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1.  Introduction
Phenology controls on photosynthetic seasonality of the tropical forest biome (Chen et  al.,  2021; Wu 
et al., 2016), which accounts for about half of the global forest ecosystem and 34% of global annual terrestri-
al photosynthesis (Beer et al., 2010). However, tropical trees show a wide range of variations in leaf pheno-
typic behavior between individuals, species, and locations (Malhado et al., 2009; Yang et al., 2021). These va-
rieties of leaf phenotypic behaviors include entirely leafless for several months, partially losing their leaves 
for an extended time, dropping and flushing leaves quickly, with continuous leaf turnover throughout the 
year, and with two periods of leaves dropping and leaf flushing (Croat, 1978; Leigh, 1999; Yang et al., 2021).

Notably, bimodal phenology with two high leaf flush, litterfall, and photosynthesis was observed by both in 
situ and satellite observations spanning parts of the tropical region (Chen et al., 2020; Wright et al., 1994). 
For example, Wright et al.  (1994) observed bimodal seasonality of leaf flush with peaks in the early dry 
season and wet season in Barro Colorado Island. The new leaf production of nine tree species in the Bwindi 
Impenetrable Forest, Uganda followed a bimodal pattern (Shaw, 2016). Two seasonal peaks of leaf flower-
ing were also observed in the tropical moist forest of Uttara Kannada district, Karnataka, India in the years 
1983–1985 (Bhat, 1992). The satellite signals, for example, the Enhanced Vegetation Index (EVI), from the 
Moderate Resolution Imaging Spectroradiometer (MODIS) sensor, also observed a bimodal pattern across 
evergreen forests in tropical southern America (Xiao et al., 2006) and northwestern Amazon forest (Liang 
et al., 2015).

Previous debates on the controls of tropical forest phenology mainly vary on the impacts of sunlight and 
water availability on tropical forest phenology (Guan et al., 2015; Liu et al., 2021). Multiple studies suggest 

Abstract Climatic drivers for canopy leaf shedding and flush of evergreen broadleaved forest biome 
are still unclear at the continental scale across tropical and subtropical region. This imposes a challenge 
for modeling pantropical photosynthesis seasonality in Earth system models. Here, we examined three 
potential climatic triggers, vapor pressure deficit–a proxy of atmospheric water deficit, downward 
shortwave incoming solar radiation–a proxy of sunlight availability, and terrestrial water storage–a 
proxy of soil water availability observed by the Gravity Recovery and Climate Experiment, by comparing 
with two satellite phenological proxies–the Enhanced Vegetation Index and Continuous Solar-induced 
chlorophyll fluorescence. Results show that tropical leaf phenology varies greatly from equatorial bimodal 
seasonality to higher-latitude unimodal seasonality. Sunlight availability dominantly controls the whole 
seasonal leaf phenology across the pantropical region. Atmospheric dryness is one main type of water 
stress for leaf phenology during the first half year. However, soil water stress strongly inhibits the first-
half of leaf phenology in tropical Asia and the second-half of leaf phenology in Congo, but shows rare 
constraint on the leaf phenology in Amazon. Ignoring these various roles of soil moisture availability 
and atmospheric dryness in influencing tropical leaf phenology might lead to unexpected uncertainty for 
predicting the water and carbon cycles of tropical forest ecosystem in Earth system models.
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that water is the main constraint for forest growth during the dry season, and even mild drought can de-
crease the net carbon uptake with significant leaf abscission and high mortality rates (Asner et al., 2010; 
Brando et  al.,  2010; Davidson et  al.,  2012; Guan et  al.,  2015; Lewis et  al.,  2011; Liu et  al.,  2017, 2021). 
Ground observations in southern and southwest Amazon show more of a distinct dry season decline in can-
opy photosynthesis due to water stress (Araujo-Murakami et al., 2014; Malhi et al., 2013; Restrepo-Coupe 
et al., 2013; Saleska et al., 2009; Vourlitis et al., 2005). But observations from site and satellite signals (Malhi 
et al., 1998) indicated that some tropical evergreen forests in the northern Amazon increase photosynthesis 
during the dry seasons with slight water stress due to the deeper rooting system for sufficient groundwater 
supply (Huete et al., 2006; Morton et al., 2014). Sunlight is regarded as the main limiting factor for tree 
growth in tropical rainforests (Tang et al., 2017). The enhanced light availability during the early dry season 
can increase canopy leaf area and total productivity of canopy and emergent trees (Huete et al., 2006; Lee 
et al., 2013; Tang and Dubayah, 2017; Wright et al., 1994; Wu et al., 2016).

