11d in Supporting
Information S1).
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4.3. Influencing Factors on Tropical GPP Asymmetry

We investigated how the mean environmental state of vegetation growth modulated the response of pantropical
GPP to precipitation anomalies. The positive asymmetry was observed to decrease with humidity and shift to the
negative asymmetry in areas with aridity index > 0.2 (Figure S13a in Supporting Information S1), corresponding
to transitional zones between tropical arid and semi-arid regions. Notably, the magnitude of GPPy, and GPPp,
values also exhibited a downward trend with increasing aridity index values (Figure S13b in Supporting Infor-
mation S1), suggesting that GPP responses to precipitation anomalies are stronger in relatively dry regions than in
relatively wet regions.

In addition, the positive asymmetry was observed to decrease with precipitation and transition to a negative
asymmetry in relatively high precipitation areas (mean annual precipitation >500 mm, Figure S13c in Supporting
Information S1), akin to a decreasing trend of Al values along the aridity zone. Similar results were found for
RZSM and VPD (Figures S14a and S14d in Supporting Information S1), indicating that the tropical asymmetry
correlates with water availability: water-limited regions (i.e., aridity index < 0.2, mean annual precipita-
tion < 500 mm, RZSM < 0.1 m* m™>, VPD > 2 kPa) exhibit more positive AI, whereas negative Al predominates
in relatively wetter regions.

More pronounced positive Al values are observed along the gradient of radiation, with the positive Al observed in
areas with 400 W m™2 < PAR < 800 W m™2 and 1300 W m ™2 < PAR < 1400 W m~? (Figure S13¢ in Supporting
Information S1). Meanwhile, GPP showed a positive response to dry anomalies in areas with annual
PAR < 1100 W m™2, and this response decreased with increasing PAR (Figure S13f in Supporting Informa-
tion S1). We then examined the partial correlations of inter-annual variations in GPP with PAR, precipitation and
temperature (Figures S15 and S16 in Supporting Information S1), and found that GPP exhibited greater sensitivity
to PAR and temperature over tropical humid regions (e.g., tropical rainforests), followed by precipitation. For the
tropical drylands (i.e., aridity index < 0.65), changes in GPP are mainly correlated with precipitation as compared
to temperature and PAR (Figures S15 and S16 in Supporting Information S1). As a result, increased radiation and
temperature during the wet anomalies contribute to the GPP increase in tropical humid regions, leading to the
positive GPPyy values, and vice versa for the dry anomalies. Yet, a persistent negative asymmetry was observed
along the temperature gradient. Similar results were found for the gradient of soil properties (i.e., SOC and soil
sand content) (Figure S17 in Supporting Information S1). Overall, these results indicate that PAR is a strong
indicator of both positive and negative GPP asymmetric responses to precipitation anomalies across pantropical
regions, especially for the humid regions.

The pantropical GPP asymmetry under different plant physiological and functional traits (i.e., isohydricity,
canopy height, and rooting depth) was also explored (Figure 8). GPP asymmetry increased with increasing
isohydricity (Figure 8a), indicating that the biomes dominated by anisohydric plant functional traits have a
stronger positive asymmetric response to precipitation anomalies than biomes with characterized primarily by
isodydric plant functional traits. In addition, biomes with canopy height < 5 m (Figure 8c) or rooting depth > 15 m
(Figure 8e) exhibited high positive Al values, suggesting that biomes with shorter canopy height or deeper root
length are more prone to exhibiting positive GPP asymmetric responses to precipitation anomalies.

Considering that the tropical asymmetry varied across biomes as well as aridity zones, we further explored the
precipitation-GPP relationship during precipitation anomalies for each aridity zone and biome for better un-
derstanding the asymmetric response of pantropical GPP to precipitation anomalies. A concave-up curve (i.e.,
positive asymmetry) for the precipitation-GPP relationship was found over the hyper-arid and arid regions
(Figures 9a and 9b). By contrast, a concave-down curve (i.e., negative asymmetry) for the precipitation—-GPP
relationship was observed over the semi—arid and sub—humid regions (Figures 9c and 9d). In humid regions, a
negative precipitation-GPP relationship was observed (Figure 9e), that is, GPP increased with increasing dry
anomaly and decreased with increasing wet anomaly.

