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Abstract

Understanding the effects of intensification of Amazon basin hydrological cycling--manifest as 

increasingly frequent floods and droughts--on water and energy cycles of tropical forests is 

essential to meeting the challenge of predicting ecosystem responses to climate change, 

including forest “tipping points”.  Here, we investigated the impacts of hydrological extremes on 

forest function using 12+ years of observations (between 2001-2020) of water and energy fluxes 

from eddy covariance, along with associated ecological dynamics from biometry, at the Tapajós 

National Forest.  Measurements encompass the strong 2015-2016 El Niño drought and La Niña 

2008-2009 wet events.  We found that the forest responded strongly to ENSO: Drought reduced 

water availability for evapotranspiration (ET) leading to large increases in sensible heat fluxes 

(H).  Partitioning ET by an approach that assumes transpiration (T) is proportional to 

photosynthesis, we found that water stress-induced reductions in canopy conductance (Gs) drove 

T declines partly compensated by higher evaporation (E).  By contrast, the abnormally wet La 

Niña period gave higher T and lower E, with little change in seasonal ET.  Both ENSO events 

resulted in changes in forest structure, manifested as lower wet-season leaf area index.  However, 

only during El Niño 2015-2016, we observed a breakdown in the strong meteorological control 

of transpiration fluxes (via energy availability and atmospheric demand) because of slowing 

vegetation functions (via shutdown of Gs and significant leaf shedding).  Drought-reduced T and 

Gs, higher H and E, amplified by feedbacks with higher temperatures and vapor pressure 

deficits, signaled that forest function had crossed a threshold, from which it recovered slowly, 

with delay, post-drought.  Identifying such tipping point onsets (beyond which future irreversible 

processes may occur) at local scale is crucial for predicting basin-scale threshold-crossing 

changes in forest energy and water cycling, leading to slow-down in forest function, potentially 

resulting in Amazon forests shifting into alternate degraded states.

1. Introduction  
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Recent studies report climate-change associated intensification of hydrological cycling in the 

Amazon basin -- with increasing frequency of both drought and floods (Barichivich et al., 2018; 

Gloor et al., 2013).  Observations have revealed that Amazon vegetation communities are 

vulnerable to prolonged or repeated drought, leading to increased mortality (Esquivel-Muelbert 

et al., 2019; Phillips et al., 2009), decreasing forest function (Botía et al., 2022; Gatti et al., 2021) 

and changes in vegetation structure and/or species composition (Amigo, 2020; Brando et al., 

2020; Esquivel-Muelbert et al., 2019; Yang et al., 2022).  Models also indicate that these 

droughts may trigger basin-wide ecosystem degradation (Staal et al., 2023), which can lead to a 

“tipping point” -- an abrupt transition in ecosystem function to an alternate stable but degraded 

state that is difficult to reverse (Cooper et al., 2020; Hirota et al., 2021; Lovejoy and Nobre, 

2018; Oyama and Nobre, 2003).  Here, we ask whether water limitation of tree communities 

during drought -- often associated with reductions in transpiration with significant feedback 

effects -- could be a tipping point mechanism.  This question is motivated by consideration of the 

many ecosystem-atmosphere interactions, that may include: (1) further reductions in 

precipitation due to the loss of transpiration-driven recycling of rainwater back to the atmosphere 

(an estimated one-quarter to one-third of the basin-wide rainfall is recycled from upwind 

evapotranspiration (Cox et al., 2008; Eltahir and Bras, 1994; Makarieva et al., 2023; Smith et al., 

2023; Trenberth, 1999; van der Ent et al., 2010); (2) reductions in land-derived moisture that 

cause forests to become net carbon sources, contributing to their degradation (Gatti et al., 2021; 

Staal et al., 2023) and (3) changes in the partition of available energy between latent heat flux 

(LE), the energy equivalent of evapotranspiration (ET), and sensible heat flux (H) --where higher 

Bowen ratios (H/LE) represent increasing temperatures and lower humidity and where changes 

in H have been identified as the dominant contributor to variations in global-mean precipitation 

patterns (Biscaro et al., 2021; Langenbrunner et al., 2019; Myhre et al., 2018) (linking 1 and 2).  

Up to now, local scale observations that integrate ecosystem water and energy fluxes with 

vegetation dynamics in tropical forest ecosystems are scarce or do not cover multiple  climatic 

anomalies.  Here, we present for the first time an analysis of long-term tropical forest 

micrometeorological fluxes integrated with observations of canopy (leaf area) dynamics over a 

period spanning two strong El Niño-Southern Oscillation (ENSO) periods associated with 

anomalous wet periods (La Niña 2008-2009) and drought (El Niño 2015-2016).  Long-term 

observations through multiple ENSO events offer unprecedented opportunities to test model 

Page 3 of 40 Global Change Biology

https://www.zotero.org/google-docs/?v5FTmX
https://www.zotero.org/google-docs/?v5FTmX
https://www.zotero.org/google-docs/?EiRvhs
https://www.zotero.org/google-docs/?EiRvhs
https://www.zotero.org/google-docs/?BbbWTD
https://www.zotero.org/google-docs/?QWKali
https://www.zotero.org/google-docs/?QWKali
https://www.zotero.org/google-docs/?LetTQs
https://www.zotero.org/google-docs/?9FvraE
https://www.zotero.org/google-docs/?9FvraE
https://www.zotero.org/google-docs/?aoRYPQ
https://www.zotero.org/google-docs/?aoRYPQ
https://www.zotero.org/google-docs/?wNKksT
https://www.zotero.org/google-docs/?wNKksT
https://www.zotero.org/google-docs/?P6CfWm


4

feedback mechanisms proposed to underlie changes in the global water and energy cycles, and to 

identify thresholds for forest tipping points at local scales.

A network of eddy covariance (EC) flux towers was installed as part of the Large-Scale 

Biosphere Atmosphere Experiment in Amazonia (LBA), three of them located at forest sites 

across equatorial Amazonia, from east to west, Caxiuana (CAX), Santarém (K67) and Manaus 

(K34).  At these sites, observations of seasonal evapotranspiration (ET), under conditions 

representative of the long term climatology, have shown to be driven by net radiation (Rn) 

(Christoffersen et al., 2014; Hasler and Avissar, 2007).  This relationship indicates a strong 

environmental (e.g. energy availability as key driver), and although important, a less significant 

biological control (e.g. stomatal resistance) over water fluxes.  However, these analyses did not 

cover anomalous precipitation events nor periods when the meteorology showed sustained 

departures from the average seasonal radiation, temperature or atmospheric demand (Rosolem et 

al., 2008).  Therefore, two key questions remain unanswered: what would be the seasonal 

meteorological conditions and ecosystem responses associated (1) to drought --will water 

limitation result in reductions on ecosystem-scale transpiration (and consequently ET) via 

stomatal closure? and (2) to excess water --when solar radiation and air temperature are often 

reduced due to cloud cover --will lower available energy and high soil and atmospheric moisture 

result in lower water flux rates? These questions provide the context for investigating whether 

hydrological extremes could trigger that kind of threshold-crossing reductions in forest function 

that constitute a tipping point. 

