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Abstract: Water use efficiency (WUE) is a key index for understanding the ecosystem of carbon-water
coupling. The undistinguishable carbon-water coupling mechanism and uncertainties of indirect
methods by remote sensing products and process models render challenges for WUE remote sensing.
In this paper, current progress in direct and indirect methods of WUE estimation by remote sensing
is reviewed. Indirect methods based on gross primary production (GPP)/evapotranspiration (ET)
from ground observation, processed models and remote sensing are the main ways to estimate WUE
in which carbon and water cycles are independent processes. Various empirical models based on
meteorological variables and remote sensed vegetation indices to estimate WUE proved the ability of
remotely sensed data for WUE estimating. The analytical model provides a mechanistic opportunity
for WUE estimation on an ecosystem scale, while the hypothesis has yet to be validated and applied
for the shorter time scales. An optimized response of canopy conductance to atmospheric vapor
pressure deficit (VPD) in an analytical model inverted from the conductance model has been also
challenged. Partitioning transpiration (T) and evaporation (E) is a more complex phenomenon than
that stated in the analytic model and needs a more precise remote sensing retrieval algorithm as well
as ground validation, which is an opportunity for remote sensing to extrapolate WUE estimation from
sites to a regional scale. Although studies on controlling the mechanism of environmental factors
have provided an opportunity to improve WUE remote sensing, the mismatch in the spatial and
temporal resolution of meteorological products and remote sensing data, as well as the uncertainty
of meteorological reanalysis data, add further challenges. Therefore, improving the remote sensing-
based methods of GPP and ET, developing high-quality meteorological forcing datasets and building
mechanistic remote sensing models directly acting on carbon-water cycle coupling are possible
ways to improve WUE remote sensing. Improvement in direct WUE remote sensing methods or
remote sensing-driven ecosystem analysis methods can promote a better understanding of the global
ecosystem carbon-water coupling mechanisms and vegetation functions—climate feedbacks to serve
for the future global carbon neutrality.

Keywords: ecosystem water use efficiency; carbon-water cycle coupling; flux measurement; remote
sensing; carbon neutrality

1. Introduction

Water use efficiency (WUE) is a key metric of carbon-water coupling maintaining the
trade-off between photosynthesis and water vapor loss on plant function, which is often
defined as the ratio of gross primary production (GPP) and evapotranspiration (ET) on the
ecosystem scale [1-6]. Previous studies have reported that the global forest WUE shows
an upward trend with the rise in atmospheric carbon dioxide concentration as shown in
Figure 1a,c [7,8]. However, based on satellite observations, the global average WUE has
showed a significant downward trend before 2010, which is possibly due to the change in
land use, and this phenomenon is improved during 2011-2014 as shown in Figure 1b [9].
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As an independent ecological variable of the ecosystem responding to global changes, WUE
is a key measurement to link the carbon and water cycle of ecosystems. Various researches
have investigated the underlying mechanism of WUE at a single site by measuring flux
with simple weather condition-driven models [10-13]. To reveal the effect of global change
on the interaction of water—carbon cycles in ecosystems, several studies upscaled WUE
from a single site to the regional/global scale through remote sensing techniques and
ecological models [2,4,7,9,14-17]. The retrieval of spatial-temporal variability and control
mechanism of WUE on regional scale ecosystems is helpful to evaluate and predict the
impact of global changes on ecosystem water and carbon processes [18]. However, issues
concerning the inconsistent response to environmental factors and indistinct carbon-water
coupling mechanisms need to be resolved for effectively evaluating ecosystem functions
with a higher requirement of long-lasting continuous and consistent spatial measurements
to capture changes in water—carbon cycles.

s |a 5 " b
Q
o = 1.82
Q -
=y = . Slope = -0.0045
o E 1.78[ 4 P<0.05 1
- o  pyesc '
Q o
a 2 .
1.74p
o o
2 g . o~
L S 1707 "
¥ Mean slope = 0.96+0.17, P<0.05 %
g 2 16t .
€ 20 = A A £ s 3
6 1995 2000 2005 2010 g 2000 2002 2004 2006 2008 2010 2012
Year Year
0.3
Cc
2 0.2
T~ Mean slope = 0.0137+0.0043
£ 9 AT P<0.001
g§r
w e 00
2E
E o 01
2e
o 02
O
03 1 L 1 1 1 1
1980 1985 1990 1995 2000 2005 2010