However, the influences of sunlight and water availability on the bimodal phenology across tropical ever-
green forests remain poorly addressed (Chen et al., 2020; De Weirdt et al., 2012). In a recent study, Chen 
et al. (2020) proposed atmospheric dryness as the main water constraint of leaf phenology and photosyn-
thetic seasonality and tested the impact of vapor pressure deficit (VPD) on litterfall and subsequent canopy 
turnover in the ORCHIDEE model at four Amazon flux tower sites. Results showed good performances for 
modeling leaf phenology and photosynthetic seasonality at three sites in the central Amazon. But missed 
the photosynthetic seasonality of the fourth site near the sea in French Guiana with bimodal phenology. 
Chen et al. (2020) implied that the underlying mechanisms for the two seasonal peaks in tropical phenology 
might differ greatly and attributed the bimodal phenology to be the main causations for the model failure 
at the fourth site.

These previous studies justify the necessity in comprehensively assessing the bimodal phenology across 
tropical forest biome, as well as the underlying causations. The scientific question addressed here was to 
investigate whether the unimodal and bimodal phenology are mainly controlled by soil water availability, 
or atmospheric dryness, or sunlight availability in tropical forests. The MODIS EVI and Continuous So-
lar-induced chlorophyll fluorescence (CSIF) data sets were used to represent the leaf phenology of tropical 
evergreen forests (Wang et al., 2003; Zhang et al., 2018). The Terrestrial Water Storage (TWS) data from the 
Gravity Recovery and Climate Experiment (GRACE) was used as the proxy of soil water availability (Hum-
phrey & Gudmundsson, 2019); VPD was used as the proxy of atmospheric water demand as proposed by 
Chen et al. (2021) and downward short-wave solar radiation (SWdown) was used as the proxy of sunlight 
availability as proposed by Zhang et  al.  (2014). On a continental scale, we examined the unimodal and 
bimodal phenology across tropical evergreen forests using the power spectrum analysis on the time series 
data of above two phenological proxies, and then we partitioned the seasonality into two periods, the former 
period from January to June and the later period from July to December (Sections 2.2 and 2.3). To explore 
separately the seasonal climatic controls of the bimodal phenology, the partial correlation analysis, quadrat-
ic fitting analysis and phase analysis were conducted on analyzing the seasonality of phenological proxies 
against the seasonality of climatic proxies, that is, sunlight, soil water, and atmospheric dryness during the 
January–June period and July–December period, respectively (Sections 2.4, 2.5 and 2.6). The seasonality of 
phenological and climatic proxies was all normalized to the Northern Hemisphere.

2.  Methods and Materials
2.1.  Study Area

Based on the MODIS land cover map (MCD12C1, Sulla-Menashe et al., 2018), we extracted all the pixels that 
belong to tropical evergreen broadleaf forests (TEF) using the International Geosphere-Biosphere Program 
(IGBP) classification across pantropical regions at 0.05° spatial resolution from 2007 to 2016. The study area 
contains three regions: Tropical Asia (15°S–15°N; 92°E−150°E), covering the Indo-China Peninsula and 
the majority of the Malay Archipelago, Congo (15°S–15°N; 10°E−30°E), the western part of the Africa TEF 
region, and Amazon (15°S–15°N; 50°W–80°W), the world's largest and most biodiverse tropical rain forest.
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2.2.  Data Sets

The gridded photosynthesis and climate products from remote sensing and modeling in this study were 
summarized in Table 1. All data sets were aggregated at the same spatial (0.5°) and temporal (monthly) 
resolutions.

2.3.  Power Spectrum Analysis

Plancherel's theorem states that the total energy of a signal remains the same after the Fourier transform 
(Wiener, 1988). The power spectrum is obtained by dividing the square of the amplitude modulus by the 
number of sampling points. Power spectrum analysis uses the fast Fourier transform to expand time signals 
in spectral space and decomposes the total energy of time series into the energy of different frequencies.