Our study site is located near the town of Santarém, Brazil, within the Tapajós National Forest, 

at the K67 eddy covariance tower.  The site experiences a long dry season (five-months) and 

represents the driest quartile of equatorial evergreen tropical forest in Amazonia (Nepstad et al., 

2002; Saleska et al., 2003).  The eastern Amazon region and in particular the Tapajós-Xingu 

moist forests are thought to be highly vulnerable to climate change and deforestation (Feeley and 

Rehm, 2012).  Moreover, past precipitation and SST records suggest the Santarém region to be 

the ideal location for study of ENSO impacts as the extended multivariate ENSO index 

(MEI.ext) is maximally negatively correlated with precipitation anomalies (Figure 1a and S9b).  

The site has 12+ years of observations of water and energy fluxes that include the 2015-2016 
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period, when the MEI.ext pointed to drought conditions similar to those experienced in 1982-

1983 and 1997-1998 and correlated with extreme droughts and heat waves across the basin 

(Huang et al., 2016; Jiménez-Muñoz et al., 2016).  By contrast, measurements during the  2008-

2009 La Niña event when the wet season was wetter and incoming solar radiation was lower than 

the seasonal average represent the other side of drought(Chen et al., 2010; Filizola et al., 2014).  

Our analysis compares the seasonal 2015-2016 El Niño and the wet La Niña water and energy 

fluxes to measurements before and after these events (2001-2005, 2008-2011, 2015-2020), 

meteorological variables and partition ET into its components evaporation (E) and transpiration 

(T) as to characterize ecosystem-atmosphere exchange under the long-term climatology and 

under climatic anomalies.

Our work focuses on addressing four specific questions: (1) how does the partition of available 

energy between sensible and latent heat change under drought/wet conditions? Does H dominate 

the turbulent fluxes during El Niño periods? (2) What is the seasonal partition of ET components 

under the long-term climatology? During different climatic anomalies, which of the ET 

constituents, evaporation (E) or canopy transpiration (T), dominates the flux? (3) Does the 

seasonal relationship between meteorological variables and E, T, and ET change under 

abnormally dry or wet conditions? (4) Do different vegetation responses --leaf abscission versus 

lower canopy conductance-- contribute to reducing water loss? Is there a precipitation/soil 

moisture threshold beyond which canopy resistance assumes a more significant role in 

determining seasonal T at K67?  Our analysis aims to contribute to the understanding and 

prediction of the consequences of wet events and/or drought on ecosystem function in tropical 

forests.  This includes the identification of threshold-crossing tipping points, defined by abrupt 

non-linear changes in forest function.  We aim to gain valuable insights into the processes that 

drive the land-atmosphere exchange, and ultimately, the implications of extreme events on the 

global energy and water balance.

2. Methods

Our study site is located at the Tapajós National Forest, near the confluence of the Amazon and 

Tapajós rivers in Brazil (2.857°S, 54.959°W) (Figure 1).  The forest canopy has an average 

height of 40 m and is dominated by Erisma uncinatum, Chamaecrista xinguensis and Coussarea 
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albescens (22% total basal area) (Barros et al., 2019).  Water table level is at 100 m depth 

(Nepstad et al., 2002) and soils are classified as clay Oxisols (Oliveira et al., 2005).  For 

additional information refer to the works by Saleska et al. (2003), Rice et al. (2004), Pyle et al. 

(2008), and Hutyra et al. (2007).

2.1. Eddy covariance and meteorological measurements

Eddy covariance (EC) instrumentation was placed in 2000 at an 64 m tall tower, since then water 

and energy fluxes were measured by the close path method (Foken et al., 2012; Wofsy et al., 

1993).  The measurement system consists of a CSAT3 anemometer and a LI-6262 infrared gas 

analyzer installed 58 m above the ground (~18 m above the top of the canopy).  The system was 

calibrated (zero or no H2O flux) every four hours using N2 dry air gas.  The H2O span was 

determined using an ancillary chilled mirror hydrometer (2000-2006), establishing air moisture 

at saturation (night time) or via a relative humidity probe (HC2-S3-L, since 2017).  The 

measurements included the flux of water (FH2O; mmol m-2 s-1), sensible heat (H; W m-2) and the 

momentum (τ; kg m-2 s-2) as proportional to the mean covariance between fluctuations of vertical 

velocity measured by the anemometer and the correspondent scalar -- water vapor, temperature 

and horizontal wind velocity, respectively (Oke, 2015).  Fluxes correspond to the periods: April 

2001 - January 2006, July 2008 - July 2012 and January 2015 - July 2020.  Hourly turbulent 

fluxes were subject to quality control, by removing rainy periods, outliers due to instrument 

malfunction (e.g. pump failure) or when the calibration system failed (e.g. N2 gas run-out).  The 

FH2O, and H were filtered for low turbulence periods using the friction velocity (u*, m s-1) 

threshold value (u*threshold<0.22) (Restrepo-Coupe et al., 2017).  During such periods turbulence 

is insufficient to support eddy covariance transport of fluxes, and other transport mechanisms 

apply, resulting in underestimated flux.  We did not gap-fill fluxes or meteorological data beyond 

24 continuous hours.  Missing values within 3 hour periods were filled by averaging nearby valid 

measurements from the previous and following hours.  Additionally, within 24 hour periods we 

used data from the same time on the previous and following day, searching up to five 

consecutive days.

Ancillary measurements of net radiation (Rn; W m-2) were made at 62 m above the ground with a 

Q-7.1 Delta-T (2002-2006) and a NR-LITE2 Campbell Sci. (2008-present).  Incoming and 
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reflected photosynthetic active radiation (PAR and PARout, respectively; μmol m-2 s-1) was 

measured at the top of the tower and at 15 m above the surface (PARcanopy; μmol m-2 s-1) using 

LI-190SA and LI190SB-L sensors.  We measured air temperature (Tair; °C) using an array of 

Omega ON-905-44032 thermistor probes inside MetOne 076B-4 aspirators, and H2O (mmol mol-

1) concentrations across a vertical profile, at 62, 57, 39 (close to average canopy height), 28, 18, 

10, 3 and 0.6 m above the surface via a LI-6262 infrared-gas analyzer.  The atmospheric pressure 

(Pa; kPa) was measured with a MKS BARATRON 122BA-00100BB Pressure Transducer 100-

Torr Capacitance Manometer at ground level.

2.2. Measurement and calculation of water and energy cycle components

We used the energy balance closure equation to quantify the quality and uncertainty of the 

measured fluxes and to better understand the partition between turbulent, soil and storage heat 

fluxes (see supplementary information (SI) section 1, Figure S1-S3):

LE + H = Rn − G − ∆SH - ∆SLE - EP - ΔSB - Ad  - Ex Equation 1

where the latent heat flux (LE; W m-2) is the energy equivalent of FH2O, G is the ground heat 

flux, EP is the energy used for photosynthesis, ΔSB is the change in biomass heat storage, Ad is 

the advection loss, and ∆SH and ∆SLE are the change in canopy-air space latent and sensible heat 

stored in the air column, respectively.  The Ex includes the measurement error and additional 

energy sinks and heat storage components (Oliphant et al., 2004; Wilson et al., 2002).  All terms 

are in units of W m-2.  The G and Ad terms were not measured and were assumed to average to 

zero over diel cycles.  Ad is often negligible, particularly at daytime as turbulence is strong.  

