
NNH18ZDA001N-ECOSTRESS: Merging ECOSTRESS with field data 

in the highest uncertainty water use efficiency regions in the world 
 

Chris Doughty, Greg Goldsmith, Imma Oliveras, Joshua B. Fisher, Yadvinder Malhi 

 

Proposal summary - Understanding the thresholds for plant water use and water use efficiency 

(WUE) across tropical transition zones is critical for predicting how these key regions, which are 

high in biodiversity and provide significant ecosystem services, may respond to climate change. 

A primary goal of ECOSTRESS is to reduce the uncertainty in estimates of water use and WUE; 

when combined with ground-based data, this information can provide both a means of validation 

and an unprecedented opportunity to test novel hypotheses that provide predictive insights.  

We will leverage a large and unique existing leaf trait (morphology, photosynthesis, 

albedo, chemistry, and stable isotopes) dataset from 89 species sampled along 11, 1 ha plots in 

the ECOSTRESS ‘hotspots’ of transition zones of Ghana and Brazil. Because we collected 

samples from all of the species in each plot that composed 80% of the stand basal area, we are 

able to compare ECOSTRESS pixels to similarly sized plot-level community weighted means of 

water use efficiency and canopy temperature dericed from gas exchange measurements and leaf 

isotopes. We will establish the level of agreement between ECOSTRESS and field data in order 

to provide a measure of accuracy for ECOSTRESS data. In doing so, we will provide critical 

insights into how plant WUE and leaf temperature vary across tropical transition zones and test 

the extent to which there is evidence for thresholds associated with vegetation characteristics.  

We will then use ECOSTRESS ET and canopy temperature capabilities to test a novel 

hypothesis regarding how predicted changes in leaf albedo (darker leaves; Doughty et al. 2018) 

in tropical transition zones might push leaves past a critical water threshold by closing stomata 

and increasing leaf temperatures.  Specifically, we will compare ECOSTRESS canopy 

temperature and evapotranspiration to 1 ha averaged leaf albedo and maximum photosynthetic 

capacity.  We will then compare Landsat surface albedo to ECOSTRESS canopy temp and ET 

across the ECOSTRESS hotspots of transition zones of Ghana and Brazil.   ECOSTRESS will 

provide surface temperature and ET estimates at higher spatiotemporal resolution than previous 

remote sensing products, allowing us to understand how slight spatial variations in surface 

albedo impact diurnal canopy temperature and ET.  Thus, we will exchange space for time and 

use our spatial understanding to predict whether future darker leaves will heat the canopy or lead 

to greater evapotranspiration.  Current Earth system models predict that decreased albedo will 

increase ET, but this result has never been empirically validated and there are studies suggesting 

the models are not accurate.  Whether canopies heat up or evaporate more water could have 

impacts both at the regional (ecosystem shifts) and global (mean global temperatures) scales. 

Our research team has >10 years expertise working in these transition zones (Doughty, 

Goldsmith, Oliveras, and Malhi), extensive knowledge of ECOSTRESS (Fisher – ECOSTRESS 

science PI), and expertise in the field, remote sensed, and modeling methods mentioned in this 

proposal.  The proposed research has minimal risk and presents the opportunity for a significant 



return on investment because the field data has already been collected; funds will almost 

exclusively be used to interpret and compare the data to ECOSTRESS.  Overall, we are uniquely 

positioned to directly address the first science objective of ECOSTRESS within two of the key 

climate sensitive regions delineated by the ECOSTRESS ‘hotspots.’   
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Project Description 

Plant water use and water use efficiency (WUE) in climate models are most uncertain across 

tropical transition zones (Figure 1).  This uncertainty is increasing because leaf traits [Enquist et 

al., 2017] [Asner et al 2017], such as albedo [Doughty et al 2018], are changing, further affecting 

the energy balance and water use efficiency of tropical regions.  Plant species composition, 

abundance, and structure are also changing, with concomitant effects on plant water use 

[Oliveras and Malhi 2016].  ECOSTRESS 

[Fisher et al 2014] aims to reduce 

uncertainty in water use 

(evapotranspiration), WUE 

(photosynthesis/transpiration) and energy 

balance (leaf temperature), but there are 

only limited ground data available in these 

regions that can be used to confirm the 

spaceborne observations and test novel 

hypotheses about the mechanisms driving 

variation in plant water use now and under 

projected scenarios of global change. 

We have developed an 

unprecedented field data set scaled to the 

one hectare level on plant structural and 

functional traits, including  leaf 

temperature, WUE, and leaf albedo (a key 

metric of energy balance) collected in 1 ha 

plots across transects  directly contained in 

the ECOSTRESS tropical/dry transition 

‘hotspots’ [Oliveras et al. in review].We 

will combine our ground data with 

ECOSTRESS to provide critical insights 

into how plant WUE and leaf temperature 

vary across tropical transition zones.  

We will then use ECOSTRESS ET 

and canopy temperature capabilities to test 

a novel hypothesis regarding how predicted 

changes in leaf albedo (darker leaves; 

Doughty et al. 2018) in tropical transition zones might push leaves past a critical water threshold 

by closing stomata and increasing leaf temperatures.  If the additional energy absorbed by leaves 

evaporates more water across the tropics, climate simulations indicate increased cloud cover and 

little change in global temperatures. However, if a critical water threshold is crossed in these 

 

Figure 1. ECOSTRESS identified the highest 

uncertainty regions in WUE across climate models 

and targets these ‘hotspots’ for measuring WUE, 

specifically in tropical/dry transition forests. 

Pictures show our field sites in two of these 

regions in Ghana and Brazil.  



regions, and stomata close, the increased energy absorbed will lead to higher air and canopy 

temperatures, lower photosynthesis, decreased WUE, and a possible shift in the ecosystem. 