Year

Figure 1. Trends of global water use efficiency (WUE). (a) The annual change in WUE
(W,; = WUE * VPD, gC kg~! H,O hPa. VPD is atmospheric vapor pressure deficit), calculated using
daytime fluxes from summer months at 21 flux towers of temperate and boreal forest ecosystems
(discussed in Section 2.2.1). The red line indicates mean trend over all sites and grey dots and black
lines represent the trends of each site. Adapted with permission from ref. [7]. Copyright 2013 Nature
Publishing Group, a division of Macmillan Publishers Limited (https:/ /www.nature.com/. Accessed
on 15 April 2021). (b) Change in global annual mean WUE, calculated using satellite remote sensing
data (discussed in Section 2.2.3). The dashed line represents the mean value of WUE. Reprinted with
permission from ref. [9]. Copyright 2014 The authors. (c) Global WUE anomalies, calculated using
output of an analytical ecosystem WUE model (discussed in Section 2.3). The blue line represents
the linear trend of WUE and the error bars are standard deviation (Source: Cheng et al., 2017 [8]).
Adapted with permission from ref. [8]. Copyright 2017 The authors.

Indirect methods (i.e., based on remote sensing products and output of process mod-
els) [4,19], empirical models (i.e., based on meteorological variables, flux observations, and
remotely sensed vegetation indices) [9,20], and analytical models [8] are applied to estimate
the WUE and to analyze the response to environmental factors. Although an increasing
trend exists in global forest WUE based on the result of site observation and process-
based models, the global mean WUE from satellite observation was decreasing—before
the year 2010—and then increased. However, satellite-observed WUE has uncertainties
for validation at the site scale. Therefore, the applied remote sensing product(s) should be
improved by precise remote sensing algorithms or to develop a more precise product(s).
Here, we review the current progress in WUE remote sensing and guiding steps for the
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improvement in WUE estimation. Firstly, the measurement and process-based models
of GPP and ET are reviewed, which are inputs of indirect methods of WUE estimation.
Next, the response to environmental factors, especially optimal response to atmospheric
vapor pressure deficit (VPD), are discussed by analyzing various empirical and analytical
models. Moreover, the importance of vegetation dynamics including canopy structure and
physiological parameters in WUE remote sensing is also reviewed. Finally, the main chal-
lenges of ecosystem WUE remote sensing are highlighted with possible recommendations
to improve mechanistic-based WUE remote sensing for a better understanding of global
ecosystem carbon-water coupling. This review also provides a direction for the next step
of research work on ecosystem WUE remote sensing.

2. Background of WUE Estimation by Remote Sensing
2.1. Definition of Ecosystem WUE

The study on plant WUE began in the early 20th century and it has been going on
for nearly a century. However, the research on plant WUE is still quite active, especially
considering water physiology and ecology, which is mainly due to the importance of
WUE in agriculture and forestry production. In this regard, different methods have been
proposed to calculate WUE, relying on the purpose of investigation [21]. WUE has a variety
of different definitions according to the prospects, categories, and priorities of different
disciplines. For example, plant physiology focuses on the physiological efficiency of water;
irrigation agronomy focuses on crop water productivity, total farmland WUE, field WUE,
irrigation WUE, and precipitation utilization efficiency. In terms of ecology, a description
of WUE-related ecological parameters is shown in Table 1.

Table 1. Description of WUE-related ecological parameters.

Parameters Definition Symbol Expression  Reference
Mass of dry matter/water consumption WUE = GPP/ET
WUE (transpiration + evaporation) WUE = NPP/ET [19,22,23]
. WUE = GPP/T
WUET Mass of dry matter/transpiration WUE = NPP/T [19]
Optical WUE Controlling effect of VPD GPP x VPD¥"/ET [1,6,24,25]