In this paper, the power spectrum analysis based on fast Fourier transform operation was applied to convert 
the amplitude spectrum to power spectrum (Juárez & Liu, 2001) and then to detect the frequency of phe-
nological proxy cycles, in each pixel on the time series data of phenological proxies (EVI and CSIF) from 
2007 to 2016. The frequency index is represented by an integral number i, whose value varies from 1 to 6. If 
the frequency i equals to 1, the phenological proxy occurred once times a year and the type was defined as 
annual cycle; and if the frequency i equals to 2, the phenological proxy occurred twice a year and the type 
was defined as half-year cycle. If the ratio (Ri) of the power for the given frequency i to the total power of 
time series is greater than or equals to 50%, the phenological proxy mainly cycles i times a year. The sum of 
Ri  6

0 iiE R  equals to 1.0.

Here, we defined the phenological types using the criteria:

1.  When R2 > 50%, the pixel shows a bimodal half-year cycle phenology;
2.  When R1 > 90%, the pixel shows a unimodal annual cycle phenology;
3.  When 50% < R1 < 90%, the pixel shows a bimodal annual cycle phenology. The larger the R1 value is, the 

greater probability the phenology is close to the unimodal annual cycle phenology; the smaller the R1 
value is, the greater probability the phenology is close to the half-year cycle phenology.

2.4.  Phase Analysis of Water Stress Factors Against Photosynthetic Indicators

Before the phase analysis, we calculated the canopy fluorescence yield (FCSIF) — an index shown to respond 
to seasonal variations of photosynthesis (Zeng at al., 2019) from CSIF divided by the absorbed photosyn-
thetically active radiation (APAR), as Equation 1. Based on MODIS EVI, we also calculated a similar in-
dex—FEVI using Equation 2.

Proxy Parameter Full name Data source/version

Spatial/
temperol 

resolution Period Reference

Phenology photosynthesis EVI enhanced vegetation 
index

MODIS(MYD13C2) 0.05°/monthly 2007–2016 Didan, 2015

CSIF global spatially 
contiguous SIF

Continuous Solar-induced 
chlorophyll fluorescence

0.05°/4-days 2007–2016 Zhang et al., 2018

Climate Soil water 
availability

TWS Terrestrial Water 
Storage

GRACE_REC_v03 0.5°/monthly 2007–2016 Humphrey and 
Gudmundsson, 2019

Sunlight 
availability

SWdown short-wave incoming 
radiation

CRUNCEP 0.5°/monthly 2007–2016 Viovy, 2018

Atmospheric water 
demands

VPD vapor pressure deficit ERA-Interim 0.5°/monthly 2007–2016 Yuan et al., 2019

Table 1 
Data Sources for Phenological and Climatic Proxies
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CSIF
CSIFF

APAR
 (1)

EVI
EVIF

APAR
 (2)

where the APAR is calculated from product of photosynthetically active radiation (PAR) (MJ m−2) and frac-
tion of PAR absorbed by the vegetation (fPAR) influenced by the phenological cycle.

After that, the cross-correlation function method (Luo et al., 2003) was used to calculate the phase differ-
ence between the seasonal series of photosynthetic indexes (FEVI and FCSIF) and water stress factors (VPD 
and TWS), to check which type of water stresses controls the leaf phenology. The time series data of the 
photosynthetic indexes are set as A( ) and the time series of the climate factor are set as B( ). Then, the 
function of cross-correlation (rABE ) is calculated as Equation 3.

   0r N
AB A i B i m  (3)

where N is the total number of samples.  is from 0 to N. , 1, 1,E m N N N N     .

When ABrE  reaches the maximum, the corresponding m value is the delay of B(n) relative to A(n). That's 
the phase difference between B(n) and A(n). When m > 0, it means that B(n) is ahead of A(n), otherwise it 
means that B(n) is behind A(n).

Bradley et al. (2011) showed that if the seasonal cycle of a given climate factor is earlier than or in the same 
period with the seasonal cycle of phenology, the given climatic factor may drive seasonal phenological 
changes. Similarly, if the phase of a water stress factor shortly precedes that of FEVI and FCSIF, for example, 
the corresponding water stress proxy will be treated as a potential water constraint driving the phenology 
seasonal cycle of FEVI and FCSIF.

It should be noted again that, for the bimodal phenology, we divided the seasonality into two periods (Janu-
ary–June and July–December); and analyzed separately the phase differences between phenological proxies 
and water stress factors for each period, to reveal which types of water stresses, that is, atmospheric dryness 
or soil water deficit, dominates the water constraints for each part of the bimodal phenology.