Our project will be the first to combine 1-ha plot-level measurements of leaf 

transpiration, WUE, and albedo across these tropical forest transition zones with the high spatial 

and temporal resolution ET, WUE and canopy temperature data from ECOSTRESS to answer 

these globally important questions. In doing so, we are uniquely positioned to directly address 

the first science objective of ECOSTRESS, focusing on WUE and critical water thresholds in 

tropical/dry transition forests as delineated by the ECOSTRESS ‘hotspots.’  

 

Background 

Plant water supply (e.g. precipitation amount and timing) and demand (e.g. air temperature, 

VPD) shape the composition and abundance of plant communities by filtering out those species 

that do not have traits capable of withstanding climatic extremes (Kraft et al. 2015). For instance, 

plants capable of fixing more carbon through photosynthesis while losing less water via 

transpiration, a trait referred to as water use efficiency (WUE), may have an advantage. In a 

warmer and drier future, plants may be 

subject to three fates: 1) acclimate functional 

traits such as water use efficiency to 

accommodate the new environment 

([Enquist et al., 2017]), 2) migrate to more 

suitable habitats (e.g. upslope; Feeley et al. 

2012. Fadrique et al. 2018), or 3) die as a 

result of hydraulic failure and carbon 

starvation (Brienen et al. 2015; Doughty et 

al. 2015). All three fates may already be 

occurring.  

 Our research team has already been 

measuring how functional traits vary along a 

number of tropical forest gradients. In 

particular, we have found that many of our 

sites have strong positive skewness of leaf 

mass per unit area (LMA) from both field 

[Enquist et al., 2017] (Figure 2) and 

remotely sensed data [Asner et al., 2017]. 

This may be indicative of shifts in LMA 

across the tropics [Neyret et al 2016]. LMA 

is a critical trait, with implications for both 

plant carbon (i.e. photosynthesis) and water 

(i.e. transpiration) fluxes and therefore water use efficiency (Osnas et al. 2013).  To understand 

this, we measured leaf traits and leaf albedo at 10, 1-ha plots along a 3,200 m elevation gradient 

in Peru.  LMA decreased with warmer temperatures along the elevation gradient and the 

distribution of LMA was positively skewed at all sites indicating a shift in LMA towards a 

warmer climate and future reduced tropical LMA. We found shifting LMA led to changes in leaf 

albedo with impacts on leaf temperature and ET (Doughty et al 2018) (Figure 2). The results 

have compelling implications for understanding WUE; increasing transpiration would indicate a 

decrease in WUE that could leave plants more vulnerable to drought.  Alternately, increased 

 
Figure 2. Theory demonstrating why warming 

might lead to skewed distribution of traits (top 

panel) and the impact of skewed leaf mass per unit 

area on leaf albedo across a tropical forest transect 

(bottom panel). 
 



canopy temperature could reduce photosynthesis and WUE, leaving plants more vulnerable to 

carbon starvation.  

Understanding the effects of a warmer and drier world on plant communities is of 

particular import across the transitions from tropical savannah to forest that occur over large 

parts of Africa and Brazil. Several forces shape the boundaries between these different biomes 

(Hoffman et al. 2012). Among these, effective rainfall and rainfall seasonality are significant 

predictors of the shift between biomes (Lehmann et al. 2011). Changes in rainfall are projected 

by many climate simulations (Polade et al. 2014) and have already been demonstrated  in 

Brazilian transition zones with empirical data (Gloor et al 2015). Tropical vegetation transition 

zones may be changing their traits and survival strategies, or shifting to respond to climate 

change (Oliveras and Malhi 2016). The implications of these changes are considerable, the 

function and relative abundance of grassland versus forest ecosystems affects biodiversity, 

ecosystem biogeochemical cycling, and even global climate processes (Davidson et al. 2012). 

What can measures of WUE, ET, and canopy temperature tell us about the potential future of 

these climate sensitive biomes? 

We hypothesize that changes to leaf functional traits could impact leaf energy balance 

through changes in evapotranspiration and understanding this dynamic could help us understand 

plant function in a changing climate. To answer this question, a combination of satellite data, 

field data, and improved climate simulations are necessary.  Satellite data provide information 

over broad spatial scales, while ground data provide in-depth process-level understanding. 

ECOSTRESS will provides the critical space-based data to scale water use efficiency at the 

spatial and temporal resolutions inherent to these highly heterogeneous regions, allowing us to 

directly test hypotheses regarding the relationships between plant structural and functional traits 

and plant water use across savannah-forest transitions. To address our research questions, we 

need high spatial resolution and accuracy to disentangle heterogeneity across biome transitions. 

We also need high temporal resolution—not necessarily because the temporal dynamics in WUE 

change so rapidly—but, because of the cloud cover of these tropical areas: we need frequent 

instrument overpasses to increase the probability of capturing multiple images throughout any 

given year. Finally, we need ET partitioned for canopy transpiration to directly assess plant 

WUE; ECOSTRESS is the only operational spaceborne product that collects data that matches 

these needs. 

Our research team has been monitoring ecosystem function, including forest stem 

dynamics, species composition, gross primary productivity, net primary productivity, and carbon 

allocation along tropical forest transition zones in South America and Africa for years (Moore et 

al 2017, Doughty et al 2014 and 2015, Malhi et al 2017, Goldsmith et al 2017, Oliveras et al in 

review, Oliveras and Malhi 2016). We recently carried out extensive field research to understand 

the leaf functional traits (e.g. photosynthetic capacity, LMA, albedo) driving these ecosystem 

patterns and processes. Our goal is to combine these extensive datasets with canopy temperature, 

water use efficiency and ET measurements from ECOSTRESS in order to provide insights into 

the role that leaf functional traits play in plant water use across tropical transition zones.   