Likewise, G is typically small for dense forests (Purdy et al., 2016), however may be significant 

particularly during heavy rainfall (Zawilski, 2021).  We calculated ∆SH and ∆SLE following 

McCaughey and Saxton (1988):

 Equation 2ΔSH = (ρa Cp ∑h
i = 1

ΔTair i

Δt Δzi)
Equation 3ΔSLE = (ρa λ ∑h

i = 1
Δai

Δt Δzi)
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where Cp is the specific heat of air at constant pressure (1.013 10-3 J kg-1 K-1), i are each of the 

eight vertical-heights below the EC where the profile air intakes are located, ΔTair i represents the 

average change in Tair at level i, Δt is 1-hour (s), Δzi is the air column thickness at level i (m) and 

Δai is the change in absolute humidity at level i (originally in units of vapor pressure, kPa --

2.17/(Tair + 273.15) was used as conversion factor).  λ is the latent heat of vaporization (MJ kg-1) 

and was calculated as a function of Tair.  ρa is the density of air at constant pressure (kg m-3) from 

the ideal gas law, see Brutsaert (1982).  We present values of maximum ∆SH  (∆SH max) and 

∆SLE  (∆SLE max) as seasonal values of storage in general balance to zero.

ΔSB as the product of canopy-specific heat capacity (Cveg = 2958 J kg-1 K-1), live wet biomass 

(mveg; kg m-2) and the change in temperature at canopy level (ΔTcpy/Δt; K s-1) (measured at 39 m 

height).  The mveg was estimated to be 63 kg  m-2 (the equivalent of 32.5 kg m−2 dry biomass) 

(Hunter et al., 2013).  The Ep was calculated assuming 28 W m-2 energy units per 2.5 mgCO2 m-2 

s-1 of gross ecosystem productivity (GEP; μmolCO2 m-2 s-1) (Masseroni et al., 2014).  The net 

ecosystem exchange (NEE; μmolCO2 m-2 s-1) was calculated as the sum of the CO2 flux 

measured at the top of the tower (Fc; μmolCO2 m-2 s-1) and the storage flux (SCO2; μmolCO2 m-2 

s-1) and defined as negative to represent carbon-uptake by the forest. We estimated the ecosystem 

respiration (Reco; μmolCO2 m-2 s-1) and calculated the gross ecosystem exchange (GEE; μmolCO2 

m-2 s-1) by subtracting Reco (GEE = -NEE + Reco) (see Restrepo-Coupe et al. (2017) for methods). 

The Bowen ratio was calculated as the ratio of 16-day average sensible heat to 16-day average 

latent heat (Bowen = H/LE).  In tropical forests, the Bowen ratio is typically < 1, thus as LE is the 

main driver of energy transfer from the surface to the atmosphere in this particular ecosystem.  

We compared the observed LE to the equilibrium evaporation (LEeq; W m-2), defined as the 

evaporation rate of a saturated surface into saturated air:

Equation 4LEeq =
δ

δ + γRn

where γ is the psychrometric coefficient (kPa K-1) (γ=Cp Pa 103 / 0.622 λ) and δ is the slope of 

vapor pressure curve (δ = 4098 esat / Tair
-2; kPa K-1).  The LEeq is used on the Priestley-Taylor 
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coefficient (αPT) that normalizes LE to the climatological expectation (αPT=LE/LEeq) (Eichinger 

et al., 1996; Holtslag and Van Ulden, 1983; Priestley and Taylor, 1972; Raupach, 2001).

2.3. Evapotranspiration components and controls

To study the water cycle we calculated evapotranspiration (ET; mm d-1) from FH2O, and 

estimated the stomatal resistance to water vapor (rsV; m2 s mol-1) and corresponding ecosystem 

canopy conductance (Gs; mol m-2 s-1) following the flux-gradient method as described by Wehr 

and Saleska (2015).  Gs represents the vegetation contributions to ET fluxes, quantifies plant 

stress, and drives models of ecosystem photosynthetic activity.  The Gs was calculated only for 

observations with no rainfall in the previous 12 hours, assuming the relatively dry conditions that 

will be representative of periods when water exchange will be dominated by transpiration rather 

than direct evaporation.  We compared Gs calculated via the flux-gradient method to that derived 

from the Penman-Monteith method (GsPM).  Where the GsPM was calculated for all available 

observations, including periods dominated by transpiration or soil evaporation.  See SI Section 2 

and Figures S4 and S5 for Gs and GsPM equations and parametrization.  To understand the effect 

of vegetation controls on water fluxes we separately estimated evaporation (E) and transpiration 

(T) following the partitioning approach of Li et al. (2019).  (Please refer to Stoy et al. (2019) for 

a discussion on other partition methods and their uncertainty.)  The ET partition model is based 

on the assumption, that canopy conductance is proportional to photosynthetic activity GEP 

(molCO2 m-2 s-1) and that it can be derived from a statistical regression relating observed canopy 

conductance (GsPM) to observed GEP:

Equation 5GsPM =  G0 + G1 ( GEP

VPDm
leaf

) +error

where G0 (mol m-2 s-1), G1 (kPa mol μmol-1) and m are fitted parameters calculated for each 16-

day interval. The two terms, G0 and G1 are assumed to represent soil (Gsoil) and vegetation 

conductance (Gveg), and E and T to be proportional to the respective soil and vegetation 

conductance components, i.e. E and T were calculated as: T/ET = Gveg/GsPM and E/ET = 

Gsoil/GsPM under the conservation constraint (ET = E+ T).  The GsPM calculated for all available 

daytime hours and in units of mol m-2 s-1 was decomposed into soil (Gsoil) and canopy 

conductance (Gveg), where Gsoil = G0 and Gveg = G1 GEP/ .  The parameter m varies VPDm
leaf

according to the optimal stomatal control model from 0.5 (Medlyn et al., 2012) to 1 (Leuning, 
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1995).  When fitting the linear regression (Equation 5), m was selected as the parameter with the 

highest R2 and lower root mean square error (RMSE) value across a range of possible values (m 

= 0.5, 0.55, 0.6 up to 1.0) (see SI section 3).  If G0 was negative, the regression was forced to a 

zero intercept (no E).  The leaf level vapor pressure deficit (VPDleaf) was calculated as 

γLE/ρaCpGs.

2.4. Leaf area index

Leaf area index (LAI; m2 m-2) was calculated based on a simple radiation transfer model --

reflected light (PARout) is in balance to the incoming light (PAR) scaled by absorbed radiation (as 

light travels across the canopy back and forth), following Doughty and Goulden (2008):

2 PARout = PAR exp(-k LAI) Equation 6

where k is the site-specific extinction coefficient, calculated as 0.41/cos(SZA), and SZA is the 

solar zenith angle (deg).  Calculations were limited to measurements dominated by direct 

radiation (PAR>1400 µmol m-2 s-1) and SZA close to zenith (SZA<30).  We refer to the obtained 

LAI values as LAIfnPAR (Figure S5).  For a comparison between different LAI measurement 

methods see SI Section 4.

