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Abstract
Our limited understanding of the impacts of drought on tropical forests significantly 
impedes our ability in accurately predicting the impacts of climate change on this 
biome. Here, we investigated the impact of drought on the dynamics of forest cano-
pies with different heights using time-series records of remotely sensed Ku-band veg-
etation optical depth (Ku-VOD), a proxy of top-canopy foliar mass and water content, 
and separated the signal of Ku-VOD changes into drought-induced reductions and 
subsequent non-drought gains. Both drought-induced reductions and non-drought in-
creases in Ku-VOD varied significantly with canopy height. Taller tropical forests ex-
perienced greater relative Ku-VOD reductions during drought and larger non-drought 
increases than shorter forests, but the net effect of drought was more negative in the 
taller forests. Meta-analysis of in situ hydraulic traits supports the hypothesis that 
taller tropical forests are more vulnerable to drought stress due to smaller xylem-
transport safety margins. Additionally, Ku-VOD of taller forests showed larger reduc-
tions due to increased atmospheric dryness, as assessed by vapor pressure deficit, 
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1  |  INTRODUC TION

Drought impairs canopy photosynthesis and increases tree mortality, 
ultimately producing dead woods that emit CO2 into the atmosphere 
for decades (Baccini et al., 2017; Fan et al., 2019; Hérault et al., 2010; 
Lewis et al., 2011; Liu et al., 2017; Malhi & Grace, 2000; Phillips et al., 
2009; Wang et al., 2014; Yang, Ciais, et al., 2021). Tropical forests 
first close stomata and shed leaves to reduce transpirational water 
loss under drought conditions (Aguadé et al., 2015; Kono et al., 2019; 
Yazaki et al., 2015), and even experienced high mortality rates during 
prolonged droughts (da Costa et al., 2010; Phillips et al., 2009), with 
some regions showing lagged mortality (Yang et al., 2018). The in-
ability of forests to completely recover from severe drought might 
lead to long-term forest biomass loss (Verbesselt et al., 2016). In 
contrast, some tropical forests, such as those in the Amazon region, 
were observed to sustain steady canopy growth and even increase 
net primary productivity during drought (Doughty et al., 2015). 
These seemingly conflicting observations highlight our limited un-
derstanding of the impact of drought on tropical forests.

The hydraulic failure hypothesis is one of the main hypotheses 
proposed to explain the impact of droughts on tropical forests (Kono 
et al., 2019). This hypothesis predicts that substantial and irrevers-
ible embolism in response to drought stress reduces photosynthe-
sis, potentially leading to mortality due to cavitation events in the 
rhizosphere and xylem vessels (Kono et al., 2019; Rowland et al., 
2015; Sperry et al., 2002; Tyree & Sperry, 1989). Canopy height 
(Hc) is an important trait that influences xylem water transport and 
photosynthesis (Brando, 2018; Gentine et al., 2016; Giardina et al., 
2018). Some studies suggested that taller trees were more vulnera-
ble to drought because of a higher risk of hydraulic failure associated 
with greater height (Barros et al., 2019; Liu et al., 2019; Mencuccini 
et al., 2005; Rowland et al., 2015). Experimental drought studies at 
two Amazonian tropical forest sites found that large and tall trees 
showed a greater risk of hydraulic deterioration than short trees, 
and showed high rates of mortality several years after partial rain 
exclusion, yet with small changes in net primary production at the 
ecosystem level because of compensatory growth from shorter indi-
viduals (Nepstad et al., 2007; Rowland et al., 2015). Conversely, sev-
eral studies showed that taller trees were more resistant to drought 
(Brando, 2018) because they had deeper roots to access water from 
deeper soil (Giardina et al., 2018) and higher water use efficiency 
than shorter trees (Brienen et al., 2017). However, this viewpoint has 
been challenged by field observations showing no obvious relation 

between tree height and the rooting zone soil depth (Stahl et al., 
2013). Therefore, the influence of tree height on the response of 
tropical forests to drought and subsequent non-drought growth re-
mains controversial.

The main objective of this study was to investigate the drought-
induced canopy dynamics of tropical forests with different canopy 
heights. We used a monthly satellite-based Ku-band microwave 
vegetation optical depth (VOD) product (Ku-VOD; Moesinger et al., 
2020) as a proxy of foliage mass and water content of the forest upper 
canopy (Frolking et al., 2012; Guan et a., 2013; Saatchi et al., 2013) 
which is closely related to the top-canopy (TOC) leaf area index (LAI; 
method: Evaluation of the sensitivity of Ku-VOD to TOC LAI), and 
two LIDAR Hc datasets (HcSimard from Simard et al., 2011 and HcGEDI 
from Potapov et al., 2021; Table S1) to investigate whether taller 
tropical forests are more resilient than shorter ones in response to 
drought across three tropical continental regions (America (Amazon 
region), Africa, and Asia) from 1988 to 2015 (Table S2). Additionally, 
we discussed the potential strategies of plant hydraulics to explain 
drought-induced canopy dynamics in tropical forests with different 
canopy heights based on in situ eco-physiological observations.

