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E V A P O T R A N S P I R A T I O N



carbon cycle
energy cycle

water cycle

Evapotranspiration is the 
key climate variable linking the 

water, energy, and carbon cycles

what is evapotranspiration (ET)?

ET describes the net exchange
of water vapor between the
land surface and the
atmosphere, and is comprised
of water evaporated directly
from the soil or other surfaces
and water transpired (i.e., used;
consumptive use) by plants.
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Plants regulate water loss (transpiration) by closing the pores
on their leaves, but at the expense of shutting off CO2

uptake for photosynthesis and risking carbon starvation.
Transpiration performs the same cooling function as sweat; if
plants cannot adequately cool themselves, they risk
overheating and mortality due to heat stress.
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H O W  D O  D I F F E R E N T  P L A N T S  R E S P O N D  T O  
C H A N G E S  I N  W A T E R  A V A I L A B I L I T Y ?



W H I C H  P L A N T S  D I E F I R S T ?





−50 50
2012 LAND CARBON UPTAKE ANOMALY

( GPP2012 − GPP2008-2010 ; g C m-2   month-1 )

Current US drought prediction capabilities failed to predict the 
intensity and magnitude of the 2012 US Midwest drought
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Abstract The fate of the terrestrial biosphere is highly uncertain given recent and projected changes in
climate. This is especially acute for impacts associated with changes in drought frequency and intensity on
the distribution and timing of water availability. The development of effective adaptation strategies for
these emerging threats to food and water security are compromised by limitations in our understanding of
how natural and managed ecosystems are responding to changing hydrological and climatological regimes.
This information gap is exacerbated by insufficient monitoring capabilities from local to global scales. Here,
we describe how evapotranspiration (ET) represents the key variable in linking ecosystem functioning, car-
bon and climate feedbacks, agricultural management, and water resources, and highlight both the out-
standing science and applications questions and the actions, especially from a space-based perspective,
necessary to advance them.

1. Introduction

The response of the terrestrial biosphere to changes in climate remains one of the largest sources of
uncertainty in climate projections [Friedlingstein et al., 2014]. Tightly coupled to the water cycle, ecosys-
tems can act as either carbon sinks (photosynthesis, primary production) or carbon sources (respiration,
decomposition, mortality, combustion), and provide climate feedbacks through latent heat fluxes, albe-
do, and water cycling. However, the water cycle is rapidly changing, resulting in greater variance and
more extremes [Ziegler et al., 2003; Syed et al., 2010]. For example, the worst drought in its recorded his-
tory struck the Amazon basin in 2005, reversing this long-term carbon sink into a carbon source [Phillips
et al., 2009]. In 2010, an even stronger drought hit the Amazon basin, which had not fully recovered from
the impacts of the earlier event, and 2015 saw yet another recurrence [Lewis et al., 2011; Saatchi et al.,
2013; Jim!enez-Mu~noz et al., 2016]. The United States Midwest also experienced its worst drought in deca-
des in 2011, followed by an even stronger one in 2012, which impacted 80% of US agriculture; in parallel,
a multiyear drought from 2012 to 2015 along the West coast significantly impacted food production for
the entire country [Long et al., 2013; Mallya et al., 2013; AghaKouchak et al., 2014; Wolf et al., 2016]. Over-
all these patterns of extreme drought have been mirrored throughout nearly all major terrestrial vegetat-
ed biomes of the world, as well as in the key food production regions of every inhabited continent [Ciais
et al., 2005; Soja et al., 2007; Cook et al., 2010; Schwalm et al., 2012; Fisher et al., 2013b; van Dijk et al.,
2013; Famiglietti, 2014].

Key Points:
! ET science and applications have

significantly advanced across a wide
array of fields over the past several
decades
! Critical outstanding ET-based

research and applied science
questions from local to global scales
remain due to deficiencies in our
observational capabilities
! National and international research

priorities should include ET-focused
satellite observational investments
and programs
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PUBLICATIONSPrincipal outstanding ET knowledge gaps;
Top-10 ET research and applied science questions
1. How are natural and managed ecosystems responding to 

changes in climate and water availability?
2. How much water do different plant assemblages in 

ecosystems use and how much do they need?
3. What is the timing of water use among ecosystems, and how 

does that vary diurnally, seasonally, and annually?
4. How do changes in plant water availability, access, use, and 

stress regulate photosynthesis and productivity?
5. How is ET partitioned into transpiration, soil evaporation, and interception evaporation, and how are these 

components differentially impacted by a changing temperature, CO2, and hydrologic regime?
6. How does ET redistribute water in a strengthening or weakening global hydrological cycle, and what are the 

underlying causes and consequences?
7. How do changes in ET amplify or dampen climate feedbacks, land-atmosphere coupling, and 

hydrometeorological extremes at local to regional scales?
8. Can ET observations help constrain and improve short-term weather prediction and future climate projections 

at seasonal to interannual timescales?
9. Can we unify the water, carbon, and energy cycles globally from space-borne observations, with ET as the 

linking variable?
10.How can information on ET be applied to optimize sustainable water allocations, agricultural water use, food 

production, ecosystem management, and hence water and food security in a changing climate to meet the 
demands of a growing population?