2.5.  Quadratic Fitting Analysis

After dividing the seasonality of phenological proxies into two periods, a quadratic fitting of phenological 
proxies or climate factors with month was conducted on each pixel for each period, that is, January–June or 
July–December, respectively. The formula of the quadratic fitting was expressed as:

 2max maxPP A t t pp    (4)

where E PP represents the seasonal values of phenological proxies;  represents the time in unit of the month, 
that is, from 1 to 12; AE  is a coefficient, representing the opening direction and size of the quadratic curve; 

maxE pp  represents the peak value of seasonal phenological proxies; maxE t  represents the month corresponding 
to maxE pp .

Figure 1 is an illustration graph for the quadratic fitting analysis of photosynthetic (EVI and CSIF) and 
climatic proxies (VPD, SWdown, and TWS) for the January–June period and July–December period. The 
orange, blue and rose curves represent three types of seasonality of photosynthetic or climatic proxies. The 
differences in the two maximum values ( maxE pp ) of seasonal photosynthesis between two curves indicate that 
the seasonal maximum photosynthesis differ between pixels with different Ri, which are caused by different 

maxE pp  of climatic drivers. So, we divided the seasonality into two periods (January–June and July–Decem-
ber) and then used quadratic fitting analysis to fit the curve of phenological proxies and climatic factors 
for the January–June period and July–December period, respectively. After that, we conducted the partial 
correlation analyses between the maxE pp  of a given photosynthetic proxy and that of a given climatic proxy, 
using all the pixels across the pantropical TEF, to investigate separately the impacts of atmospheric water 
vapor pressure deficit, soil water availability, and sunlight availability on tropical forests photosynthesis.
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2.6.  Partial Correlation Analysis

Partial correlation analysis refers to that in a system composed of multiple elements, when the influence 
or correlation degree of one element on another is studied, the influence of other elements is temporar-
ily ignored and the degree of mutual relationship between the two elements is solely studied (Zheng & 
Liu, 1986). Assuming that we need to calculate the correlation between X and Y, where Z represents all the 
other variables, the partial correlation coefficient between X and Y can be thought of as a simple correlation 
coefficient between the residuals XE R  from the linear regression of X and Z and the residuals YE R  from the 
linear regression of Y and Z. The residual XE R  is added to the mean value of X to obtain XE P , which eliminates 
the influence of Z variable. Here, we use the partial regression analysis to partition the coupling impacts of 
climate factors on leaf phenology.

3.  Results
3.1.  Latitudinal Patterns of Unimodal and Bimodal Phenology Across Pantropical Evergreen 
Forests

See in Figure  2, we evaluated the differences in the phenological changes of CSIF and MODIS EVI for 
each pixel and calculated the correlation coefficients (Cor) between CSIF and MODIS EVI on time-series 
data. Results show that 99.68% of the pixels show positive correlations between seasonal CSIF and EVI and 
values of the correlation coefficient is even bigger than 0.4 in 97.82% of the pixels, which imply consistent 
phenological changes between CSIF and MODIS EVI across the whole TEF region. Particularly, 68.67% 
(Figures 3a–3f) of the TEF pixels across the pantropical region show the annual cycle phenology and 31.30% 
(Figures 3a–3f) show the 6-month cycle phenology; while only 0.03% (Figures 3a–3f) of the TEF pixels show 
other types of cycles in canopy phenology.

Figure 1.  Illustration for the quadratic fitting analysis of photosynthetic or climatic proxies for the January–June 
period and July–December period, respectively. The maxE pp  represents the peak value and maxE t  represents the time to 
reach the peak value. For examples, for photosynthetic proxies, the orange curve represents the bimodal 6-month cycle 
phenology with 2E R  > 50%. The blue curve represents the bimodal annual cycle phenology with 50% <  1E R  < 90%. The 
rose curve represents the unimodal annual cycle phenology with 1E R  > 90%.
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Figure 4 shows the periodic biological phenomena of two photosynthetic proxies, that is, EVI, CSIF across 
Amazon, Congo, and Asia, respectively. The pixels in a 6-month cycle with 2E R  > 50% present significant 
bimodal phenology (orange curve). The two peaks occurred around March and September, respectively, and 
the valley occurred around June. However, the pixels in an annual cycle with 1E R  > 90% present significant 
unimodal phenology (rose curve) and the peak occurred around August. The pixels in an annual cycle with 
R1 equaling to 50%–60%, 60%–70%, 70%–80%, 80%–90%, >90% vary gradually from bimodal annual phe-
nology to unimodal annual phenology, implying that the larger the 1E R  value is, the greater probability the 
phenology is close to annual cycle seasonality.