The precipitation-GPP relationship also varied over tropical drylands (Aridity index < 0.65) and humid areas. A
negative precipitation-GPP relationship was found in humid forests and savannas (Figures S18a and S18c in
Supporting Information S1), while a concave-down curve for the precipitation-GPP relationship was found in
shurblands and dry grasslands (Figures S18b and S18d in Supporting Information S1). No clear precipitation-GPP
relationship was observed in dry forests, dry savannas and humid grasslands (Figure S19 in Supporting
Information S1).
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Figure 8. Tropical GPP asymmetry under different plant physiological and functional traits (a, b) Influence of isohydricity on
asymmetry index (AlI) and GPP,/GPP|, values, respectively. (c, d) Influence of canopy height on Al and GPPy,/GPP
values, respectively. (e, f) Influence of rooting depth on AI and GPP,/GPP, values, respectively. The green line represents
the median Al values, namely, the asymmetric GPP response to precipitation anomalies along the gradient of variables. The
blue and red lines represent the median values of GPPy, and GPP,, respectively, indicating the GPP response to wet and dry
anomalies. The shaded areas represent the range of standard deviations.

5. Discussion
5.1. Evidence of Negative GPP Asymmetry in the Tropics

Our results indicated a negative asymmetry of tropical GPP during 2001-2022, indicating that the GPP increases
are countered by higher reductions of GPP during precipitation anomalies. Compared with prior studies that
emphasized the negative impact of individual climate event (such as 2015-2016 El Nifio event) on pantropical
ecosystem carbon sink (Wigneron et al., 2020; Yang et al., 2022), our findings highlight a predominance of
negative tropical GPP asymmetries, providing additional explanations for the variations of tropical carbon bal-
ance within the context of global climate changes. Our estimated tropical GPP asymmetry differs from a previous
study (Haverd et al., 2017) reporting a positive asymmetry during 1982-2013, especially in Australia, which was
considered as a hotspot of positive GPP asymmetry (Haverd et al., 2017; Li, Kug, et al., 2022; Zscheischler,
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Figure 9. Relationship between Aprecipitation and AGPP for each aridity zone: (a) Hyper—arid regions; (b) Arid regions; (c) Semi-arid regions; (d) Sub-humid regions;
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Mahecha, et al., 2014). This disparity in GPP asymmetry in Australia could be partly attributed to the increased
occurrence of severe droughts, heatwaves, and fires in recent years (Squire et al., 2021), leading to extensive
vegetation mortality and large GPP reductions in Australia (Qin et al., 2022).

5.2. Sensitivity of Tropical GPP to Precipitation Anomalies Under Climate Change

Our findings indicated that the sensitivity of tropical GPP to dry anomalies has increased (Slope of GPP, < 0) in
drylands over the past two decades, consistent with prior studies (Li, Migliavacca, et al., 2022; Tang et al., 2024;
Wei et al., 2023; Zhang et al., 2022). Such long-term variations in the sensitivity of GPP to dry anomalies could be
attributed to the elevated atmospheric CO, concentrations (Tang et al., 2024; Zhang et al., 2022). Compared to
prior studies, our results found a significant decreasing trend of negative asymmetric GPP response to precipi-
tation anomalies in tropics, indicating that the negative impact of inter-annual precipitation variability on tropical
vegetation productivity has been intensified. If this negative trend persists, global climate change will have more
profound negative impacts on tropical carbon cycle.

A precipitation threshold of 500 mm was found to separate areas of positive asymmetry and negative asymmetry.
This observed precipitation threshold found in the tropics is higher than the precipitation thresholds found in mid-
to high-latitude Northern Hemisphere (200-400 mm in USA (Al-Yaari et al., 2020) and in China (300-400 mm)
(Chang et al., 2023)) as well as at global scale (300 mm) (Gherardi & Sala, 2019; Hou et al., 2021). This suggests
that the GPP has a higher sensitivity to precipitation in the tropics than in the Northern Hemisphere. Our results
are consistent with previous studies (Chen et al., 2021; Zeng, Hu, et al., 2022) indicating that vegetation pro-
ductivity remains to be sensitive to precipitation for higher annual rainfall amounts in the tropics compared to in
the Northern Hemisphere. This difference observed between the tropics and the Northern Hemisphere could be
explained by the high sensitivity of Northern Hemisphere vegetation to temperature (Geng et al., 2022; Piao
et al., 2006; Wu et al., 2019).
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Note that a negative precipitation-GPP relationship was found in tropical humid forests and savannas, suggesting
that the tropical humid biomes may not be suitable for the “double asymmetry” conceptual model (Knapp
etal., 2017; Wang et al., 2022). The “double asymmetry” conceptual model suggested an increase or saturation of
GPP during wet anomalies and a rapid GPP decrease during dry anomalies (Knapp et al., 2017). Yet, the
mechanisms of the asymmetric GPP response to precipitation anomalies varied across different aridity zone. This
is because plants can maximize the use of available resources (such as precipitation, solar radiation, temperature,
etc.), and adapt to changes in these resources availability (Seastedt & Knapp, 1993). The relative importance of
these resources is determined by their quantity in relation to the minimum requirement for vegetation growth
(Seastedt & Knapp, 1993), and plants are often more sensitive to the availability of regional limiting resources
(Wu et al., 2022). For instance, water availability is the dominant limiting factor in drylands, and vegetation in
these regions is more sensitive to the variations of water availability as compared to other resource dynamics (Guo
et al., 2015; Huxman, Snyder, et al., 2004). Also, dryland biomes that experienced more frequent occurred water
stress tend to be highly drought-tolerant to buffer the GPP reductions during the dry anomalies (Vicente-Serrano
et al., 2013; Wang et al., 2022), while high precipitation during wet anomalies can stimulate the rapid growth of
dryland biomes and the disproportionate GPP increase (Hsu et al., 2012), leading to a positive asymmetric GPP
response to precipitation anomalies in drylands.