What we need: accurate, high spatial, 
high temporal, global, ET.



High accuracy: The higher the accuracy, the 
greater the ability to differentiate water use and 

water stress among different species and 
ecosystems, as well as to enable more effective 

water management (<10% relative error).
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MODIS – 1 km Landsat 7 – 60 m

High spatial resolution: The length scales required 
to detect spatially heterogeneous responses to water 
environments must disentangle mixed-species forest/ 
ecosystem assemblages, narrow riparian zones, and 
the “field-scale” of agricultural plots, and (<100 m).
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High temporal resolution: ET is highly variable from day 
to day; management necessitates accurate ET information 

provided in sync with daily irrigation schedules (daily). 
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Long-term monitoring: Because heatwaves, droughts 
and drought responses evolve over the course of 

multiple years, and as climate becomes increasingly 
variable, the need for long-term observations will 

likewise be increasingly critical (decadal scale).



0 0.005
Uncertainty in WUE (GPP/ET)
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Large spatial coverage: Global coverage enables 
detection of large-scale droughts, is necessary to 

understand climate feedbacks, is required to close 
the global water and energy budgets, and ensures 
consistency and dependability in measurements 

across regions and shared resources (global land).

Climate model uncertainty in WUE
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y = 1.07x
r2 = 0.90

Fisher, J.B., Tu, K.P., Baldocchi, D.D., 2008. Remote Sensing of Environment.
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ET Spaceborne Measurement Requirements
Parameters Minimal Optimum Landsat 8 MODIS ECOSTRESS

Spatial resolution 
(m) – TIR

120 ≤30 100 1000 69x57

Spatial resolution 
(m) – VSWIR

120 ≤30

Return Cycle 
(days) – TIR

8 ≤4 16 1 3-5

Return Cycle 
(days) – VSWIR

16 ≤4

Number of bands –
TIR

1 >2 2 3 5

Number of bands –
VSWIR

10 >15

Coverage US Global land Global Global ISS 
coverage



Science / Applied 
Science Question

Science / Applied 
Science Objective(s) Partners Partner Data 

Baseline Physical Parameters Observables Requirements
Anticipated / 
Desired 
Capability

Mission Functional 
Requirements DS Reference

How do different 
plants respond to 
changes in water 

availability?

AS-I.  Determine 
water use in natural 
ecosystems.

FLUXNET

100s of flux sites 
and intensive 

measurement sites

LST with uncertainty better than 1 K; 
spatial resolution < 100 m; temporal 
resolution < 1 week; global coverage, 
natural vegetation; temporal continuity 
3 years

NDVI, albedo, ea, Ta with uncertainty 
better than 10%; spatial resolution < 100 
m; temporal resolution < 1 week; global 
coverage; temporal continuity 3 years

TIR with uncertainty better than 1 K; 
spatial resolution < 100 m; temporal 
resolution < 1 week; global coverage, 
natural vegetation; temporal 
continuity 3 years

VSWIR with uncertainty better than 
10%; spatial resolution < 100 m; 
temporal resolution < 1 week; global 
coverage; temporal continuity 3 
years

2020

AS-II
Determine water 
stress under water 
limitation.

Ecological 
community

LST with uncertainty better than 1 K; 
spatial resolution < 100 m; temporal 
resolution < 1 week; global coverage; 
temporal continuity 3 years

NDVI, albedo, ea, Ta with uncertainty 
better than 10%; spatial resolution < 100 
m; temporal resolution < 1 week; global 
coverage; temporal continuity 3 years

TIR with uncertainty better than 1 K; 
spatial resolution < 100 m; temporal 
resolution < 1 week; global coverage; 
temporal continuity 3 years

VSWIR with uncertainty better than 
10%; spatial resolution < 100 m; 
temporal resolution < 1 week; global 
coverage; temporal continuity 3 
years

2020

AS-III.  Determine  
water requirements 
in managed 
ecosystems.

Agricultural 
community (e.g., 
USDA)

LST with uncertainty better than 1 K; 
spatial resolution < 100 m; temporal 
resolution < 1 week; global coverage, 
managed vegetation; temporal 
continuity indefinitely

NDVI, albedo, ea, Ta with uncertainty 
better than 10%; spatial resolution < 100 
m; temporal resolution < 1 week; global 
coverage; temporal continuity 3 years

TIR with uncertainty better than 1 K; 
spatial resolution < 100 m; temporal 
resolution < 1 week; global coverage, 
managed vegetation; temporal 
continuity 3 years

VSWIR with uncertainty better than 
10%; spatial resolution < 100 m; 
temporal resolution < 1 week; global 
coverage; temporal continuity 3 
years

2020



Conclusions
• Decadal Survey: ET a top science and applications priority throughout

o Ecosystems: key biodiversity functional trait
o Water & Energy Cycle: central coupling variable
o Weather: cloud formation
o Climate: drying, water-carbon cycle feedbacks

• Urgency: droughts, food & water security
• Challenge/Uniqueness: no current mission captures all ET requirements
• TIR+VSWIR: need together for ET

o Function of TIR (radiation), VNIR (vegetation), and VSWIR (atmosphere)
o Need tight geolocation for spatial requirements
o Need consistency and reliability between measurements
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