2  |  METHODS

2.1  |  Method summary

To define drought, including both moderate and severe drought 
(Cook et al., 2014), we used an integrated drought criterion based 
on the Palmer drought severity index (PDSI; Abatzoglou et al., 
2018; Palmer, 1965; Wang et al., 2014; Zhao & Running, 2010), the 
standardized precipitation evapotranspiration index (SPEI, with 
6  months; Vicente-Serrano, Beguería, & López-Moreno, 2010; 
Vicente-Serrano, Beguería, López-Moreno, Angulo, et al., 2010), 
and cumulative water deficit (CWD; Aragão et al., 2007; Lewis et al., 
2011; Malhi et al., 2009; Saatchi et al., 2013). Accordingly, a pixel is 
considered to experience drought when at least two of the corre-
sponding monthly anomalies of the above three indices (PDSI, SPEI, 
and CWD) in a given month fall one standard deviation below the 
mean of the 1988–2015 time series. Then, we defined a year as a 
drought year (red circles, Figure S1) if the yearly regional percent-
age of forested drought pixels (hereafter denoted Droughtfraction) 
was above 20% (Droughtfraction peaks), and as a non-drought year 
(blue circles, Figure S1) when Droughtfraction reached a minimum 

and showed larger gains in response to enhanced water supply than shorter forests. 
Including the height-dependent variation of hydraulic transport in ecosystem models 
will improve the simulated response of tropical forests to drought.

K E Y W O R D S
canopy dynamics, canopy height, drought, microwave remote sensing, tropical forests, 
vegetation optical depth
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value between two corresponding drought years, for the Amazon, 
Africa, and Asia, respectively (Methods: Categorizing drought and 
non-drought years). For each pixel, we calculated the drought-
induced Ku-VOD loss (ΔKu-VODdrought) per drought year using the 
Ku-VOD during the drought period minus the Ku-VOD during the 
non-drought period (Figure S2, Methods). In turn, the canopy gain 
(ΔKu-VODnon-drought) was calculated as the difference between Ku-
VOD during the following non-drought year and the Ku-VOD during 
a current drought year (Figure S2, Methods). We used these paired 
quantities for each drought year and subsequent non-drought year 
to investigate whether the sensitivity of tropical forests to drought 
was significantly dependent on Hc.

2.2  |  Study area

We focused on tropical broadleaved evergreen forests based on the 
MODIS land cover map (MCD12C1, 0.05° resolution; Sulla-Menashe 
& Friedl, 2018) and tree cover map (25 m resolution; Hansen et al., 
2013). Thus, based on the land cover map, we extracted pixels cor-
responding to tropical evergreen broadleaved forests (EBF) in the 
pantropical, region at a spatial resolution of 0.05°, from 2001 to 
2016, according to the classification in the International Geosphere-
Biosphere Program (IGBP), and removed any pixels whose land-use 
type changed during this period. Then, we established a 0.5° × 0.5° 
grid for intact tropical areas and labeled EBF-dominated pixels, in 
which more than 50% of 0.05° pixels were tropical EBFs, and for 
each 0.5° pixel, we calculated the percentage of the 25  m pixels 
with forest coverage lower than 80% or affected by deforestation, 
using the Hansen tree deforestation maps (Hansen et al., 2013) from 
2000 to 2016 (25 m resolution). Any 0.5° pixels with forest coverage 
<80% or deforestation higher than 20% were removed (Figure S3).