Figure 5 shows the spatial patterns of bimodal and unimodal phenology of the two photosynthetic prox-
ies across Asia, Congo, and Amazon, respectively. The results show that tropical forests near the equator 
(3°S–3°N) mostly have a 6-month bimodal cycle (orange), and are mainly distributed in Indonesia in Asia, 
south-central Congo, and northern Amazon. The probability ( 1E R ) of the phenological cycle as an annual 
cycle type increases from the equator to the northern and southern higher latitudes (3°N–15°N, 3°S–15°S). 

Figure 2.  Correlation of photosynthetic proxies (Enhanced Vegetation Index [EVI] and Continuous Solar-induced chlorophyll fluorescence [CSIF]) in tropical 
forests.

Figure 3.  Seasonal variations of Enhanced Vegetation Index (EVI) and Continuous Solar-induced chlorophyll fluorescence (CSIF) in 6-month cycle ( 2E R  
value > 50%) and annual cycle ( 1E R  > 50%).
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The pixels with unimodal phenology are mainly located in higher latitudes (>5°N, >5°S). Notably, the two 
photosynthetic proxies, that is, EVI and CSIF, show similar patterns across the tropical region.

3.2.  The Unimodal and Bimodal Seasonality of Climatic Factors

We further draw the seasonality of climatic proxies (VPD, SWdown, and TWS) for each sub-region in a 
6-month cycle and annual cycle with different 1E R  respectively. Results are shown in Figure 6. In general, 
the periodic phenomena of three climatic proxies show similar seasonal patterns as those of photosynthetic 
proxies, respectively.

The pixels with bimodal phenology present a significant bimodal seasonality of SWdown (orange curve) 
with two peaks occurring in March and September and valleys occurring in June; while the pixels with 
unimodal phenology correspondingly present a unimodal seasonality of SWdown (rose curve) with a peak 
occurring in April (Figures 6b, 6e, and 6h). As the values of 1E R  increases from 50%–60%, 60%–70%, 70%–80%, 
80%–90%, to >90%, the SWdown seasonality changes gradually from a bimodal seasonality to a unimodal 
seasonality. Importantly, the first peak of SWdown increases as 1E R  increases during the January–June pe-
riod; while the second peak of SWdown decreases as 1E R  increases during the July–December period. The 
VPD and TWS both show a unimodal seasonality. The peak of VPD happens around February and its value 
increases with 1E R  increases (Figures 6a, 6d, and 6g). On the contrary, the peak of TWS happens around Oc-
tober during the July-December period and its value increases also with 1E R  increases (Figures 6c, 6f, and 6i).

To quantitively assess the seasonal differences between the seasonality curve of climatic and photosynthetic 
proxies, we conducted a quadratic fitting analysis between phenological proxies (EVI and CSIF) and cli-
mate factors (VPD, SWdown, and TWS) based on each pixel in the tropics for the January–June period and 
July–December period (Section 2.5). We analyzed the relationship between the seasonal peak value ( maxE pp ) 

Figure 4.  Seasonal variations of Enhanced Vegetation Index (EVI) and Continuous Solar-induced chlorophyll fluorescence (CSIF) in bimodal phenology and 
unimodal phenology. The 6-month cycle with 2E R  > 50% and annual cycle with 50% <  1E R  < 90% are more like bimodal phenology; and annual cycle with 1E R  
> 90% (rose color) are more like a unimodal phenology.
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of phenological proxy and climate factors to investigate separately the impacts of VPD, SWdown, and TWS 
on tropical forests photosynthesis.