2.5. Ancillary datasets

We obtained precipitation and CI daily observations from the Brazilian Institute of Meteorology 

(INMET) meteorological station located at the near-by town of Belterra (2.63 S, 54.95 W) --with 

measurements three times a day 0:00, 12:00 and 18:00 hours and daily totals, respectively.  We 

sampled monthly 0.25 degree resolution precipitation (PTRMM; mm) data (1998-2019) from the 

Tropical Rainfall Measuring Mission (TRMM) data product (TMPA/3B43-v7) for the K67 site 

and the basin.  PTRMM was calculated using TRMM and GOES-PI satellite observations and is 

calibrated using a global network of gauge data (Huffman et al., 2007).  For the year 2020 we 

sampled the Global Precipitation Measurement Mission (GPM-IMERG final run: 2000-2020) 

(Huffman et al., 2014).  TRMM and GPM series were overlapped and GPM precipitation was 

scaled to match TRMM values, because GPM tended to overestimate rainfall values measured at 

the tower and Belterra station.  Dry season was determined using a threshold value of 100 mm 
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month-1 (Sombroek, 2001).  Satellite-derived measurements of rainfall allowed us to fill periods 

with no or unreliable observations. 

We present satellite derived incoming all-sky shortwave flux (SWdown CERES; W m-2) and net 

radiation (RnCERES ; W m-2) from the Clouds and the Earth's Radiant Energy System (CERES) 

where the top of the atmosphere net flux has been energy balanced (e.g. net flux constrained to 

the ocean heat storage) and filled (Kato et al., 2012).  Monthly 1-degree resolution cell values 

were sampled for the tower location from the L3B EBAF-Surface (v4) global grid. 

2.6. Measures of drought:  Multivariate ENSO Index (MEI), precipitation anomalies, and 

cumulative water deficit (CWD)

For our analysis we obtained the extended Multivariate ENSO Index (MEI.ext) values for 1900-

2020 (NOAA, 2020).  The MEI.ext values have been normalized so the bimonthly 1950 to 1993 

time series has an average of zero and a standard deviation of one and a weak to strong El Niño 

is associated with a MEI.ext value greater than one (Wolter & Timlin, 2011) (SI Section 5 Figure 

S9).  We contrasted seasonal observations from the selected La Niña (2008-2009) and El Niño 

(2015-2016) years with other wet and drought events documented at the site (Figure S9-S10).  

We included comparisons to the 2002-2003 El Niño and the 2010-2011 La Niña to highlight the 

consistency and differences in the vegetation response to climatic anomalies, considering the 

characteristics of each event (Figure S11).

To identify and quantify anomalous rainfall periods we calculated monthly precipitation 

anomalies (PTRMM anomaly) as the departure from the 1998–2020 mean (μ 1998-2020), normalized by 

the standard deviation (σ 1998-2020) for the month (subscript n) values across the Amazon basin 

(Eva and Huber (eds), 2005) and at our study site (Figure S9 and S10):

Equation 7PTRMM anomaly =  
PTRMM - μ1998 - 2020,n 

σ1998 - 2020,n

Similar calculations were obtained for the SWdown CERES (SWdown CERES anomaly) using the 2003-2019 

time series.  We calculated cumulative water deficit (CWD) for the month m following Aragão et 

al. (2007), as:

CWDm = CWDm−1−ET'm + PTRMM m
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if  then      Equation 8CWDm > 0 CWDm = 0

where ET’ are the flux observations filled assuming the missing period to be equivalent to the 

mean monthly ET of all available measurements. In Equation 8, CWDm is defined to be a 

number <= 0, but since “negative” deficits would imply an excess of water, we report increasing 

water deficits (indicating increasingly dry conditions) as positive values (CWDm = -CWDm).  We 

compared the CWD and soil volumetric water content (θ; m3 m-3) across a 0-10 m profile (see SI 

Section 6 and Figure S12) and found CWD predicted soil water content with a good fit (R2=0.89, 

RMSE = 0.006 [unitless], p <0.01) -- high hourly and seasonal CWD values correspond to low θ 

(Figure S13 and S14).

2.7.  Hydrological year, derivation of monthly time series and other statistical analysis

We defined the hydrological year as running from July to the following June in order to study the 

ecosystem response to the dry period (July to November) and investigate any carry-over effects 

into the subsequent wet season. Each hydrological year (HY) is identified as HYYYYY, where 

YYYY represents the year in which the HY starts. For example, HY2008 refers to the period from 

July 2008 to June 2009.

Monthly and 16-day fluxes and meteorological data were obtained from an average daytime 

daily cycle.  Thus, we do not assign more weight to certain hours when the fluxes tend to be 

complete and vice-versa (e.g missing flux values due to afternoon rainfall events).  Daytime 

values were selected as above a 5 W m-2 top of the atmosphere radiation (TOA; W m-2) and 

labeled as LEdaytime in the case of LE, Hdaytime for H, and so on.  We calculated TOA following 

Goudriaan (1986) by scaling the solar constant (1370 J m-2 s-1) as a function of the site latitude, 

day of year, and local time.  We excluded night-time periods from monthly energy and water 

fluxes values (e.g. H, LE), as the processes controlling surface exchange are often different 

during nocturnal periods (e.g. day-time transpiration vs. possible night-time condensation), and 

as the size of nighttime fluxes is relatively small compared to daytime (Wilson et al., 2002).  We 

aggregated 12 and 23 composites each one representing the monthly and 16-day average 

throughout all years, respectively.
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Basic multiple regression models were calculated for LE and H with Rn, u*, VPD, Tair, and PTRMM 

as independent variables.  We used linear, second degree polynomial, logarithmic, rectangular 

hyperbola and exponential regressions when appropriate, coefficients were fitted using the least 

squares method.  We used Type II linear regressions when we acknowledged the uncertainty of 

both variables and/or wanted to minimize the effect of outliers.  We described the statistical 

significance of all models using either the coefficient of determination (R2) or the Pearson 

correlation coefficient (R) and the p-value as a measure of probability (where p<0.01 indicates 

strong evidence against the null hypothesis --no correlation between variables).  We calculated 

the 95% confidence intervals of the slope and intercept of the linear regressions when necessary.  

All models and calculations were implemented in Matlab 2019b.

3. Results

To understand the forest ecosystem response to drought and wet events we compared the all-time 

K67 seasonality of meteorological variables and fluxes to the annual cycle during the 2008-2009 

La Niña and the 2015-2016 El Niño hydrological years.  To study the mechanisms that drive the 

seasonal surface-atmosphere water and energy exchange and how they changed under extreme 

weather events we performed regression analysis and calculated other ecological indicators of 

vegetation response (e.g.: Gs and Bowen ratio).

3.1.  Characterizing meteorology during the La Niña HY2008 and the El Niño HY2015 

at K67

The forest received ~24 mm month-1 (120 mm) during the 5-month period July-November 2015 

(El Niño event), 40% of the average 62 mm month-1 (311 mm) dry-season precipitation (1998-

2020).  The HY2015 wet season onset was delayed, as rainfall values as low as 15.3 mm month-1 

extended up to the end of February 2016 (Figure 1c).  The mean total annual precipitation was 

1985 mm (1998-2019) compared to 945 mm measured during the 2015-2016 El Niño and the 

CWD reached a maximum of 600 mm by mid-wet season (figure not shown).  By contrast, the 

2008-2009 La Niña annual precipitation was 20% higher (2404 mm) than the 1998-2019 mean, 

with a dry-season precipitation (265 mm) not significantly different from the average (± one 

standard deviation).
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Typically the VPD, Tair, Rn, and u* reached a maximum during the dry-season and low values 

were typical of the wet-period.  However, we observed higher than average seasonal daytime 

VPD, Tair, Rn, and u* values during the HY2015 and in particular the October 2015-February 

2016 period (mid dry to mid wet-season).  By contrast, SWdown during the 2008-2009 La Niña 

event, and in particular during the wet season - was lower than the 2001-2020 mean. The 

reductions in available energy correlated with increasing cloudiness and sustained significant 

reductions in Tair daytime and VPDdaytime (Figure 1 and 2).