2.3  |  Categorizing drought and non-drought years

The Palmer drought severity index (PDSI; Abatzoglou et al., 2018; 
Dai, 2013; Mera et al., 2018; Wang et al., 2014; Zhao & Running, 
2010), the SPEI (with a 6-month scale; Vicente-Serrano, Beguería, 
& López-Moreno, 2010; Vicente-Serrano, Beguería, López-Moreno, 
Angulo, et al., 2010), and cumulative water deficit (CWD; Aragão 
et al., 2007; Lewis et al., 2011; Malhi et al., 2009; Saatchi et al., 2013; 
Supplementary Information) have been widely applied to detect 
forest drought across the tropical regions. However, the values of 
each drought index without anomalies vary significantly among pix-
els, whereby, it is difficult to set a consistent threshold for defining 
a drought. Thus, generally, one standard deviation of the drought 
index is used to indicate moderate or even more severe droughts 
(Cook et al., 2014). Therefore, we calculated the pixel-based Xanomaly 
(i.e., the standardized anomaly of each drought index, X represents 
PDSI, SPEI, and CWD, respectively, in Equation 1) for each month, 
from 1988 to 2015. Then, we used three parameters to define a 
drought: (1) the PDSI standard deviation ≤−1 (PDSIanomaly ≤ −1), (2) 

SPEI standard deviation  ≤  −1 (SPEIanomaly  ≤  −1), and (3) the CWD 
standard deviation ≤ −1 (CWDanomaly ≤ −1). Any given pixel was clas-
sified as drought only when it met two of the above three criteria. 
For each grid cell, the Xanomaly was smoothed using a 3-month run-
ning average to avoid a single wet month interrupting a long and 
consecutive dry period. As a precaution, we excluded those pixels 
with a short drought period (duration <3 months) to avoid potential 
data disturbances. 

where Xt is the drought index (i.e., PDSI, SPEI, and CWD) of month t, 
Xanomaly is the standardized anomaly of Xt, Xt, and �

(

Xt

)

 are the mean 
and standard deviation (SD) of Xt values from 1988 to 2015.

Then, we calculated the regional percentage of drought pixels 
(hereafter denoted Droughtfraction) for the Amazon region, Africa, 
and Asia in each year to generate the yearly Droughtfraction time se-
ries in each of the three regions. Subsequently, we used an empirical 
threshold of Droughtfraction exceeding 20% (red circles, Figure S1) to 
define the drought year for the whole Amazon, Africa, and Asia re-
gions, respectively. The results indicated that Droughtfraction peaks 
exceeding 20% (red circles, Figure S1) generally coincide well with 
historical drought events, as previously reported (Table S2) for the 
regions under study. In contrast, the years with minimum values of 
Drought fraction (i.e., with minimum drought pixels) between two 
consecutive drought years were categorized as non-drought years 
(blue circles, Figure S1).

2.4  |  Evaluation of the sensitivity of Ku-VOD to 
top-canopy (TOC) LAI

In this study, we used an LAI product derived from LIDAR signals 
from GLAS available from 2003 to 2007 (Tang & Dubayah, 2017) as 
the reference, which is a robust dataset of LAI in tropical evergreen 
forests (Tang et al., 2016). We selected the footprint data with can-
opy height ≥15 m for tropical evergreen forests and followed Tang's 
method (Tang & Dubayah, 2017) to aggregate LIDAR LAI estimates 
into 0.5-degree pixels with each grid having more than 10 footprint 
data. Only LIDAR LAI estimates for vertical heights >10 m were in-
cluded for each pixel to represent TOC LAI (LAItop canopy). Finally, we 
conducted a correlation analysis between Ku-VOD and LAItop canopy 
(Figure S4) and compared their mean seasonality in the regions 
under study (Figure S5).

2.5  |  Calculating drought-induced loss and non-
drought gain in canopy mass

First, we removed the effects of seasonal variations on the inter-
annual variations of Ku-VOD by subtracting the corresponding 
multiple-year monthly average value of each pixel. We detected the 

(1)Xanomaly =
Xt − Xt

�

(

Xt

) ,
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seasonal cycle of Ku-VOD for each pixel using power spectral analysis 
(Bradley et al., 2011; Chen et al., 2020). The results showed that the 
seasonal cycle of Ku-VOD in most pixels followed a 6-month or an 
annual cycle (Figure S6), suggesting that both maximum and minimum 
values of monthly Ku-VOD occurred within a 1-year cycle. To avoid a 
potential delay in the impact of drought on Ku-VOD, the drought pe-
riod and half of the seasonal cycle post-drought period are collectively 
referred to as the drought evaluation period (Figure S7A) in analyzing 
the impact of drought on Ku-VOD. Correspondingly, the time periods 
from half of the seasonal cycle before the onset of non-drought to the 
postponed half of the seasonal cycle after the end of the non-drought 
period are collectively referred to as the non-drought evaluation pe-
riod (Figure S7B). Finally, we calculated the drought-induced loss in 
the canopy (ΔKu-VODdrought) using the value of deseasonalized Ku-
VOD in the drought evaluation periods (red point in Figure S7A) minus 
the corresponding value in non-drought evaluation periods (blue point 
in Figure S7B). In turn, the non-drought gain (ΔKu-VODnon-drought) was 
calculated by subtracting the value of deseasonalized Ku-VOD in the 
drought evaluation periods (red point in Figure S7A) from the corre-
sponding value in the non-drought evaluation periods (blue point in 
Figure S7B). The process was conducted at the pixel level for each 
drought event, and all datasets were aggregated at 0.5° spatial and 
monthly temporal resolutions based on bilinear interpolation and 
standard calculation methods.