 

Leaf-Level Effects with Global Implications  

 

How do changes in leaf energy balance feedback to shape regional and global climate 

processes? Changing leaf trait distributions can have implications not only for plant community 

composition, species abundance and ecosystem function across tropical transition zones, but also 



for ecosystem energy balance and even 

regional and global climate (Figure 3). For 

instance, in our previous research described 

above, reduced LMA was significantly 

(P<0.0001) correlated to reduced leaf near 

infrared (NIR) albedo and community-

weighted mean NIR albedo significantly 

(P<0.01) decreased as temperature increased 

(Doughty et al 2018).  A potential future 2̊C 

increase in tropical temperatures could reduce 

lowland tropical leaf LMA by 6-7 g m-2 (5-6%) 

and reduce leaf NIR albedo by 0.0015-0.002 

units.  Reduced NIR albedo mean that the 

leaves are darker and will absorb more of the 

sun’s energy.  This is potentially both globally 

and regionally important.  Globally, a 0.002 

unit increase in planetary albedo could increase 

global temperatures by ~0.2C.  Regionally, the 

darker leaves could shift trees past a critical 

water threshold and lead to higher leaf 

temperatures, lower photosynthesis, and lead to 

a possible ecosystem transition.   Climate simulations indicated that darker leaves increased ET, 

but we do not know empirically if this is accurate. ECOSTRESS data can empirically determine 

if these climate predictions are accurate.   

 

Field Validation of ECOSTRESS WUE and Canopy Tempearture 

 

Traditionally, evapotranspiration and water stress have been 

difficult to measure in the tropics because instrumentation 

such as eddy covariance towers is limited and field 

campaigns are challenging. This is especially true in 

vegetation transition zones.  Despite this lack of field data, 

tropical transition zones are especially interesting to monitor 

for water use because they have strong rainfall seasonality 

which is demonstrating rapid shifts (Gloor et al 2015), with 

unknown consequences for vegetation dynamics.  

ECOSTRESS will provide high resolution data across 

tropical transition zones, but the lack of validation with 

ground-based field data makes it of limited applicability.  

We have collected extensive leaf-level trait data in a 

network of 1 ha plots directly comparable to the 70 m pixels 

from ECOSTRESS (Josh Fisher personal communication), 

that can be used to infer WUE and canopy temperature in 

tropical areas that currently have high uncertainty and are 

specifically targeted by the ECOSTRESS mission.  We are 

uniquely able to scale all of these traits up to an 

 

Figure 4. Key traits related to 

plant carbon and water relations 

measured in our plots.  

 

Figure 3. The implications of changing leaf 

trait on ecosystem function and global climate 

are currently unresolved.   
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ECOSTRESS-sized grid cell through plant basal-area weighting from our field plot data. Here 

we propose to compare our extensive ground-based data in tropical transition zones to 

ECOSTRESS data to provide an independent form of validation.  

 

Leveraging Unprecedented Field Observations  

 

In 2014 and 2015, the research team carried out a series of field sampling campaigns to 

characterize the functional trait variation in a series of plots across tropical transition zones in 

Brazil and Ghana. Both transects are within ECOSTRESS hotspots identified as regions of 

high uncertainty in WUE estimates (Figure 1). The sampling campaigns took advantage of 

existing 1-ha forest dynamics plots where every tree > 10 cm in diameter was tagged, measured, 

and identified to species. In each of the plots- four in Brazil and seven in Ghana -we collected 

samples from all of the species necessary to account for 80% of the plot basal area, facilitating 

our ability to calculate community-weighted means of trait distributions (e.g. Neyret et al 2016, 

Gvozdevaite et al. 2018). Branches were collected by climbers using extended pole pruners from 

sunlit canopy leaves of at least three individuals of each of the species of interest. These 

branches were quickly recut underwater to restore hydraulic conductivity. We collected data on 

>20 traits, ranging from functional traits such as leaf-level gas exchange data and leaf 

hyperspectral reflectance (400-1100 nm) structural traits such as leaf mass per unit area (Figure 

4).  This unprecedented data set includes data on nearly 300 trees from > 89 species from across 

36 different angiosperm families. We can now combine this data with data from ECOSTRESS to 

provide critical insights into plant water use across tropical transition zones.  

 

Project Objectives  

 

1) Establish the level of agreement between ECOSTRESS and field data and provide an 

accuracy error for ECOSTRESS in tropical transition zones.  

 

2) Use ECOSTRESS to determine how changes in plant albedo will affect change in energy 

balance (canopy temperature vs ET), WUE (GPP/ET) and critical water thresholds across 

tropical transition zones.  

 

Q1 - How well does ECOSTRESS predict water use efficiency and canopy temperature 

compared to direct leaf-level made in plots occurring across key tropical transition zones? 

 

Water is transpired into the atmosphere when plants open their stomata to take up CO2, 

inextricably linking terrestrial plant water and carbon cycling. Water use efficiency (WUE), 

defined as the amount of carbon fixed through photosynthesis per amount of water lost through 

transpiration, integrates these two processes. WUE has become a key metric for understanding 

how plant carbon and water cycling may be expected to change in response to interactive 

increases in atmospheric CO2 concentrations, temperature, humidity and soil drought, all of 

which affect stomatal opening (Goldsmith et al. In Review). For instance, there is already 

evidence that increases in atmospheric CO2 concentrations have increased WUE (Keenan et al., 

2013; van der Sleen et al. 2014). WUE provides an accessible measure of the effects of 

environmental stressors on the coupled processes of photosynthesis and transpiration and can 

thus contribute to our understanding of plant, species, and ecosystem function in current and 



future scenarios of global change. As such, there is considerable interest in accurate predictions 

of WUE at leaf, plant, ecosystem and landscape scales.  