3.3.  Climatic Controls of Leaf Phenology Across Pantropical Evergreen Forests

3.3.1.  Sunlight Controls the Seasonal Leaf Phenology in Certain Areas of Tropical Asia and 
Atmospheric and Soil Water Stresses Show Strong Constraints on the First Half of Phenological 
Seasonality

In tropical Asia, during the January–June period, the maxE pp  of VPD is negatively correlated to those of 
phenology proxies (EVI and CSIF) for all sub-regions (Figure 7). TWS is in contrast positively correlated to 
those of phenology proxies, especially in high-latitude sub-regions with 70% < R1 <90% (Figure 7e). During 
the July–December period, the maxE pp  of VPD and TWS both show no significant correlation with those of 
phenology proxies (Figures 7b and 7f). Analyses indicate that the maxE pp  of SWdown is positively correlated 
to that of phenological proxies in some sub-regions during both the January–June period and July–Decem-
ber period, but these sub-regions varied greatly between different phenology proxies (Figures 7c and 7d).

Above analyses indicate that atmospheric dryness and soil water deficit jointly control the water constraints 
of first half leaf phenology in tropical Asia. To further examine this water constraint hypothesis for each 
part of the bimodal phenology, the phase analysis is conducted on water stress proxies (VPD and TWS) to 
analyze against those of FEVI and FCSIF during the January-June period and July-December period, sepa-
rately (Method: Section 2.4). If the seasonality of a given water stress factor in phase or leads to that of the 
phenological proxy, this factor will be considered as a potential controlling water constraint to inhibit the 
seasonal cycle of tropical forest phenology. In general, the seasonality of VPD and TWS are in phase with or 
leads to those of FEVI and FCSIF except for pixels in the sub-region with a 6-month cycle during the January–
June period (Figure 8). However, the phase of VPD and TWS in most sub-regions lag behind that of FEVI and 

Figure 5.  Seasonal variations of Enhanced Vegetation Index (EVI) and Continuous Solar-induced chlorophyll 
fluorescence (CSIF) in bimodal phenology and unimodal phenology. The 6-month cycle with R2 > 50% and annual 
cycle with 50% < R1 < 90% are more like bimodal phenology; and annual cycle with R1 > 90% (rose color) are more like 
a unimodal phenology.
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FCSIF during the July–December period. The phase analyses support that atmospheric and soil water stress 
jointly constrain on the first half of photosynthesis seasonality across pantropical Asia.

3.3.2.  Sunlight Dominantly Controls the Whole Seasonal Leaf Phenology and Atmospheric 
Dryness Constrains on the First Half and Soil Water Stress Constrains on the Second Half of 
Phenological Seasonality in Congo

In the Congo region, the maxE pp  of SWdown is strongly positively correlated to those of EVI and CSIF during 
the whole period (Figures 9c and 9d). The maxE pp  of EVI and CSIF show a negative relationship with VPD 
during January-June period (Figure 9a); but shows mostly no significant correlations with VPD during the 
July-December period (Figure 9b). Atmospheric water stress is the main type of water limitations on the 
first half of leaf phenology of tropical evergreen forests in Congo. On the contrary, the values of the first 
peak in EVI and CSIF show no significant variations as the maxE pp  of TWS changes, implying weak cor-
relation between TWS and phenological proxies during the January–June period (Figure 9e). During the 

Figure 6.  Seasonal variation of climatic proxies (vapor pressure deficit [VPD], downward short-wave solar radiation [SWdown], and Terrestrial Water Storage 
[TWS]) for sub-regions in 6-month cycle and annual cycle with different R1.
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July–December period, the soil water availability is strongly positively correlated to those of EVI and CSIF, 
especially in high latitudes (Figure 9f).

Additionally, phase analysis shows that (Figure 10), during the January-June period, the seasonality of VPD 
mostly leads or is in phase with that of FEVI and FCSIF; while the seasonality of TWS always lags behind that 
that of EVI and CSIF (Figures 10a, 10c, 10e, 10g, and 10i). The water stress conditions convert during the 
second half of year. The phase of soil water factors (etc., TWS) precedes that of FEVI and FCSIF during the 
July-December period. However, the seasonality of VPD is always latter in phase than that of FEVI and FCSIF 
(Figures 10b, 10d, 10f, 10h, and 10j). Therefore, according to the quadratic fitting and phase analyses, sun-
light availability and atmospheric dryness jointly regulate the seasonal variations of plant photosynthesis 
from January to June period; while sunlight and soil water availability jointly influence the seasonal photo-
synthesis from July to December across Congo tropical forests.