where Ku - VODdrought is the value of the deseasonalized Ku-VOD in 
a drought evaluation period (red point in Figure S7A); Ku - VODpre 
and Ku - VODpost are the values of the deseasonalized Ku-VOD 
in the non-drought evaluation period before and after the given 
drought years (blue point in Figure S7B), respectively; Ku - VODori

pre
 

and Ku - VODori
post are the original values of Ku-VOD corresponding to 

Ku - VODpre and KuVODpost
, respectively; Ku - VODdrought−Ku - VODpre 

and Ku - VODpost−Ku - VODdrought
 are the mean values of absolute 

changes during each drought and post-/non-drought event, respec-
tively; and Ku - VOD

ori

pre
 and Ku - VODori

post
 are the mean values of 

Ku - VODori
pre

 and Ku - VODori
post

, respectively.
We used Equation (4) to evaluate whether Ku-VOD recovered to 

the same value as that in the non-drought year before each drought 
event. The corresponding difference (e.g., ΔPDSINet, Figure S8) be-
tween the pre- and post- non-drought years is approximately equal 
to zero, and the value remains stable with increasing Hc. Therefore, 
ΔNet is minimally affected by canopy water-content differences but 
is largely related to canopy mass loss.

where Ku - VODpre
 and Ku - VODpost

 are the mean values of each non-
drought evaluation period before and after the given drought year, re-
spectively; negative and positive values represent whether the canopy 
mass has recovered or not, respectively.

2.6  |  Comparing differences in physiological 
performance using in-situ observations

To assess the dependence of sap flow density on tree height, we col-
lected in-situ sap flow observations from four SAPFLUXNET sites 
(Poyatos et al., 2021) located in tropical regions with measured Hc 
(Table S3). We calculated daytime (from 6:00 AM to 6:00 PM local time) 
mean sap flow of each sample (tree). In addition, we also collected all 
the in-situ P50 datasets of tropical broadleaved evergreen forests from 
Liu et al. (2019) to study the dependence of hydraulic trait differences 
on Hc. We then conducted a meta-analysis of mean daytime sap flow 
and maximum -P50 against average Hc of tropical forests using poly-
nomial regression (Ostertagová, 2012) fitted to the data (Figure 2a,b).

2.7  |  Relating Ku-VOD dynamics to 
climatic variables

We further analyzed the Ku-VOD inter-annual variability (ΔKu-VOD) 
of tropical broadleaved evergreen forests against climatic changes 
during all drought and non-drought periods defined as described 
above. Soil water deficit was evaluated by two variables: GRACE 
terrestrial water storage (TWS; Humphrey & Gudmundsson, 2019) 
and CRUNCEP precipitation (PRE; Viovy, 2018), while atmospheric 
dryness was evaluated by ERA-Interim VPD (Yuan et al., 2019; 
Table S4). We investigated tall tropical forests (HcSimard  ≥  35.0  m 
or HcGEDI ≥ 27.9 m) and short tropical forests (HcSimard < 35.0 m or 
HcGEDI < 27.9 m) to compare the different climatic drivers of the re-
sponse of ΔKu-VOD to drought in each case (Figure 3, Figure S9, 
Table S5).

3  |  RESULTS

The relative changes in PDSI between each drought and non-drought 
year-pair showed no significant differences across tropical forests 
for different Hc classes (Figure S8), implying similar extents of expo-
sure of taller and shorter forests to drought. However, the impact of 
drought was greater in taller tropical forests having more negative 
values of ΔKu-VODdrought during drought periods (Figure 1a and red 
boxplots in Figure 1c). Nonetheless, taller tropical forests recovered 
faster from drought, with more positive values of ΔKu-VODnon-drought 
(Figure 1b and blue boxplots in Figure 1c), than shorter forests.

The Ku-VOD values showed a positive correlation with LIDAR 
TOC LAI (LAItop canopy; Figure S4); furthermore, regional averages of 
Ku-VOD in Amazon, Congo, and tropical Asia were consistent with 
those of LIDAR LAItop canopy in seasonality (Figure S5).