  WUE is most commonly determined at the leaf scale by measuring leaf gas exchange. It 

is often calculated as the ratio of photosynthetic carbon assimilation (A) to transpiration (E), 

which is referred to as instantaneous WUE. However, E varies as a function of driving gradient 

for water loss from the leaf (i.e. vapor pressure deficit) and is therefore dependent on the 

measurement environment. As such, a more comparable measure of WUE is the ratio of A to 

stomatal conductance (gs), which does not depend on vapor pressure deficit and is referred to as 

intrinsic WUE (iWUE). While leaf gas exchange measurements are direct and precise, they are 

instantaneous and are difficult to scale to larger spatial and temporal scales (Medrano et al., 

2015). The research team has collected scalable measures of leaf iWUE from across all of the 1 

ha plots in Ghana and Brazil (Figure 5).  

  An alternative means of inferring WUE is through the measurement of the ratio of the 

heavy to light carbon isotopes (i.e., 13C/12C, as interpreted relative to an international reference 

standard; Coplen, 2011) in plant tissues such as leaves. Leaf carbon isotope composition reflects 

the pathways for biochemical CO2 assimilation (i.e. C3 vs. C4/CAM metabolism), as well as the 

plant functional response to climatic conditions. The calculation of the ratio of  13C/12C (δ13C) 

can provide insights into the ratio of leaf internal to ambient CO2 concentration that can be used 

to infer the relationship between photosynthetic CO2 assimilation and water loss (Farquhar, et al, 

1989; Farquhar, et al, 1982). δ13C measurements are most commonly made on bulk leaf tissue, 

which mixes the signals integrated over the course of leaf formation (cellulose) and the signals 

integrated over recent (e.g., daily) CO2 assimilation (sugars). Critically, leaf δ13C integrates over 

a longer time scale than leaf gas exchange.  

However, information on the carbon isotope ratio alone cannot fully resolve the extent to 

which observed differences reflect changes in photosynthesis (A) or stomatal conductance (gs). 

Here, the coupled measurement of stable isotopes of oxygen (δ18O) and δ13C can provide 

 

Figure 5. Instantaneous leaf-level estimates of A) light-saturated photosynthesis, B) WUE 

(A/E) and C) intrinsic WUE (A/gs) measured in plots across transition from savannah to 

deciduous forest in Brazil. 
 



additional insights (Scheidegger et al, 2000). The δ18O of leaf tissue reflects the extent of 

evaporative enrichment of leaf water driven by transpiration and is not coupled to photosynthetic 

CO2 assimilation. Thus, the measurement of both carbon and oxygen isotopes can be used to 

distinguish whether a change in the WUE of leaves inferred by δ13C is likely to be the result of a 

change in photosynthesis, or transpiration (inferred by δ 18O). The research team has collected 

leaf tissue samples from across all of the 1 ha plots in Ghana and Brazil. In Brazil, δ18O and δ13C 

have been measured, but the data have not yet been fully analyzed  (Figure 6).  

 

Leaf- and Plot-Level Methods  

 

H1.1: ECOSTRESS WUE measures will relate most closely to integrated measures of WUE 

derived from leaf tissue isotopes.  

 

We will compare leaf-level measures of WUE scaled to 1-ha to measures of WUE obtained from 

ECOSTRESS. We measured leaf gas exchange on three leaves from a branch collected from 

three individuals of each species of interest (Figure 4). Measurements were made using a LiCor 

6400XT at saturating light, ambient CO2 concentration, and steady temperature. Leaf-level 

estimates will be calculated as instantaneous measures of WUE (Asat/E) and iWUE (A/gs), as well 

as time-integrated measures of WUE using carbon isotopes (Farquhar et al. 1982). WUE will be 

calculated from δ 13C as:  

 
𝐴

𝑔𝑠
=

𝑐𝑎

1.6
(

𝑏−∆13𝐶

𝑏−𝑎
)          Eq. 1 

 



where ca is ambient CO2 concentration (assumed to be ca. 400 ppm), Δ13C is δ13C corrected for 

source air differences (assumed to be -8 ‰), a is the fractionation during the physical diffusion 

of CO2 through the stomata (4.4 ‰; O’Leary 1981), and b is the biophysical fractionation 

associated with reactions by Rubisco and PEP Carboxylase (27 ‰; Farquhar and Richards 1984). 

Such estimates must be interpreted carefully, as described by Seibt et al. (2008). Thus, we will 

also assess coupled leaf carbon and oxygen 

isotope patterns as described above.  

We have already analyzed carbon 

and oxygen isotopes of bulk leaf tissue 

from across the gradient in Brazil, 

representing an integrated measure of 

WUE across the growing season. We will 

analyze a similar data set for Ghana; leaf 

samples are already ground and are ready 

to be prepared and analyzed. Samples will 

be measured by means of either an 

elemental analyzer (carbon) or a 

temperature conversion/elemental analyzer 

(oxygen) coupled to an isotope ratio mass 

spectrometer. Co-I Goldsmith has 

extensive experience preparing and 

analyzing these samples, including a 

working relationship with the Stable 

Isotopes Ratio Facility for Ecological 

Research at the University of Utah, where 

the samples will be analyzed. To facilitate 

equal comparisons of oxygen isotopes 

between Brazil and Ghana, we will convert 

δ18O to Δ18O by correcting for plant source 

water inputs using estimates of local 

precipitation isotopes (Allen et al. 2019).  