3.3.3.  Sunlight Controls the High-Latitude Leaf Phenology and Atmospheric Dryness Exhibits 
Strong Water Constraints on the First Half of Phenological Seasonality in Amazon

In Amazon, the situation is much complex. The quadratic fitting analysis shows that the maxE pp  of SWdown 
is strongly positively correlated to those of EVI and CSIF, especially in high latitudes (Figures 11c and 11d). 
During the January-June period, the maxE pp  of VPD is negatively correlated to those of phenology proxies 
(EVI and CSIF) (Figures 11a), similar as that of Congo. However, during the July–December period, the 

maxE pp  of VPD and TWS both show no significant correlations with those of phenology proxies (EVI and 
CSIF) (Figures 11b and 11f), similar as that of tropical Asia.

Figure 7.  The linear fitting curves between peak values ( maxE pp ) of phenological proxies (Enhanced Vegetation Index [EVI] and Continuous Solar-induced 
chlorophyll fluorescence [CSIF]) and that of climatic factors in the Asia region based partial correlation analyses during the January-June period and July-
December period, respectively. The corresponding scatter diagrams between peak values ( maxE pp ) of phenological proxies (EVI and CSIF) and that of climatic 
factors were shown in Figures S1–S4.
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Figure 8.  Phase difference between FEVI, FCSIF and water stress factors (vapor pressure deficit [VPD] and Terrestrial 
Water Storage [TWS]) in tropical Asia during the January–June period and July–December period, respectively.
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The phase-analysis shows that, VPD mostly leads or is in phase with that of FEVI and FCSIF during the Janu-
ary-June period and TWS mostly lags behind that of FEVI and FCSIF (Figures 12c, 12e, 12g and 12i). However, 
both VPD and TWS are latter in phase than FEVI and FCSIF during the July–December period (Figures 12b, 
12d, 12f, 12h, and 12j). In summary, for Amazon tropical forests, sunlight availability generally shows dom-
inantly impacts on the leaf phenology; and atmospheric water availability plays more important role in the 
first half of year; however, both soil and atmospheric water stress show rare impacts on the second half of 
phenological seasonality.

4.  Discussion
Current studies widely debate on the seasonal controls of sunlight and water availability on the seasonal 
changes of tropical forest phenology. This can be well explained by a cost-benefit theory (Kikuzawa, 1991), 
where adaptive strategies of shedding and producing leaves are seen as a response to light and water avail-
ability. With less constraints from soil moisture deficit and atmospheric water deficit, trees will flush new 
efficient leaves in the sunnier season to maximize light capture and productivity (Brando et al., 2010; Da-
vidson et al., 2012; Wu et al., 2016; Lopes et al., 2016). When plants suffer constraints from either soil mois-
ture deficit or atmospheric water deficit, trees accelerate leaf abscission to minimize the costs and avoids 
hydraulic failure (Brodribb et al., 2002; Lee & Boyce, 2010).

It is worth noting that water stresses can cause drought (Liu et  al.,  2017, 2021) and produce abscisic 
acid, which promotes leaf shedding (Oguntunde, 2005), but increasing sunlight is not likely to produce 
abscisic acid. For examples, previous studies found that the leaves shed after experiencing a drop in the 

Figure 9.  The linear fitting curves between values ( maxE pp ) of phenological proxy (Enhanced Vegetation Index [EVI] and Continuous Solar-induced chlorophyll 
fluorescence [CSIF]) and that of climatic factors in the Congo region based partial correlation analyses during the January-June period and July-December 
period, respectively. The corresponding scatter diagrams between peak values ( maxE pp ) of phenological proxies (EVI and CSIF) and that of climatic factors were 
shown in Figures S5–S8.
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Figure 10.  Phase difference between FEVI, FCSIF and water stress factors (vapor pressure deficit [VPD] and Terrestrial 
Water Storage [TWS]) in Congo during the January–June period and July–December period, respectively.



Earth’s Future

LI ET AL.

10.1029/2021EF002160

14 of 18

photosynthetic rate at the end of the rainy season (Taiz & Zeiger, 2002; Zhang et al., 2014). However, the 
effect of SWdown on litterfall has not been partitioned from soil and atmospheric water availability when 
empirically analyzing the relationship between sunlight and litterfall seasonality. In larger parts of tropical 
regions, sunlight and VPD and soil moisture always show consistent seasonal phases (Chen et al., 2020). 
It might result in a fake causal link between sunlight and litterfall seasonality. This study based on par-
tial correlation analysis rather supports that the accompanied low soil water content or high atmospheric 
dryness might be the main causations for leaf shedding; while sunlight likely controls on the leaf flushing 
processes. For examples, observations have also shown that with the onset of the dry season, sunlight begins 
to increase again, which usually coincides with the production of new leaves (Descheemaeker et al., 2006; 
Moraes et al., 1999).