3.2.  Long-term and mean annual cycles of water and energy fluxes.

Long-term measurements of water and energy fluxes (Figure 2a) revealed that the sensible (H) 

and latent heat flux (LE) reached their annual maximum during the middle of the dry-season, 

gradually decreasing to a minimum 2-months after the onset of the wet-season (Figure 2d and f).  

However, during the 2015-2016 El Niño the LEdaytime reached an all-time minimum (78 W m-2) 

that was significantly earlier (in late dry season) and lower than the annual average minimum 

(130 ± W m-2) (in the early wet season), while the seasonal Hdaytime reached sustained 16-day 

average daytime values above 90 W m-2 (up to 106 W m-2) by the middle of the wet-season --

compared to the maximum of 75 ± 10 W m-2 characteristic of the dry period (Figure 2d).  

Similarly, 2015-2016 maximum seasonal values of ∆SH  were higher (25 W  m-2) than the 

average (20±2 W  m-2) (Figure S15a).  The anomalous HY2015 seasonal pattern of H and LE can 

be clearly seen in the Bowen ratio (describing the dominant type of heat transfer), which shows 

exceptionally high values October 2015-February 2016 (Figure 2e).  By the end of the dry season 

of the 2015-2016 ENSO, the Bowen ratio was 0.6, doubled from 0.3 --the all time average.  By 

contrast, during the HY2008 dry-season H, LE, ∆SH max and Rn were either not statistically 

different or lower than the all time mean.

Both H and LE fluxes did follow the available energy (Rn).  The Rndaytime explained ~70% of the 

seasonal LEdaytime flux (2001-2020) (R2 = 0.7, slope = 0.5) (Figure S17).  The slope of the 

Rndaytime vs. LEdaytime regression decreased during the ENSO 2015-2016, thus for seasonal 

Rndaytime values lower than 300 W m-2 the LEdaytime remained below average (Figure 2 and S11).  

Other linear regression models between LEdaytime and Tair daytime and VPDdaytime showed significant 

positive correlations when derived for non-ENSO observations, however, during the HY2015 
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these relationships were not statistically significant (low R2 and p-values>0.01) (Figure S16).  By 

contrast, CWD did show a significant negative correlation to LEdaytime during the 2015-2016 El 

Niño (R2 = 0.51, p-value<0.01) and no correlation for years representative of the long-term 

climatology (R2 = 0.2) (Figure S16).

The regression between LE and canopy stomatal conductance (Gs) was linear and highly 

significant during the HY2015 (R2 =0.4, p<0.01), with no correlation observed for non-ENSO 

observations (Figure S17).  In general, Gs decreased as CWD, Tair daytime and VPDdaytime increased 

(R2 = 0.1, 0.3 and 0.5 respectively, all but CWD p-values<0.01).  The Tair daytime and VPDdaytime vs. 

Gs linear regressions were maintained during the El Niño and La Niña (slope and intercept 

±confidence intervals), however, the intercept of Gs vs. CWD increased during HY2008 and 

decreased during HY2015 (Figure S16).  Seasonal Gs decreased as the dry season progressed 

reaching a minimum of 0.3 ±0.06 mmol m-2 s-1 at the transition to the wet period when it started 

to gradually increase up to a maximum of ~0.52 ±0.1 mmol m-2 s-1 (Figure 3a and c).  The Gs 

remained below average until mid-2019 (Figure 3b and 3c).  

Comparing two El Niño drought events, HY2015 and HY2002, we observed similar precipitation 

and CWD patterns.  However, lower temperatures and VPD during the 2002-2003 period 

modulated the effects of the drought on Gs and LEdaytime (Figure S10 and S11).  During the 2002-

2003 drought Gs increased both in the mid-dry and mid-wet seasons, surpassing the 16-day 

average of all observations.  Likewise, LEdaytime and LAIfnPAR was high during the 2002-2003 

drought and low during the HY2015 ENSO.  By contrast, the Gs was high during the HY2008 

La Niña.  The seasonal patterns of LEdaytime, Hdaytime and Gs characteristic of the HY2008 wet 

year were similar to those observed during another La Niña event in 2010-2011 (Figure S11). 

3.3.  Mean annual cycles of evaporation and transpiration

Partitioning of evapotranspiration (ET) into evaporation (E) and transpiration (T) showed T 

dominating ecosystem water fluxes (6 mm d-1 average daytime T vs 1 mm d-1 E).  Although, Gs 

decreased as the dry season progressed, the greater proportional dry season increase in VPD --

amplified by higher LAI with dry season leaf flush (Wu et al., 2016) drove T to reach its 

maximum mid-dry season.  We found that T was significantly and generally explained by linear 
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regressions with SWdown (R2 = 0.2) and  LAIfnPAR (R2 = 0.1) (Figure 4).  The relationship between 

seasonal T and soil moisture (CWD as proxy) was more complex, with a second degree 

polynomial regression between T and CWD (R2 = 0.1), with increasing T for low values of CWD 

(0 to the inflection point at 246 mm) and a gradual decline in T as the soil moisture was reduced 

(Figure 4d).  Moreover, multiple regression and stepwise models showed seasonal 16-day T to be 

explained by physiology (Gs explicit on the derivation of T), phenology, meteorology, and their 

interactions.  For example, the best Akaike Information Criterion (AIC)-selected T models were 

driven by the sum of Gs and the product of leaf quantity (LAIfnPAR) and available energy (ETeq as 

proxy) or the sum of Gs and the product of volumetric soil moisture (θshallow) and available 

energy -- in other words, T was controlled by the interaction of available energy with either LAI 

or available water (T ~ Gs + LAI*ETeq, or T ~ Gs + θshallow*ETeq see Table S1).

Both ENSO events significantly changed the relationship between T and meteorological 

variables -- R2 and the slope of the regression increased during the La Niña event compared to 

the non-ENSO periods -- T positively correlated with Tair, VPD and SWdown (Figure S18).  By 

contrast, during the drought the slope of the regressions between seasonal T  and CWD, Tair, 

VPD, and SWdown were negative (Figure 4 and S13).  The LAIfnPAR was the key driver of T during 

the La Niña (Figure 4e).  Interestingly, hourly T fluxes showed a significant positive correlation 

to LAIfnPAR even if normalized by soil moisture (Figure S19d).  Direct E rather than T dominated 

water fluxes during the 2015-2016 drought, as seen for the relative contributions of E and T to 

ET (Figure 5 and S21, Table S2).  In general, the fraction of ET allocated to E was uncorrelated 

to the available energy and/or soil water (Figure 4); however, during HY2015 there was a 

significant relationship between E and CWD and ETeq (R2>0.2 and p-value <0.001) (Figures 

4a,b, S13a).  Moreover, different from other years, we report a direct correlation between days 

with moderate rainfall (4-20 mm) and high E values during the El Niño drought (Figures S20).