We will then generate plot-level estimates of WUE for each of our measures using the 

proportional contribution of each of the species to the community based on either basal area or 

abundance. These community weighted means will be calculated for each plot as 

 

 k=∑iµifi          Eq. 2 

 

where k = plot, i = species, and µi and fi are the mean trait values and relative abundance 

or basal area of the species i (Garnier et al. 2004; Violle et al. 2007). Final weighted means are 

then normalized by the sum of total abundances to account for differences among plots.  

These estimates can then be related to estimates of WUE from ECOSTRESS in the grid 

cells (38 m by 69 m) encompassing each plot. Daily averages of WUE will be aggregated at 

different temporal resolutions (e.g. mean growing season or annual) for the purposes of 

comparison. Given the availability of community weighted measures of WUE across these plots, 

we have the unique opportunity to determine the agreement between ECOSTRESS and our field 

 

Figure 6. Stable isotopes of carbon (top panel) 

and oxygen (bottom panel) among plots in 

Brazil. Basal-area weighted averages of these 

data can be used to understand whether 

photosynthesis or transpiration drives changes in 

WUE across this key tropical transition zone.  



data, as well as provide insights into whether observed differences in WUE represent differences 

in plant photosynthetic capacity relative to changes in transpiration.  

In the process, we will also begin to determine the extent to which there are critical 

thresholds in WUE that correspond to changes in vegetation characteristics. For instance, 

measures of WUE can be compared to existing measures of plot basal area, number of tree 

stems, vegetation structure, and leaf area index. WUE could change gradually across transitions, 

or alternatively, could experience a stepwise change when the canopy reaches a certain openness. 

These are the reasons why the uncertainty in WUE in Earth System Models is largest in these 

regions, and why ECOSTRESS targets this as the first mission science objective. Discovery of a 

relationship between WUE and forest structure for these regions would also open new 

opportunities for comparing existing and planned remote sensing products (e.g. AfriSAR, 

BIOMASS, GEDI) with ECOSTRESS.  

 

H1.2: ECOSTRESS will accurately represent canopy temperatures inferred from leaf oxygen 

isotopes.  

 

In addition to their utility for interpreting measures of WUE, leaf oxygen isotopes can be used to 

predict leaf temperatures (Helliker et al. 2008; Michaletz et al. 2015). The isotopic ratio of 

oxygen incorporated into leaf tissue is primarily a function of the oxygen isotope ratio of the 

source water taken up by the plant (i.e. soil water isotope ratios). However, this water is subject 

to fractionation in the leaf prior to being incorporated into leaf tissue via photosynthesis, a 

process which can be quantified as: 

 

∆18𝑂𝑙𝑒𝑎𝑓𝑤𝑎𝑡𝑒𝑟 =  𝜀∗ + 𝜀𝑘(∆18𝑂𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑒 − 𝜀𝑘)
𝑒𝑎

𝑒𝑜
     Eq. 3 

 

where E* and Ek are the kinetic and temperature-dependent equilibrium fractionation factors 

water diffusion and evaporation, Δ18O is the difference between the δ18O of atmospheric water 

vapour compared to the δ18O of source water, and ea/ei is the ratio of ambient to saturated vapor 

pressure at leaf temperature. Leaf saturated vapor pressure (ei) is directly related to temperature 

as calculated from the relationship between vapor pressure and temperature. The δ18O of source 

water can be accurately estimated using globally interpolated maps of precipitation isotopes 

(Allen et al. 2019), while the ambient humidity can be estimated using globally gridded data sets 

(e.g. citation). Notably, there is an intermediate step that corrects for a known biosynthetic 

fractionation associated with incorporating oxygen isotopes of leaf water into tissue (Lehmann et 

al. 2018). As above, we will scale these estimates to that of the plot using community weighted 

means.  Current tropical forest canopy temperature is an important variable but likely not 

accurately measured (Doughty and Goulden 2008) and these results could give us better 

confidence in satellite based estimates.  

 

H1.3: WUE measured by ECOSTRESS will capture ground-based observations within multi-

model uncertainty.  

 

We will create an error budget comparing ground based measures of WUE to those of 

ECOSTRESS.  If leaf-based estimates of WUE do not match estimates from ECOSTRESS 

predictions for these transition zones, we will investigate possible alternate models of ET and 

GPP for the ECOSTRESS data product in these regions and collaborate with Dr. Fisher on 



alternate model structures and parameterizations with the production of test ECOSTRESS data to 

analyze variations for our sites.  At several of our sites we also have independent measurements 

of GPP with ground based methods (Doughty et al 2015; Moore et al 2017).  Current GPP for 

ECOSTRESS is based on the MODIS GPP product.  As part of a separate proposal, Dr. Fisher 

will replace this with BESS GPP at 70 m pixel size.  Likewise, for ET the three primary 

algorithms under consideration have been: (1) the Priestley-Taylor Jet Propulsion Laboratory 

(PT-JPL) algorithm; (2) the Penman-Monteith MOD16 (PM-MOD16) algorithm [Mu et al., 

2011]; and, (3) the Surface Energy Balance System (SEBS) [Su, 2002].  Currently, ET is 

evaluated with Priestley-Taylor Jet Propulsion Laboratory (PT-JPL) algorithm [Fisher et al., 

2008].  We will carefully compare all these various remote-sensed algorithms to our ground 

based data sets to determine whether or not ECOSTRESS captures the ground data within that 

multi-model uncertainty. Our work on this objective is critical to verification or potential 

improvement to ECOSTRESS in capturing WUE for these key regions. 

 

Q2 - Will future predicted reduced tropical leaf albedo and increased leaf energy absorbed 

shift plants in tropical transition zones past a critical threshold where stomata close, 

canopy temperatures increase and WUE decreases leading to possible ecosystem shifts? 