The roles of soil moisture availability and atmospheric dryness in controlling the plant water constraints 
have not been well documented across the pantropical region. Multiple studies suggested that soil water 
deficit is the main constraint for forest growth during the dry season (Brando et al., 2010; Guan et al., 2015; 
Lewis et al., 2011). However, Chen et al. (2020, 2021) tested the seasonality of precipitation, SWdown, and 
VPD as climate triggers of litterfall and suggested that VPD was the best empirical trigger for old leaf shed-
ding across Amazonian evergreen broadleaved forests. Actually, high VPD or low soil moisture can both 
cause plants to close their stomata to prevent water loss, thus inhibiting photosynthesis (Zhou et al., 2019). 
Chen et al.’s (2020) phenology module failed at the fourth site off the shore of the Guiana coast, and sug-
gested that it might be related to bimodal phenology in the forests off the coast of Guiana. In this study, 
results strongly confirm the above-mentioned bimodal phenology hypothesis. The key finding here is that 
the two peaks of tropical leaf phenology tend to be dominated by different types of water stresses. In tropical 

Figure 11.  The linear fitting curves between values ( maxE pp ) of the phenological proxy (Enhanced Vegetation Index [EVI] and Continuous Solar-induced 
chlorophyll fluorescence [CSIF]) and that of climatic factors based partial correlation analyses in the Amazon region during the January-June period and July-
December period, respectively. The corresponding scatter diagrams between peak values ( maxE pp ) of phenological proxies (EVI and CSIF) and that of climatic 
factors were shown in Figures S9–S12.
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Figure 12.  Phase difference between FEVI, FCSIF and water stress factors (vapor pressure deficit [VPD] and Terrestrial 
Water Storage [TWS]) in Amazon during the January–June period and July–December period, respectively.
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Asia, atmospheric and soil water stress jointly constrain on the first half of leaf phenology; while in Congo 
atmospheric dryness and soil water stress act as dominant water constrains on the first and second half of 
phenological seasonality, respectively. However, atmospheric dryness is the main type of water stress during 
the first half of leaf phenology in Amazon. Therefore, ignoring these different influences of soil moisture 
availability and atmospheric dryness on leaf phenology across tropical regions might lead to unexpected 
uncertainty in Earth system modelling.

5.  Conclusions
This study shows that tropical trees differ greatly in canopy leaf phenology, which gradually varies from 
equatorial bimodal seasonality to higher-latitudes unimodal seasonality. The seasonal cycle of climate fac-
tors strongly affects that of tropical forest phenology. This study confirms that sunlight availability acts as 
the dominant role in controlling the seasonal leaf phenology across the pantropical forests. Importantly, 
our study novelty emphasizes the importance of atmospheric water stress in controlling the leaf phenology 
across the pantropical forests. Atmospheric dryness is always the main type of water stress in influencing 
the tropical leaf phenology during the first half of year. However, soil water stress separately acts as dom-
inant water constraints on the first half of leaf phenology in tropical Asia and on the second half of leaf 
phenology in Congo; and shows rare impacts on leaf phenology in Amazon.

Our work contributes to a comprehensive assessment of the leaf phenology of tropical forest communities 
and their underlying causes. The findings of this study will be helpful to improve the authenticity and 
accuracy of model simulations in Earth system models. Predicting the effects of atmospheric dryness, soil 
water availability and sunlight availability on future tropical phenology is important for regional and global 
climate feedback research.

Data Availability Statement
All data used in this study are publicly available. MODIS EVI data (MYD13C2) is available at https://modis.
gsfc.nasa.gov/. CSIF data is available at https://figshare.com/articles/dataset/CSIF/6387494. TWS data is 
available at https://figshare.com/articles/dataset/GRACE-REC_A_reconstruction_of_climate-driven_wa-
ter_storage_changes_over_the_last_century/7670849. SWdown data from CRUNCEP is available at http://
rda.ucar.edu/datasets/ds314.3/. ERA-Interim data used to calculate VPD is available at https://apps.ecmwf.
int/datasets/.
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