4. Discussion

Ecosystem flux observations during both the unusually strong 2015-2016 El Niño event that 

induced drought, high temperatures, and fires across eastern equatorial Amazônia, and during the 

anomalously high wet-season precipitation 2008-2009 La Niña event, offered unique 

opportunities to study the vulnerability of tropical forests to climate change and susceptibility of 
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local forest to threshold-crossing tipping points.  Our main findings are: (1) During the El Niño, 

ET decreased, due to a breakdown in the strong meteorological (atmospheric demand and 

available energy) control of transpiration fluxes, which normally prevailed consistently through 

both wet and dry seasons (as well as previous droughts), but which completely and uniquely 

reversed during the 2015 El Niño (Figure 4e, f).  This breakdown is evident in both the early 

physiological shutdown in existing leaves (strong decline in canopy conductance per leaf area, 

Figure 3c), followed by substantial loss of the leaves themselves later in the year (Figure 3e).  

This decline was partially ameliorated by increases in evaporation (Figure 4b), but because the 

dominant water flux is through trees, this could not compensate for the larger decline in T, 

leading to overall ET decline at the November-December El Niño peak (Figure 2a and f). 

Consequent to the decline in ET (also a decline in latent energy removal) during drought, an 

unusually high fraction of available energy was allocated to H, especially evident in the 

abnormally high Bowen ratio values (Figure 2c).  (2) By contrast, during La Niña we observed 

both H and LE decreasing relative to the mean seasonality, these reductions driven by lower 

energy/atmospheric (e.g. Rn, Tair and VPD) and vegetation (e.g. leaf quantity) demands.  Here we 

discuss these results as an example of a local-scale forest tipping point that emerges from 

environmental and phenological drivers, with implications for determining forest resilience and 

susceptibility to climate anomalies.

4.1. What is the effect of extreme climatic events on seasonal fluxes (sensible and latent 

heat)?

Across the Amazon basin over the past few decades, rainfall data suggest an increase in the 

frequency of anomalously severe floods and droughts and the intensification of the hydrological 

cycle where dry season precipitation is decreasing and wet season and annual mean precipitation 

are increasing (Gloor et al., 2015).  Here, we have shown the other side of drought, the wet La 

Niña, when high precipitation and low available energy (Rn, u*, VPD and Tair) drove reductions 

in both turbulent fluxes (seasonal low LE and H) (Figure 1 and 2).  Yet, we also show how an 

anomalously dry El Niño period, characterized by water limitation, high Tair and VPD changed 

the turbulent flux partitioning (H>LE) with associated feedback effects (e.g. amplifying low 

atmospheric humidity).  These changes may have a significant influence on local and global 

precipitation patterns and the energy cycle (Alexander, 2016; Myhre et al., 2018; Stephens et al., 
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2012).  For example, a modeling study of Langenbrunner et al. (2019) found that modeled excess 

CO2-induced reductions in water fluxes, transpiration, and Gs were responsible for the 

suppression of near‐surface moisture and the production of a warmer, drier, and deeper boundary 

layer at the Amazon basin.  As we anticipate that frequency and intensity of droughts will 

increase (IPCC, 2022; Masson-Delmotte et al., 2018) we expect anomalously high values of H to 

dominate the turbulent flux partition and ET and photosynthesis/transpiration to decrease as seen 

at our study site and across the basin in HY2015 (Botía et al., 2022; Koren et al., 2018).  

Moreover, these reductions in LE can limit cloud formation replacing their high reflectivity by 

the low forest albedo values significantly changing the energy balance. 

4.2. Will the ET flux be dominated by evaporation (E) or by canopy transpiration (T) under 

different environmental conditions?

Vegetation relative contributions to ET changed during both ENSO events: T decreased and E 

increased during the drought and vice versa during La Niña.  Our results show that the forest 

crossed an environmental threshold in response to the 2015-2016 El Niño, after which increased 

canopy resistance (along with leaf shedding) assumed a more significant role in limiting T and 

preventing the previously observed ET-radiation relationship, which had persisted through dry 

seasons and previous droughts (Hasler and Avissar, 2007; Restrepo-Coupe et al., 2017) from 

being realized.  Considering the 2015-2016 El Niño as defining a conservative estimate of a 

threshold, we identify the threshold as a climatological perturbation that equals or exceeds the 

values of that drought (soil drought CWD=400 mm simultaneous with atmospheric drought 

VPD=1.78 kPa) will similarly translate into the slowing down of forest function.  Previous work 

by Barros et al. (2019) and Tavares et al (2023) suggested that the Tapajós K67 forest should be 

hydraulically resilient to droughts, because it is dominated by species with greater xylem 

embolism resistance and higher hydraulic safety margins compared to other tropical forests.  

However, even if more drought-tolerant than other forests on average, Tapajós K67 also contains 

substantial drought-intolerant species (Powell et al., 2017) which appear to make even this forest 

vulnerable to drought-induced forest slowdown for droughts that reach the extremes of 2015-

2016.  
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As mentioned, a key component of this functional slowdown was significant drought-induced 

reduction in LAI at ecosystem level, suggesting that even non-deciduous tree species experienced 

leaf losses due to extreme conditions.  The timescale of LAI recovery gives a metric of the 

duration of drought impact, and this shows that though the drought anomaly ended in July 2016, 

the leaf area did not recover until a year later, around October 2017 (Figure 3).  This indicates 

both a legacy effect of the drought on vegetation and suggests that forests can eventually recover 

from this level of drought once it ends.  However, the above-mentioned reductions in T and 

higher in-canopy temperatures and H, could potentially drive further community level selection 

to more drought-tolerant species at K67 causing long-term changes in forest structure and 

makeup that are not evident in aggregate ecosystem metrics like LAI.

4.3. Vegetation strategies, water loss, and local tipping points during climate anomalies.

Our observations suggest El Niño reduced LAI due to high leaf abscission (forest structure), 

reduced stomatal conductance (leaf physiology) and perhaps changes in leaf structure as in 

Medelyn et al. (2002), wherein leaf structure modifications can be carried on into the next year 

(leaf life span) (2-years after the end of the drought, Figure 3a) driving further reductions in T, 

Gs, and ET months after precipitation resumes.  Moreover, high leaf abscission and low LAI 

translated into higher E fluxes.  Similarly, during La Niña we observed lower leaf quantity 

values, a significant regression between LAI and T, and no relationship between T and Gs.  

Abnormally wet periods could bring similar forest structure changes (e.g. due to increase 

windthrow and lightning events), however, at Tapajós different mechanisms seem to govern the 

water fluxes; our observations showed how T is strongly related to available energy and the 

unfulfilled promise of photosynthetic activity.  Ultimately, reductions in leaf quantity and 

changes in forest temperature and moisture reported during both climatic extremes may cascade 

to changes in forest primary productivity, plant reproduction, and related patterns of herbivory 

and species survival. 