 

Tropical forest leaves are hypothesized to darken with future climate change (Doughty et 

al 2018).  Whether the increased energy absorbed from darker leaves is dissipated by means of 

transpiration or leads to increased leaf temperatures could result in a drastically different future 

global climate.  Climate simulations indicate that with darker leaves, ET will increase over a 

large enough spatial scale to increase high albedo clouds across the tropics.  Therefore, as the 

ground darkens, the surface brightens with little climate impact.  For example, for a location in 

the Amazon forest (-13°, -69°), the coupled land and atmosphere model predicts that a decrease 

in leaf NIR albedo leads to a linear increase in latent heat flux, but little change in sensible heat 

fluxes (Figure 6a and b).  This difference in energy partitioning has considerable additional 

climate impacts.  For instance, at current CO2 concentrations (367 ppm), these increases in latent 

heat fluxes increase cloud cover (Figure 6c) and rainfall (Figure 6d) linearly.   Leaf temperature 

(Figure 6d) does not change since there is little change in sensible heat fluxes at current CO2 

concentrations. Generally, at high CO2 concentrations there was a smaller increase in cloud 

cover and rainfall, but greater increases in leaf and air temperatures. 

Therefore, our model simulations suggest that, at current CO2 concentrations, reduced 

leaf albedo will increase latent heat fluxes and transpiration leading to relatively stable leaf 

temperatures [Michaletz et al., 2016] [Helliker and Richter, 2008].  This potential reduction of 

water use efficiency contrasts with what is predicted [Keenan et al., 2013] and measured in 

tropical tree rings [van der Sleen et al., 2014].  However, under high CO2 conditions, the model 

estimates a more evenly distributed change in sensible and latent heat fluxes.  It is difficult to 

have confidence in model-driven sensible/latent heat fluxes for the tropics because current 

models do not accurately capture tropical leaf temperatures, which can reach temperatures above 

40°C [Doughty and Goulden, 2008].  For instance, our simulations did not predict that vegetation 

temperatures would generally exceed air temperatures, but empirical studies in the tropics have 

shown that sunlit leaf temperatures generally exceed air temperatures by an average of 2-3°C 

[Doughty and Goulden, 2008].  Rapid changes in sun-shade conditions in tropical forests 

associated with intermittent cloud cover could inhibit the ability of stomata to equilibrate and 

maintain a steady leaf temperature.  For instance, more than 60% of direct photosynthetically 



active radiation (PAR) during the dry season in an Amazon forest arrives in intervals with less 

than 10-min duration [Doughty and Goulden, 2008].   If stomata cannot adjust at this interval and 

sensible heat fluxes (and leaf temperature) increase instead of latent heat fluxes (and 

transpiration), then a decrease in tropical leaf albedo could have drastically different results than 

models predict at current CO2 concentrations.  For instance, increasing leaf temperatures could 

instead reduce total carbon uptake, as is currently seen during warm periods[Doughty and 

Goulden, 2008] [Mau et al., 2018].  Therefore, a key future issue is to better understand 

empirically how a decrease in leaf albedo could impact the leaf level latent/sensible heat ratio.  

We now propose to use ECOSTRESS data to understand how these changes in leaf 

albedo affect changes in either 

surface temperature or ET.  

ECOSTRESS will supply the 

highest resolution and accuracy 

canopy temperature and ET remote 

sensed data. There will also be 

modelling implications to our 

work and we will use 

ECOSTRESS data to improve the 

parameterization of the NCAR 

earth system model and then better 

predict how changing leaf trait 

dynamics could affect climate 

(H2.4).   

We have modelled how a 

reduction in leaf albedo 

(hypothesized darker leaves) will 

impact continental-scale ET, 

canopy temperature, 

photosynthesis, and WUE using 

CLM coupled to CAM (Figure 7; 

Doughty et al. 2018).  We also 

highlight two key ECOSTRESS 

tropical regions of interest (red 

boxes) in Brazil and Ghana and the 

approximate locations of our plots 

(red stars).  The regions within the 

red boxes show great uncertainty in 

terms of the directionality of the 

impact.  The core tropical regions 

primarily demonstrate an increase in 

ET with greater energy absorbed 

and higher photosynthesis, but little increase in leaf temperature.  The ECOSTRESS regions of 

interest do not show clear changes in these variables. Due to the model uncertainty in predicting 

these key regions we will use our field leaf albedo and physiology data (from the starred regions) 

combined with ECOSTRESS data (for the regions within the red boxes) to better parameterize 

the CLM model coupled to CAM.  

 

Figure 6 – Four simulations averaging the last 50 years 

of a 100-year simulation for: a) latent heat fluxes, b) 

sensible heat fluxes (W m−2), c) percentage cloud cover, 

d) rainfall (mm month−1), e) leaf temperature, f) air 

temperature (K) across the terrestrial tropics, g) 

photosynthesis (μ mol m−2 s−1) and h) NIR.  
planetary albedo (W m−2).  
 

 



As demonstrated in Figure 7, climate simulations indicate that with darker leaves, ET 

will increase over a large enough spatial scale to increase high albedo clouds across the tropics 

(Figure 6c).  Therefore, darker leaves will result in more bright clouds which will offset each 

other resulting in little regional warming.  However, there are no empirical observations that we 

are aware of in tropical forests relating leaf albedo changes to ET and canopy temperature and 

reasons to believe that the model predictions are not accurate (Doughty and Goulden 2008).  If 

tropical forests are water limited during the dry seasons as much literature suggests, and close 

their stomata in response to increased energy absorbed, then canopy temperature will increase 

and photosynthesis could decrease (Doughty and Gouden 2008).  Therefore, under this scenario, 

darker leaves will both increase surface temperatures and reduce carbon uptake from tropical 

forests.  Overall, this small change in stomatal behavior could result in a drastically different 

future global climate and broad ecosystem transitions. We propose to use ECOSTRESS data 

combined with extensive ground-based data of leaf albedo, photosynthetic capacity, and canopy 

characteristics to empirically test this important question.  