(2)ΔKu - VODdrought=

Ku - VODdrought−Ku - VODpre

Ku - VODori
pre

×100%,

(3)ΔKu - VODnon - drought=

Ku - VODpost−Ku - VODdrought

Ku - VODori
post

×100%,

(4)
ΔNet =

Ku -VODpost − Ku -VODpre

Ku -VODori
pre

× 100%
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When testing the presence of potential breakpoints (Hu et al., 
2020) for the relationship between HcSimard, HcGEDI, and ΔKu-VOD 
across space, we found that forests with Hc greater than a threshold 
value (HcSimard > 35.0 m; HcGEDI > 27.9 m) experienced significantly 
larger ΔKu-VODdrought losses during drought years (Figure S10A,C), 
and significantly larger ΔKu-VODnon-drought gains during non-drought 
years (Figure S10B,D) than forests with Hc below the same thresh-
old values, which incidentally, varied little among the three tropi-
cal continental regions (Figure S11). Despite an underestimation of 
Hc by HcGEDI (Potapov et al., 2021; Figure S12, mean underestima-
tion  =  −7.26  ±  0.08  m), results from HcGEDI were similar to those 
from HcSimard.

We further evaluated whether the canopy of tropical forests 
with different Hc recovered to pre-drought levels, as quantified by 
the Ku-VOD signal, during the following non-drought period. For 
each pixel, we calculated the net differences in Ku-VOD (ΔNet; 
Methods) and PDSI (ΔPDSINet) between the pre-drought and non-
drought years. The value for ΔPDSINet proved stable with increasing 
Hc, approximately equal to zero (Figure S8), implying that ΔNet must 
be largely related to canopy mass differences and not to differences 
in the extent of exposure to drought; furthermore, ΔNet showed 
increasingly negative values with increasing HcSimard across the pan-
tropics (black curve, Figure 1c), suggesting an increase in vulnerabil-
ity to drought with Hc. Across the pan-tropics, ΔNet becomes more 

F I G U R E  1  Responses of Ku-VOD change of tropical forests to drought against GLAS (geoscience laser altimeter system) LIDAR canopy 
height (HcSimard). (a) Bidimensional histogram of pixel-level relative drought-induced loss per drought year (ΔKu-VODdrought, unit: %, Equation 
2) against GLAS LIDAR Hc. (b) Same for pixel-level relative non-drought gain per non-drought year (ΔKu-VODnon-drought, unit: %, Equation 
3). Each dot represents the relative Ku-VOD change of one pixel in each drought (or non-drought) event. The red and blue curves are the 
corresponding linear fits of the scatters, and the gray shading represents the 95% confidence interval. (c) Statistics (mean ± SEM) of average 
relative ΔKu-VODdrought (red) and ΔKu-VODnon-drought (blue) in tropical forests against HcSimard using one-meter bins. The black curve is the 
relative ΔNet (%) for each HcSimard bin. (d) Spatial pattern of the average relative ΔNet in the tropical Amazon, Africa, and Asia. For each 
pixel, ΔNet is the difference in Ku-VOD between the post-/pre-drought non-drought years (Equation 4) [Colour figure can be viewed at 
wileyonlinelibrary.com]
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negative when HcSimard  ≥  35.0  m in both the Amazon region and 
Asia, whereas there was no clear trend observed for Africa (Figure 
S13). The corresponding forest areas with negative ΔNet were 
80%, 54%, and 88% of drought-affected areas, which experienced 
both drought-induced loss and subsequent non-drought gain, in the 
Amazon region, Africa, and Asia (Figure 1D), respectively. Again, re-
sults from HcGEDI supported the hypothesis that taller tropical for-
ests showed more relative negative values of ΔKu-VODdrought, more 
positive values of ΔKu-VODnon-drought, and more negative values of 
ΔNet (Figures S14 and S15), than shorter tropical forests.

In situ observations of eco-physiological factors over tropical 
continental regions can enhance our understanding of drought im-
pacts on tropical forests. A meta-analysis of in situ daytime sap flow 
from a total of 89 tropical evergreen broadleaved trees from four 
SAPFLUXNET sites (Figure S16A, Table S3) showed that sap-flow 

density (i.e., transpiration capacity) of tropical trees was gener-
ally lower when Hc was greater than 35.0  m (Figure 2a). Another 
meta-analysis of in situ hydraulic traits from 182 tropical evergreen 
broadleaved trees in Liu et al. (2019; Figure S16B) showed a smaller 
maximum -P50 (i.e., the water potential at which 50% loss of xylem 
conductivity occurs) for taller trees (Figure 2b), suggesting a greater 
vulnerability of xylem tissue to embolism under drought condi-
tions in taller trees than in shorter ones, as reported by Rowland 
et al. (2015) for the Caxiuana drought experiment. It is noteworthy 
that both sap flow and maximum -P50 decreased in tropical forests 
with increasing Hc over ~35.0 m (Figure 2a,b), consistent with the 
satellite-based Ku-VOD analysis, which showed that ΔNet became 
more negative when HcSimard ≥ ~35.0 m (Figure 1c).