The comparison of two La Niña events revealed that the wet years of 2010-2011 and 2008-2009 

resulted in higher Gs.  However, only HY2008 showed lower water and energy fluxes, the 

differences primarily driven by declines in incoming radiation between years.  The vegetation 

responses associated with lower SWdown and Rn may not be observed across the Amazon basin, 
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since water availability rather than light environment plays a more significant role in vegetation-

atmosphere exchange at the southern forests (Guan et al., 2015).  At K67, the seasonal changes 

in water and energy flux associated with wet conditions were short-lived and, in some cases, not 

significantly different from the long-term average.  In contrast, the comparison between the two 

El Niño periods of 2002-2003 and 2015-2016, showed divergent patterns in vegetation strategies 

to limit water loss between the two droughts and in the case of HY2015, persistent changes (e.g. 

Gs remained low for three years after rainfall resumed) with significant consequences for the 

forest-atmosphere exchange.

Across the basin and at the site, green-up and increased net primary productivity have been 

found to be correlated with dry periods and higher incoming radiation (Bonal et al., 2008; Huete 

et al., 2006; Saleska et al., 2016), consistent with the observed higher LAI during a “normal” dry-

season and the earlier more moderate El Niño (HY2002) (Myneni et al., 2007).  However, during 

the focal El Niño (HY2015) drought period, we saw significant leaf loss, in accord with remote 

sensing products and models at larger scales (Janssen et al., 2021a; van Schaik et al., 2018), and 

with observations of high litter fall in an undisturbed nearby forest (Oliveira de Morais et al., 

2021), suggests a wide ecosystem-level response.  These leaf area reductions have been 

associated with increased warming and drying of the Amazonian climate (Janssen et al., 2021b; 

Rowland et al., 2018, 2013).  Additionally, Smith et al. (2019) reported how the seasonal 

changes in the vertical distribution of LAI at K67 were more significant than the total change --

during the dry season lower canopy LAI decreased as the upper canopy LAI increased -- and how 

this seasonal trends were magnified during the 2015–2016 ENSO.  Although it is not possible 

from our data to determine which species or functional types (deciduous, semi-deciduous or 

evergreen) drove LAI losses or the significance of mortality on the changes in leaf quantity these 

questions should be subject of future research.  

We found that during the 2015-2016 El Niño the forest crossed a threshold associated with 

functional break-down, the result of  water limitation.  This threshold is not solely related to 

rainfall/soil moisture.  The HY2015 El Niño period was characterized by unusually high 

atmospheric demand and temperatures, which were further amplified by an ongoing warming 

trend (Jiménez-Muñoz et al., 2016) Additionally, the 2015-2016 warming began in 2014, 
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peaking during the 2014 mid-wet season (Jiménez-Muñoz et al., 2016), that meant that 

Amazonian forests had been experiencing a pre-drought for more than two years.  Across the 

basin, the northeastern region experienced the more significant increases in Tair and VPD and 

reductions in precipitation and soil moisture.  Although the sensitivity of Amazonian forests to 

drought can be influenced by multiple factors--such as light environment, depth to water table 

(Costa et al., 2023), soil characteristics, duration of drought/dry-season (Guan et al., 2015), 

variations in temperature and atmospheric demand or species composition (e.g. deciduous vs. 

evergreen, vegetation hydraulic safety margins, and rooting depths) (Tavares et al., 2023) --

regional (Koren et al., 2018; van Schaik et al., 2018) and local (Botía et al., 2022) studies 

showed generalized forest signs of water limitation during the HY2015.  We emphasize the need 

and importance of conducting comparative studies across diverse tropical forests as to generalize 

ecosystem responses to ENSO events and other climatic anomalies.

Does the Tapajós forest response to the HY2015 El Niño show that the forest experienced a local 

forest tipping point transition?  Of the three defining criteria for tipping points -- changes that (1) 

lead to substantially different and degraded function, (2) are manifest abruptly (or are associated 

with crossing a threshold), and (3) are irreversible (or hard to reverse) -- the observed forest 

behavior clearly meets the first two:  the change was substantial (reversing the functional 

dependence of forest LE on net radiation that had been sustained through wet and dry seasons 

and previous more modest droughts over the previous decade of measurements) and degraded 

forest water cycling function, and appeared abruptly with the crossing of drought intensity 

threshold reached by the 2015 drought.  Since the change was reversed, forest leaf area and 

ability to transpire water was eventually restored, a year or so after the end of the drought (see 

Figure 2 and 3), we conclude that the forest did not fully transition through a tipping point.  

However, the slow and prolonged post-drought recovery suggests the forest is experiencing a 

“critical slowing down” -- a behavior, that in dynamical systems theory is a warning sign that the 

forest may be approaching an irreversible critical transition or a tipping point (Hirota et al., 2021; 

Scheffer et al., 2009; Yang et al., 2022).  Thus we suggest that although a local tipping point 

transition has not yet occurred, the forest has likely reached a tipping point “onset”, and that 

further or more frequent drought perturbations could result in sustained loss of leaf area and/or 
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mortality that will be difficult to reverse as the water cycle feedback delineated here pushes 

vegetation collapse into a sustained alternative degraded state.   

In conclusion, using one of the longest records of eddy covariance fluxes in Central Amazonia, 

we showed how the available energy partition between sensible and latent heat changed under 

extreme hydrological events in evergreen tropical forest, (1) with H dominating the turbulent 

flux during drought (driven by plant water stress) and (2) with reductions in both fluxes (driven 

by lower Tair, VPD, turbulence, and incoming radiation and occasionally, higher cloud cover) 

during the wet period.  We found that transpiration was the main mechanism driving water fluxes 

under typical climate conditions.  However, El Niño HY2015 changed ET, E, T and their relative 

importance.  During the La Niña wet phase, energy availability dominated ET and the relative 

contributions of T to the water flux increased even as overall ET decreased with available energy.  

By contrast, during the El Niño drought, vegetation water stress reduced T and consequently LE 

was reduced and H increased, which, in contrast to dry seasons and previous previous El Niño 

events, led in this strongest drought (warmer and dryer atmosphere) in the observational record 

to significant lower stomatal conductance and loss of leaf area (consistent with a strategy to 

avoid further water deficits), that was a feedback to further reductions in T.  This threshold-

crossing feedback pushed the forest to the onset of a tipping point, degraded ecosystem function, 

possibly risking sustained forest damage if strong hydrological perturbations, such as in 

HY2015, continue.  These results demonstrate, in contrast to some modeled mechanisms that 

focus solely on the effect of soil moisture, that canopy leaf dynamics and vegetation controls can 

generally dominate T fluxes, and, at least at this site, they can be a key feedback triggering the 

onset of a local tipping point in forest functioning.
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List of Figures

Figure 1. (a) Correlation coefficient (R) for the linear regression between precipitation anomalies 

(Panomaly) from the Tropical Rainfall Measuring Mission (TRMM v7) and the extended 

Multivariate ENSO Index (MEI.ext) from January 1998 to December 2019 across the Amazon 

Basin sensu-stricto (dashed-white areas correspond to the Amazon sensu-lato). Location of 

Tapajós National Forest K67 eddy covariance tower.  Santarém K67 seasonal 16-day values of 

(b) daytime air temperature (Tair daytime; °C) and (c) satellite-derived precipitation (mm month-1).  