  

How does leaf-level albedo affect plant water use with respect to ET and WUE?  

 

H2.1 - Evapotranspiration and water use efficiency will decrease with increasing leaf albedo.  

 

 

Figure 7. The effects of reduced leaf albedo on (left to right) evaporation, canopy 

temperature, photosynthesis, and WUE across South America (top) and Africa (bottom).  
 



We first propose to compare individual leaf albedo to photosynthetic capacity (Asat) and leaf 

transpiration on the 1000+ individual leaves across all sites. We measured five randomly chosen 

leaves for photosynthesis and leaf spectral properties (which were measured within 1 hour of 

being cut).  Leaf spectra were collected with a Analytical Spectral Devices handheld 

spectrometer that has its own calibrated light source.  The spectrometer records 750 bands 

spanning the 325–1075 nm wavelength region.  Leaf gas exchange traits were measured as 

described above. We will relate ET and WUE to albedo using generalized linear mixed models 

controlling for the effects of plot.  This test will allow us to understand the direct effect of leaf 

albedo and photosynthetic capacity on leaf transpiration without the influence of confounding 

canopy variables.  

 

What are the plot-level effects of contrasting albedo, but similar forest characteristics, on 

canopy temperature and ET measured by ECOSTRESS?  
 

H2.2 - Lower plot-level leaf albedo will increase ECOSTRESS measured ET, but not canopy 

temperature across plot types with different characteristics. However, in the post-noon period, 

we hypothesize that canopy temperature will increase instead of ET.  

 

Among the 11 plots where we have collected data, several of the plots are paired and from very 

similar ecosystems.  For example, the plots Bob01  and Bob2 are located within 5 km from each 

other in the most undisturbed part of Bobiri forest reserve in Ghana; they have similar 

temperature and precipitation (Moore et al 2017), but very different CWM leaf albedos. We have 

calculated CWMs of plot-level leaf reflectance for five plots in Ghana and four plots in Brazil 

that we will compare with ECOSTRESS data (Figure 8).  We will calculate visible leaf albedo 

as the mean between 400-700 nm and NIR albedo the mean between 800-1100 nm.      

 We will also calculate CWMs of light and CO2 saturated photosynthetic capacity (Amax) 

from our plots using the gas exchange measurements described above. We further hypothesize 

that plots with a higher mean photosynthetic capacity will increase ET at the expense of canopy 

temperature, as these leaves tend to have higher photosynthetic capacity and therefore 

corresponding stomatal conductance.  We first propose to compare individual leaf albedo to 

 
Figure 8. CWM leaf spectral characteristics (400-1100 nm) of 9, 1 ha plots from Ghana and 

Brazil.  
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photosynthetic capacity and ET; we will then scale up to the plot level to compare plot average 

Amax and albedo to ECOSTRESS measured ET and canopy temperature.   At the plot level, we 

will first compare our paired plots (i.e. Bob1 1 versus Bob2).  Next, we will compare similar 

plots in Brazil and Ghana (i.e. savanna vs. savanna, forest transition vs. forest transition) to see 

how diurnal ET and canopy temperature impact plot-averaged leaf albedo and Amax.   We will 

compare our plot data to ECOSTRESS data averaged for the morning (08:00), noon (12:00), and 

afternoon (14:00) to establish variability in ET/canopy temperature diurnal trends with albedo 

changes.  The unique diurnal nature of ECOSTRESS data will be key because we hypothesize 

that there will be changes in our results between these time periods. In particular, we hypothesize 

that in the afternoon period, plots with lower mean albedo and increased energy will close their 

stomata and have decreased ET and increased canopy temperature as compared with plots with 

higher albedo.   We already have a wealth of data (climate, soils, traits, GPP, NPP, leaf WUE, 

ET, Amax) for comparison collected at these plots (Oliveras et al in review).  ECOSTRESS will 

provide surface temperature and ET estimates at higher spatiotemporal resolution than previous 

remote sensing products, allowing us to understand how slight spatial variations in surface 

albedo impact diurnal canopy temperature and ET.   

 

Understand how changes in remote sensed surface albedo impact diurnal ECOSTRESS 

canopy temperature and ET for the entire Ghana and Brazil hotspots. 

 

H2.3 - Pixels with lower canopy albedo will correlate with increased ECOSTRESS-measured ET, 

but not canopy temperature across key hot spots in Brazil and Ghana.  

 

We then propose to scale our plot-level understanding to the landscape level and compare 

Landsat albedo to ECOSTRESS ET and canopy temperature data for the full Brazil and Ghana 

regional hotspots.  Surface albedo is a function of many parameters beyond leaf albedo, 

including canopy structure and the albedo of other parameters such as branches, soil, and wood.  

However, since leaf albedo controls leaf energy balance, leaf albedo is a key determinant of ET.  

This is why our leaf albedo data are critical to evaluate in relation to ET before we scale up to the 

landscape.  We will use Landsat albedo instead of MODIS albedo because its resolution most 

closely matches ECOSTRESS data and it is already a data input to ECOSTRESS.  At these 

broader spatial scales, we will have a larger sample size to estimate how variations in surface 

albedo impact ET/canopy temperature.  Thus, we will exchange space for time and use our 

spatial understanding to predict whether future darker leaves will heat the canopy or lead to 

greater evapotranspiration.   

 

How will darker tropical leaves impact global climate? 

 

H2.4 - Climate simulations parameterized with ECOSTRESS and field data will show a greater 

net warming impact of darker leaves. 