We further analyzed ΔKu-VOD against changes (Δ) in water 
availability from relative changes in precipitation (ΔPRE), GRACE 

F I G U R E  2  Sap flow and stem water potential at 50% loss of conductivity (P50) as a function of tree height in pantropical forests. (a) 
Mean daytime sap flow of 89 in situ observations for different tree heights (bin is 1.0 m); (b) Maximum -P50 of 182 in situ observations 
for different tree heights (bin is 1.0 m). The scatter diagrams of all 89 in situ sap-flow observations and 182 in situ -P50 observations are 
shown in Figure S16. We excluded the data of Hc shorter than 5.0 m to eliminate possible effects from young forests. The red curves 
show the corresponding fitted fifth-order polynomials; shading areas represent a 95% confidence interval [Colour figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  3  Sensitivity of Ku-VOD to 
VPD, PRE and TWS as functions of forest 
Hc (HcSimard). The left column (a, c, and e) 
denotes drought periods (unit less), and 
the right column (b, d, and f) denotes non-
drought periods (unit less). Red and blue 
curves were fitted by generalized additive 
models (GAMs; Yee & Mitchell, 1991). 
Shaded areas represent a 95% confidence 
interval. The corresponding statistics 
of tall and short forests are shown in 
Table S5 [Colour figure can be viewed at 
wileyonlinelibrary.com]
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terrestrial water storage estimates (ΔTWS), and VPD (ΔVPD; Table 
S4; Figure 3). The results indicated that the response of ΔKu-VOD to 
ΔVPD is curvilinear as a function of Hc during both drought and non-
drought periods. Taller forests (HcSimard ≥ 35.0 m) had slightly more 
negative sensitivity to ΔVPD (during drought years: −0.091 ± 0.002 
and during non-drought years: −0.084  ±  0.002) than shorter for-
ests (during drought years: −0.077 ± 0.001 and during non-drought 
years: −0.070 ± 0.001; Figure 3a,b, Table S5). In contrast, the sensi-
tivity of Ku-VOD to PRE was more positive in taller forests (drought 
years: 0.118  ±  0.002; non-drought years: 0.102  ±  0.002) than in 
shorter forests (drought years: 0.114 ± 0.002; non-drought years: 
0.088 ± 0.001; Figure 3c,d, Table S5). The Ku-VOD of taller forests 
was significantly more positively sensitive to ΔTWS (0.042 ± 0.002) 
than that of shorter forests (0.028 ± 0.001) during non-drought years, 
while showing similar sensitivity to shorter forests during drought 
years (taller forests: 0.036 ± 0.002; shorter forests: 0.035 ± 0.001; 
Figure 3e,f, Table S5). Results based on HcGEDI showed the same 
trends (Figure S9, Table S5).

4  |  DISCUSSION

At the ecosystem scale, our analysis showed both greater relative 
Ku-VOD losses during droughts and subsequently stronger relative 
non-drought gains in taller tropical forests than in shorter ones. The 
net relative differences in Ku-VOD were more negative in taller trop-
ical forests. Taller trees exhibited lower mean evapotranspiration 
per unit basal area than shorter trees during drought and were more 
sensitive to water stress due to their lower xylem-safety margin 
(i.e., lower maximum -P50; Figure 2b). Taller trees reportedly showed 

higher drought-related mortality (Anderegg et al., 2016; Brando, 
2018; Phillips et al., 2010).