On the other hand, in terms of humid biomes (e.g., tropical rainforests), the GPP response to precipitation are
constrained by biogeochemical factors (e.g., temperature and radiation), which may be more important for these
biomes relative to water availability. For example, during wet anomalies, excessive precipitation in these regions
usually becomes runoff that is not available to vegetation, and the limitations of temperature, radiation, and
nutrient availability will lead to the reduction of vegetation productivity (Dannenberg et al., 2019). During the dry
anomalies, the pulses of radiation and nutrients will facilitate the GPP increases, and the retained soil moisture and
the increased water used efficiency may offset the GPP decreases to some extent (Huxman, Smith, et al., 2004;
Wang et al., 2022). Meanwhile, given the relatively low sensitivity of vegetation productivity to precipitation in
humid regions, tropical humid biomes exhibited a negative precipitation-GPP relationship and a negative
asymmetric GPP response to precipitation anomalies. Overall, these mechanisms above could be used to explain
the GPP asymmetry in different aridity gradient and how changes in environmental factors during precipitation
anomalies affect the tropical GPP asymmetry.

Our findings suggested that biomes dominated by anisohydric plant functional traits showed a stronger positive
GPP asymmetry relative to biomes with primarily isohydric plant functional traits, owing to the fact that the
anisohydric plants are more drought-tolerant than isohydric plants (Konings & Gentine, 2017; McDowell
et al., 2008). Compared to isohydric plants characterized by stomatal closure during drought periods, anisohydric
plants can keep their stomata relatively open to maintain photosynthesis (despite being more vulnerable to the
xylem embolism) (McDowell et al., 2008), thus exhibiting a strong response of GPP to precipitation anomalies
(i.e., biomes characterized primarily by anisohydric plant functional traits have high relative GPPy/GPPy
values).

Combining the results of the tropical Al along the precipitation gradient and the physiological gradient, we found
that the areas with biomes characterized primarily by anisohydric plant functional traits (isohydricity > 0.8)
correspond to water-limited areas (mean annual precipitation < 500 mm, aridity index > 0.2), suggesting that the
anisohydric biomes more sensitive to the variations of water availability than isohydric biomes. This finding is
consistent with a previous study using global remote sensing diurnal observations (Li et al., 2017). In addition, our
results of physiological thresholds indicated that taller biomes (canopy height > 5 m) are likely to exhibited
isohydric plant functional traits, owing to the fact that taller biomes with strong stomatal regulation can constrain
daytime leaf dehydration that cannot be offset by sap replenishment (Konings & Gentine, 2017). Future studies
should combine mean climatic and physiological Al thresholds to further investigate the physiological mecha-
nisms of tropical vegetation under water stress.

5.3. Uncertainties

Note that optical remote sensing—based data sets are typically influenced by cloud cover and aerosols during the
wet season in tropics (Grogan & Fensholt, 2013; Zeng, Hao, et al., 2022), Zeng, Hu, et al., 2022specially for
tropical rainforests. The model-based tropical GPP estimates also suffered from inherent uncertainties of optical
remote sensing measurements, rudimentary representation of biogeochemical process, and insufficient ground
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observation constrains (Beer et al., 2010; Wang et al., 2024). In addition, all satellite-based GPP data, envi-
ronmental variables, and ancillary data used in this study were aggregated to a uniform resolution of 0.25°. This
approach may introduce uncertainties to our results, especially for tropical rainforests characterized by the
greatest species diversity and complex environmental gradients on Earth. For example, multiple biome types
(e.g., forests, shrublands, and savannas) may be mixed in a 0.25° pixel, and the dynamics of climate state within
that pixel was unified. This potentially leads to a loss of data fidelity and limits our ability to assess the asym-
metric GPP response to precipitation anomalies across biomes and arid zones. Besides, only eight EC sites were
used in this study, and most of these sites were concentrated in Australia. These factors may potentially cause
uncertainties in the evaluation of tropical GPP asymmetry.