(d) Noon time cloudiness index (CI12:00) measured at the nearby Brazilian Institute of 

Meteorology (INMET) Belterra station (2000-2020).  Hydrological years July 2008-June 2009 

(blue line) and July 2015–June 2016 (red line) and mean (black line) and standard deviation 

(dark gray area) of all available observations (2002-2006, 2008-2013 and 2015-2020). July-

November gray-shaded area is the average dry season defined as rainfall < 100 mm month-1.

Figure 2. Santarém K67 seasonal 16-day values of average (a) long-term time series of daytime 

sensible heat flux (Hdaytime; W m-2) and (b) latent heat flux (LEdaytime; W m-2). Annual composites 

of (c) net radiation from the Clouds and the Earth's Radiant Energy System (CERES: 2003–

2020) (Rn CERES; W m-2), (d) Hdaytime, (e) Bowen ratio (Bowen = H/LE) and (f) LEdaytime.  

Hydrological years July 2008-June 2009 (blue line), July 2015–June 2016 (red line) and mean 

(black line) and standard deviation (dark gray area) of all available observations (2002-2006, 

2008-2013 and 2015-2020). July-November gray-shaded area is the average dry season defined 

as rainfall < 100 mm month-1 using satellite-derived measures of precipitation.

Figure 3. Santarém K67 seasonal 16-day values of average (a) long-term time series of leaf area 

index (LAIfnPAR; m2 m-2), and (b) ecosystem-level canopy stomatal conductance (Gs, mol m-2 s-1).  

Annual composites of (c) Gs (mol m-2 s-1), (d) LAIfnPAR, (e) transpiration (mm d-1), (f) evaporation 

(mm d-1), and (g) daytime evapotranspiration (ETdaytime; mm d-1) .  Hydrological years July 2008-

June 2009 (blue line), July 2015 – June 2016 (red line) and mean (black line) and standard 

deviation (dark gray area) of all available observations (2002-2006, 2008-2013 and 2015-2020). 

July-November gray-shaded area is the average dry season defined as rainfall < 100 mm month-1 

using satellite-derived measures of precipitation.
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Figure 4. Santarém K67 linear regression between average 16-day seasonal daytime values of 

evaporation (E; mm d-1) (a) to cumulative water deficit (CWD; mm), (b) incoming shortwave 

radiation from the Clouds and the Earth's Radiant Energy System (CERES: 2003–2020) (SW down 

CERES; W m-2) and (c) daytime vapor pressure deficit (VPDdaytime; kPa).  Transpiration (T; mm d-1) 

to (d) CWD, (e) SW down CERES, and (f) VPDdaytime. Lower panels: T vs (g) leaf area index 

(LAIfnPAR) and (h) ecosystem level canopy stomatal conductance (Gs; mmol m-2 s-1).  

Hydrological years July 2008-June 2009 (blue line and dots), July 2015–June 2016 (red line and 

dots) and mean (gray line and dots) of all available observations (2002-2006, 2008-2013 and 

2015-2020). The 95% confidence intervals for regression coefficient estimates as gray areas.

Figure 5. Santarém K67 linear regression between seasonal 16-day average daytime components 

of evapotranspiration --transpiration and evaporation (ETcomponent; mm d-1) to equilibrium 

evapotranspiration (ETeq&day; mm d-1).  Comparing hydrological years July 2008-June 2009 (La 

Niña --blue line and dots), July 2015–June 2016 (El Niño --red line and dots) and all other 

available measurements (2002-2006, 2009-2013 and 2016-2020 --gray line and dots). ENSO 

years as Type II regressions. The 95% confidence intervals for regression coefficient estimates as 

gray areas. Refer to Table S2 for coefficients and statistical significance. 

Page 34 of 40Global Change Biology



 

Figure 1. (a) Correlation coefficient (R) for the linear regression between precipitation anomalies (Panomaly) 
from the Tropical Rainfall Measuring Mission (TRMM v7) and the extended Multivariate ENSO Index (MEI.ext) 

from January 1998 to December 2019 across the Amazon Basin sensu-stricto (dashed-white areas 
correspond to the Amazon sensu-lato). Location of Tapajós National Forest K67 eddy covariance tower. 

 Santarém K67 seasonal 16-day values of (b) daytime air temperature (Tair daytime; °C) and (c) satellite-
derived precipitation (mm month-1).  (d) Noon time cloudiness index (CI12:00) measured at the nearby 

Brazilian Institute of Meteorology (INMET) Belterra station (2000-2020).  Hydrological years July 2008-June 
2009 (blue line) and July 2015–June 2016 (red line) and mean (black line) and standard deviation (dark 
gray area) of all available observations (2002-2006, 2008-2013 and 2015-2020). July-November gray-

shaded area is the average dry season defined as rainfall < 100 mm month-1. 

287x372mm (72 x 72 DPI) 

Page 35 of 40 Global Change Biology



Page 36 of 40Global Change Biology



 

Figure 2. Santarém K67 seasonal 16-day values of average (a) long-term time series of daytime sensible 
heat flux (Hdaytime; W m-2) and (b) latent heat flux (LEdaytime; W m-2). Annual composites of (c) net 

radiation from the Clouds and the Earth's Radiant Energy System (CERES: 2003–2020) (RnCERES; W m-2), 
(d) Hdaytime, (e) Bowen ratio (Bowen = H/LE) and (f) LEdaytime.  Hydrological years July 2008-June 2009 

(blue line), July 2015–June 2016 (red line) and mean (black line) and standard deviation (dark gray area) of 
all available observations (2002-2006, 2008-2013 and 2015-2020). July-November gray-shaded area is the 
average dry season defined as rainfall < 100 mm month-1 using satellite-derived measures of precipitation. 
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Figure 3. Santarém K67 seasonal 16-day values of average (a) long-term time series of leaf area index 
(LAIfnPAR; m2 m-2), and (b) ecosystem-level canopy stomatal conductance (Gs, mol m-2 s-1).  Annual 

composites of (c) Gs, (d) LAIfnPAR, (e) transpiration (mm d-1), (f) evaporation (mm d-1), and (g) daytime 
evapotranspiration (ETdaytime; mm d-1) .  Hydrological years July 2008-June 2009 (blue line), July 2015 – 

June 2016 (red line) and mean (black line) and standard deviation (dark gray area) of all available 
observations (2002-2006, 2008-2013 and 2015-2020). July-November gray-shaded area is the average dry 

season defined as rainfall < 100 mm month-1 using satellite-derived measures of precipitation. 
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conductance (Gs; mmol m-2 s-1).  Hydrological years July 2008-June 2009 (blue line and dots), July 2015–
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Figure 5. Santarém K67 linear regression between seasonal 16-day average daytime components of 
evapotranspiration --transpiration and evaporation (ETcomponent; mm d-1) to equilibrium evapotranspiration 
(ETeq&day; mm d-1).  Comparing hydrological years July 2008-June 2009 (La Niña --blue line and dots), July 
2015–June 2016 (El Niño --red line and dots) and all other available measurements (2002-2006, 2009-2013 
and 2016-2020 --gray line and dots). ENSO years as Type II regressions. The 95% confidence intervals for 
regression coefficient estimates as gray areas. Refer to Table S2 for coefficients and statistical significance. 
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