The hydraulic failure and carbon starvation hypotheses are two 
main non-mutually exclusive theories to explain drought-induced 
dynamics of tropical forests because of significant carbon–hydraulic 
interactions (Hartmann, 2011; Kono et al., 2019; McDowell et al., 
2008; Sala et al., 2010; Zeppel et al., 2013). As shown in Figure 4, 
under moderate water stress, leaf stomatal closure and leaf shed-
ding are initial responses of trees to mitigate the risk of xylem 
embolism by reducing the transpiring surface area (Aguadé et al., 
2015; Brodribb & Holbrook, 2003; Yazaki et al., 2015), especially in 
trees with smaller values of -P50. Generally, taller trees show smaller 
Huber values, that is, sapwood area divided by total leaf area (Kono 
et al., 2019), thus showing proportionally more leaves supported by 
the same area of xylem than shorter trees (Liu et al., 2019; McDowell 
et al., 2002). Additionally, taller trees preferentially extract water 
from deep soil layers (below 100 cm), while shorter trees show broad 
variations in the depth of water uptake during drought periods (Stahl 
et al., 2013). Thus, taller forests likely experience higher hydraulic 
stress, despite having access to deeper soil water due to their lon-
ger roots. The reduction in total water consumption by taller trees 
is more severe under drought conditions than that of shorter trees 
(Liu et al., 2021). Therefore, although taller trees have relatively 
wider vessels and the potential for higher water conductivity (Liu 
et al., 2019; Olson et al., 2018), taller trees are more vulnerable to 
xylem embolism and are thus at a higher risk of hydraulic failure than 
shorter trees (Anderegg et al., 2016; Liu et al., 2019).

The above-mentioned intrinsic eco-physiological variations as-
sociated with tree height in tropical forests might exert a strong ef-
fect on forest canopy growth and photosynthetic dynamics during 

F I G U R E  4  An illustration of potential eco-physiological processes in short (Hc < 35.0 m) and tall tropical forests (Hc > 35.0 m) explaining 
the different responses of canopy dynamics to drought. Huber value = sapwood area/total leaf area [Colour figure can be viewed at 
wileyonlinelibrary.com]
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the drought periods (Figure 4). Trees first increase carbon alloca-
tion to leaves and then to roots under water stress (Chen et al., 
2020). For example, when Amazonian evergreen forests enter the 
early dry season, the allocation of carbohydrates to new leaves 
was found to increase immediately (Poorter et al., 2012). However, 
the allocation to roots decreased first during the early dry season 
and increased in the latter part of the dry season (Doughty et al., 
2015; Poorter et al., 2012). As taller trees experience greater hy-
draulic stress, they readily drop more leaves, produce fewer new 
leaves, and decrease canopy photosynthesis, which in turn causes 
insufficient carbon allocation to roots during the late stages of the 
dry season, thereby limiting tree capacity to absorb water from 
deeper soil layers. This feedback response can lead to hydraulic 
failure, carbon starvation, or both (Kono et al., 2019). In contrast, 
canopies of shorter trees experience less hydraulic stress than 
taller forests, whereby, they are able to replace old leaves with 
new leaves due to sufficient sunlight, which in turn boosts canopy 
photosynthesis during drought periods (Chen et al., 2021; Green 
et al., 2020), thus providing additional carbon which is allocated 
for root growth into deeper soil for water uptake during the latter 
part of the dry season (Chen et al., 2020).

Previous studies found that solar-induced fluorescence of taller 
forests was less sensitive to precipitation than that of shorter ones 
(Giardina et al., 2018), implying that photosynthesis of taller forests 
was presumably less sensitive to variations in precipitation than 
shorter forests. However, photosynthesis of taller forests was more 
sensitive to atmospheric dryness (Brando, 2018; Giardina et al., 
2018; Guan et al., 2015). Our findings suggested that taller forests 
probably had a higher sensitivity to atmospheric dryness and a 
higher recovery potential to enhance water absorption than shorter 
forests (Figure 3). The differences between previous reports and our 
own could be reconciled by noting that we only focused on drought, 
when taller forests might allocate insufficient carbon for root growth 
and leaf flushing, thereby leading to a higher risk of hydraulic failure 
and carbon starvation than in shorter forests that had a more posi-
tive value of ΔNet than taller forests. The relatively shorter forests 
were distributed mostly over the Amazon (average HcSimard = 32 m, 
67% of pixels with HcSimard  <  35  m) and tropical Africa (average 
HcSimard = 33 m, 60% of pixels with HcSimard < 35 m), where the aver-
age canopy height of forests was shorter than in tropical Asia (aver-
age HcSimard = 36 m, 61% of pixels with HcSimard > 35 m). Additionally, 
non-equatorial tropical forests in the Amazon region (latitude ≥ 5°S 
or latitude ≥ 5°N; green and blue regions, Figure 1d) showed more 
positive values of ΔNet in response to drought than equatorial for-
ests (5°S < latitude < 5°N). We hypothesize that forests with marked 
seasonal cycles might mitigate drought-induced effects better than 
low-latitudinal forests near the equator, with slight seasonality of 
canopy phenology and photosynthesis (Figure S17). Yang, Wu, 
et al. (2021) observed that non-equatorial forests showed stronger 
seasonality of leaf fall and photosynthesis, which were mainly con-
trolled by a marked seasonality of sunlight and rainfall (Li et al., 2021; 
Wagner et al., 2016, 2017). Thus, we inferred that near-equatorial 
forests might be more influenced by local disturbances (e.g., wind 

and drought) and differences among plant species (De Queiroz et al., 
2019; Guo et al., 2019).