For better assessing the uncertainties of tropical GPP asymmetry estimates, we calculated the standard deviation
(STD) of Al results across multiple GPP products. Our results showed that the STD values of Al increased with
increasing moisture, with the tropical humid regions exhibited the largest STD values (Figure S20 in Supporting
Information S1). The relatively large uncertainties of Al estimates within humid regions may be attributed to the
varying GPP responses to precipitaiton anomalies across different GPP products, as indicated by the considerable
difference in magnitude and direction of GPPy, and GPPp, values among these products (Figures S3 and S4 in
Supporting Information S1). Hence, the accuracy of tropical GPP estimates should be improved in the future to
better understand the response of tropical carbon cycle to climate changes.

In addition, to test that the asymmetric GPP response calculated in this study (indicated by Al values), we used the
same method (see Section 3.1) to calculate the asymmetric response of GPP to temperature and PAR in humid
regions (Figure S21 in Supporting Information S1). Our results showed that GPP exhibits a negative asymmetric
response to temperature and a positive asymmetric response to PAR. More importantly, significant differences
(P < 0.05) were observed between the patterns of asymmetric response of GPP to temperature, precipitation, and
radiation in tropical humid regions (Figure S21d in Supporting Information S1), indicating that the asymmetric
GPP response is mainly related to precipitation.

Indeed, the precipitation, temperature and radiation availability can significantly affect the GPP changes over the
tropical humid regions (Beer et al., 2010). Although global evidence suggested that the tropical humid biomes,
particularly tropical rainforests, were more sensitive to radiation and temperature than to precipitation (Seddon
et al., 2016), the extent of their sensitivity to radiation, temperature and precipitation remains uncertain (Beer
et al., 2010; Seddon et al., 2016; Stocker et al., 2019). Thus, it is difficult to define whether precipitation is the
dominanting affecting factor on the GPP changes. This means that the asymmetric GPP response calculated in this
study was also partly affected by the temperature and radiation. Future study should further explore the mech-
anism about the asymmetric response of tropical GPP to precipitation anomalies by using vegetation models and
field experiments.

Furthermore, the limited period of data availability (2001-2022) constrains the ability to examine the decadal
trends of GPP asymmetry over the tropics using a long—term moving window (e.g., a 30-year temporal moving
window) and ideally long-term vegetation products should be developed. The calculations of Al values in the
present study are based on wet and dry anomalies (Zaveri et al., 2020), without separately considering the effect of
individual extreme precipitation event on tropical GPP. In addition, although the asymmetric distribution of
precipitation anomalies was still remained, which may introduce uncertainties in this study, we used the multi-
year average of standardized precipitation anomalies to reduce the difference in precipitation intensity during
wet and dry anomalies. The tropical GPP asymmetry for precipitation extremes should be explored further using
vegetation models and field experiments. Several biotic (e.g., vegetation growth potential, biodiversity) and
abiotic (e.g., runoff and drainage) factors may also impact tropical GPP asymmetry. Further assessment of these
factors is necessary to better evaluate the tropical GPP asymmetry.

6. Conclusions

Using the asymmetry index (Al) across multiple GPP products, our results suggested that tropical GPP overall
exhibited a negative asymmetry (Al estimates ranging from —0.115 to —0.041) during 2001-2022, that is, GPP
increases over the tropical regions (GPPy, estimates ranging from 0.018 to 0.591) are less than the GPP de-
creases during precipitation anomalies (GPPp, estimates ranging from —0.694 to —0.099). Most tropical biomes
(i.e., forests, savannas, and grasslands) showed negative Al values, with savannas being characterized by the
strongest negative Al. Although a positive Al was found in hyper-arid and arid regions, values decreased with
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increasing moisture and shifted from being positive to negative. During the period of analysis, a significant
decreasing trend of Al was observed over the entire pantropical area, mainly concentrated in arid, sub-humid,
and humid regions. Conversely, an increase in Al was found in the hyper-arid and semi-arid regions. At the
biome level, a decreasing trend of Al was found in forests, shrublands, and savannas, while an increase in Al was
observed in grasslands. Furthermore, the tropical GPP asymmetry is linked to plant physiological and functional
strategies for water regulations, with biomes dominated by anisohydric plant functional traits exhibiting higher
Al values than biomes with primarily isohydric plant functional traits. Our findings highlight the importance of
considering plant functional traits when exploring the asymmetric responses of GPP to precipitation change.
Future studies should use multiple auxiliary factors (e.g., CO, concentration and nitrogen deposition) and
incorporate ecosystem models to further explore the potential mechanisms underlying pantropical GPP
asymmetry.
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