 

Finally, based on what we learned at the plot and landscape scale about the sensitivity of ET and 

canopy temperature to leaf albedo, we will rerun our climate simulations where we decrease 

tropical leaf albedo to better understand how this will affect global climate.  In our past 

simulations, we varied the tropical evergreen broadleaf plant functional type NIR albedo and 

found that most of the increased energy absorbed went towards increasing ET.  Based on the 



results of our large spatial scale comparison (H2.3), we will have a better understanding of the 

ET/canopy temperature relationship.  We will then “tune” the model by varying the plant 

functional type leaf parameters, such as the characteristic leaf dimension (for example), to better 

match the empirical results.  We have not yet determined the optimal leaf plant functional type 

value to change to better match the empirical results and this will be part of the science.  This 

“tuning” of the model will then give us a better understanding of how changes to latent vs. 

sensible heat fluxes will impact cloud cover, regional rainfall and global climate.  We 

hypothesize albedo changes could potentially impact broader global climate through 

teleconnections such as changing the movement of the ITCZ (Doughty et al 2010). 

 Specifically, we will use NCAR’s Community Atmosphere Model (CAM 4.0) [Collins et 

al , 2006] coupled with the Community Land Model (CLM 4.0) with prescribed surface ocean 

temperatures [Hurrell et al., 2008], a river transport model (RTM), and the Los Alamos sea ice 

model (CICE). These models are already set up on NAU’s local supercomputer Monsoon and 

Doughty has extensive experience running and modifying these models.  We will simulate global 

climate for scenarios where NIR leaf-level reflectance for the tropical evergreen broadleaf plant 

functional type is increased by 0.05, 0.10, and decreased by 0.05, and 0.10 (control = 0.45).  We 

will then measure canopy temperature and ET under the different canopy albedo scenarios for 

the regions of interest in Brazil and Ghana.  We will find a plant functional type parameter, such 

as characteristic leaf dimension, to modify until the canopy temp/ ET matches our empirical 

remote sensing observations.  Current Earth system models predict that decreased albedo will 

increase ET, but this result has never been empirically validated and there are studies suggesting 

the models are not accurate.  Whether canopies heat up or evaporate more water could have 

impacts both at the regional (ecosystem shifts) and global (mean global temperatures) scales. 

 

The Unprecedented and Unique Value of ECOSTRESS Data 

 

ECOSTRESS will provide data at 70 m 

resolution every 3-5 days while 

developing a diurnal profile over the 

course of a year (Figure 9).  The diurnal 

nature of the data is key because we are 

specifically interested in how changing 

albedo will impact stomatal closure at 

several times of the day.  Our plots are in 

tropical regions, which are notoriously 

difficult for remote sensing due to 

extensive cloud cover occluding the land 

surface and limiting the number of usable 

images. This makes the combined higher 

spatial resolution of ECOSTRESS (as 

compared to MODIS) and the higher 

temporal resolution (as compared to 

landsat) key to answering our questions. 

 

This proposal is likely the only proposal that fully supports ECOSTRESS science objective #1, 

focusing on WUE in tropical/dry transition forests as delineated by the ECOSTRESS ‘hotspots’. 

Figure 9. The frequency of overpasses by 

ECOSTRESS as a function of time of day; high 

temporal resolution data is challenging in the 

Tropics due to frequent cloud cover.  



We can do so only because we have developed the key in situ dataset directly in these regions on 

WUE.  

 

Project management plan – PI Dr. Doughty and Co-PI Dr. Goldsmith will both devote a 

significant portion of their time to ensuring the success of this project and will oversee all 

components of the research. Dr. Doughty will supervise a doctoral student focused primarily on 

Q2 and the project team will collaborate closely to advance specific data and analyses with the 

student.  Dr. Fisher is the Science Lead of ECOSTRESS and will provide gridded and aligned 

ECOSTRESS data for our plots and for comparison to Landsat albedo which is already used in 

the ecostress processing algorithm.  Dr. Malhi has led the collection of ecosystem function and 

traits data across the tropical sites and has collaborated with Drs. Oliveras, Goldsmith and 

Doughty to collect much leaf trait data and carbon cycling data from transition zones over the 

past few years.  Dr. Oliveras is a leading expert in the dynamics of tropical vegetation 

transitions. Dr. Goldsmith has extensive experience with the isotopic method to predict canopy 

temperature and WUE efficiency at the transition zones.    

 

Risks and mitigation strategies - This project leverages existing data sets collected by the 

research team (Oliveras, Malhi, Doughty, and Goldsmith) and which require only minimal 

remaining sample analysis (Goldsmith), remote sensing expertise of ECOSTRESS (Fisher), and 

model development (Doughty). Therefore, there is little risk for this project since the datasets 

already exist, the knowledge of how to use them is within the group, and the model is well 

known to the group. The research team has previous experience collaborating together and will 

use two meetings (annual meeting of the AGU and ECOSTRESS PI meeting) as focal points for 

writing workshops. The project is relatively low cost considering the breadth and depth of the 

results that will be produced.    

  

Timeline - The project will commence in January 2020.  

  Jan. 

2020 

June 

2020 

Jan. 

2021 

June 

2021 

Dec 

2022 

June 

2022 

Q1–Isotope Analysis X        

Q1–WUE & Temperature  X X X   

Q2– Leaf and Plot Albedo Effects on WUE/ET X X X X     

Q2-WUE/ET Modelling       X X X 

In-Person Analysis and Writing Workshops 1x 1x 1x 1x 1x 1x 

 

Project deliverables - We estimate a minimum of six, high quality publications as an outcome of 

this proposal (several addressing each of the above sections).   

 
 

  



 