Additionally, our results highlight the need to incorporate water 
transport as a function of canopy height in land surface models 
(LSMs) in addition to stomatal conductance and soil water deficit 
impacts on plant growth (Baker et al., 2008; Markewitz et al., 2010). 
Analysis of the results of eight dynamic global vegetation models 
(DGVMs) from the Trendy-v7 exercise (Le Quéré et al., 2018) showed 
that drought-induced canopy losses and post-drought gains in the 
modeled canopy leaf area index (LAI; Figures S18 and S19) were not 
sensitive to satellite Lidar-derived Hc across pantropical forests or 
even opposite to the response recorded in this study, based on Ku-
VOD observations (Figure 1c). As Ku-VOD was sensitive to the LAI 
top canopy, we compared the modeled LAI with satellite Ku-VOD. 
The results showed that LAI simulated by those models (Figure 
S20A,B,D–H), which used dynamic or prescribed Hc (Table S6), 
were positively and linearly correlated with Ku-VOD. However, the 
models that did not consider Hc (Figure S20C) performed poorly in 
simulating LAI in tropical forests. Satellite observations from micro-
wave Ku-VOD showed greater canopy mass losses (ΔKu-VODdrought) 
during drought and greater post-non-drought canopy mass gains 
(ΔKu-VODnon-drought; Figure S21). Previous studies also observed 
bidirectional drought-related canopy dynamics in tropical forests 
in response to drought using multiple satellite-based estimates (Liu 
et al., 2021). Liu et al. (2021) found that tropical forests with higher 
background LAI, usually taller trees, decreased canopy LAI during 
drought periods, and increased canopy LAI faster during the re-
covery period. In contrast, tropical forests with lower background 
LAI increased canopy LAI during the drought period and decreased 
canopy LAI during the recovery period. Therefore, we analyzed the 
modeled ΔLAIdrought and ΔLAInon-drought against background LAI 
(Figure S22) to test whether LSMs can capture the bidirectional 
drought-related canopy dynamics of tropical forests. The results 
showed that only the SDGVM model, which accounts for the effects 
of Hc on transpiration and LAI (Table S6), captures similar patterns 
(Figure S22O,P) of ΔKu-VOD against background Ku-VOD (Figure 
S21). However, CLASS-CTEM, JSBACH, and ORCHIDEE-TRUNK 
models show that both ΔLAIdrought and ΔLAInon-drought decreased 
as background LAI increased (Figure S22C–F,M–N). CABLE-POP, 
JULES-ES, LPJ-GUESS, and ORCHIDEE-CNP models showed no sig-
nificant trend in ΔLAIdrought and ΔLAInon-drought as background LAI 
increased (Figure S22A,B,G–L). Hence, by neglecting to account for 
the effects of forest canopy height, LSMs tend to underestimate the 
impact of drought on tall forests and to overestimate it for short 
forests.

It is worth noting that the drought-induced loss in Ku-VOD (ΔKu-
VODdrought) can be caused by a decrease in leaf water content, de-
foliation, or canopy damage (Anderson et al., 2010; Borchert, 1998; 
Saatchi et al., 2013), while the net loss in Ku-VOD (black dots) during 
recent drought more likely reflects the part of canopy-mass loss 
caused by a structural change such as branch snapping and mortality 
(Brando et al., 2019; Leitold et al., 2018). Similarly, it should be noted 
that, compared with lower-frequency VOD data, such as L-band 
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VOD data, which normally shows a higher correlation with abo-
veground biomass (Brandt et al., 2018; Fan et al., 2019; Wigneron 
et al., 2020), the Ku-band VOD obtained from higher-frequency pas-
sive microwave satellite sensors contains less information of deeper 
vegetation layers (Chaparro et al., 2018); therefore, it is more related 
to canopy mass and water content than to stem biomass changes 
(Ferrazzoli & Guerriero, 1996; Momen et al., 2017; Rodríguez-
Fernández et al., 2018; Wigneron et al., 1995, 2004; Zhang et al., 
2019). The evaluation of Ku-VOD data based on Lidar LAI (Figures 
S4 and S5) also proved that Ku-VOD was positively correlated with 
LAItop canopy in tropical forests. Finally, we recommend that future 
studies combine Ku- and L-band VOD data to separate canopy and 
stem biomass changes to better understand the responses of tropi-
cal forests to drought.
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