At the single leaf or individual plant stage, there are two ways to express WUE: firstly,
the ratio of net photosynthetic rate (Pn) to transpiration (T) to describe the instantaneous
WUE of the plant leaf; secondly, the ratio of Pn to leaf stomatal conductance (gs), also
known as intrinsic WUE (WUE;). When g5 becomes the dominant limiting factor for plant-
leaf gaseous exchange, WUE; is more suitable for describing the water use status of the
plant photosynthesis process. If T and g; are significantly positively correlated, it leads to a
significantly positive correlation between WUE and WUE;. The WUE and WUE,; indicate
that the plant (s) water use efficiency is significantly indifferent. For individual plants,
WUE is equal to mass of dry matter per unit of T. For plant population, WUE is equal to
mass of dry matter per unit of water consumption. At the ecosystem level, definitions of
WUE are basically equivalent to that of plant population. Considering that measuring ET
is relatively easier than T and that T is considered to be the main component of ET during
the peak growing season, ET is approximately equal to T as the denominator of fraction
on the ecosystem scale [17]. The classic definition of WUE is equal to GPP/ET or WUE is
equal to NPP/ET (NPP, net primary production) as shown in Table 1.

The classical WUE is defined as GPP per unit of ET (gC kg~! H,0), which is suitable
for studying the carbon-water coupling characteristics of ecosystems and their responses
to environmental changes on a monthly or a yearly scale, as shown in Figure 2 [6]. Re-
cent studies have defined two new WUEs, i.e., Inherent WUE (IWUE), which is equal to
GPP x VPD/ET (gC hPa 1<g’1 H,0) [6] and Underlying WUE (UWUE), which is equal to
GPP x VPD%®/ET (gC hPa"® kg~! H,0) [17,24,25]. These new definitions mainly consider
the important influence of saturated VPD on the daily and hourly scale of carbon-water
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coupling. In fact, the two definitions of WUE, i.e., INUE and UWUE, can be unified by a
common formula such as the Optical WUE (OWUE), which is equal to GPP x VPD*/ET
(gC hPa*" kg~ H,0), and the only difference among them is the value of k. For specific
ecosystems, the optimal value of k can be found by analyzing the ecosystem carbon-water
coupling characteristics at different time scales [1,17,26]. Therefore, the selection of T or
ET depends on the measurement at the ecosystem scale, while the choice of the WUE
Equation, including VPD, is related to the influence of VPD on WUE trend, and changes in
the physiological behavior of vegetation for future climate change.

Figure 2. Schematic diagram of the different processes involved in expressing the ecosystem WUE.

To assess data from the research and technology perspective, the calculation of water
loss at ecosystems is always different, which has resulted in different understandings on
the variability of WUE. In previous studies, the transpiration of vegetation is considered as
the water loss from the ecosystem, which is consistent with the concept of Transpiration
Use Efficiency (WUEr) [19].

GPP ( NPP NEE ) ) )

WUET = - \or WUE = — WUE = I

where, NEE is the net ecosystem carbon exchange, T is the transpiration. WUE based on
this algorithm reflects the ability of the plant population to utilize water. With the progress
in observation technology, an increasing number of studies have measured the total ET of
the ecosystem (i.e., the sum of vegetation T and soil E) as the water loss of ecosystem [19].
Then, WUE is represented as:

WUEgr = —— x — (or WUE = ——

ET T ET ET @

GpPp _GPP T ( NPP)

At the regional scale, due to a lack of measured GPP and ET data, it is difficult to
study the spatial pattern of WUE. The Precipitation Use Efficiency (PUE) is also used to
analyze the spatial variability of water use along with the climate gradient of the ecosystem,
for which more precise remotely sensed GPP and ET or the high resolution WUE remote
sensing products are necessary to perform the spatial variability analysis of water loss of
the ecosystem. WUE algorithms involve different ecological processes and their controlling
mechanisms are also different. It can be seen from Figure 2 that the hydrological processes
involved are gradually increasing from WUET to WUEgT and PUE, and the spatial and
that the temporal variability is more complicated. In addition, although there may be
a relatively stable proportional relationship between GPP, NPP, and NEE on the long-
time scale, photosynthetic and respiratory processes are controlled by different factors. A
difference in numerator in the WUE definition may also lead to distinct variability and
controlling mechanisms on a short time scale.
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2.2. Indirect WUE Estimation by Measuring GPP and ET at the Ecosystem Level
2.2.1. Measurements Using Eddy Covariance Observations

The eddy covariance (EC) technique has enabled long-term and continuous mea-
surements of water and CO, flux in recent decades [23]. Based on the EC technique, the
flux tower can obtain a continuous time series data of carbon and water flux at a site-
specific terrestrial biosphere and the atmosphere, and then calculate the corresponding
WUE. More than 900 flux observation sites have been registered for forests, grasslands,
wetlands, farmlands and other ecosystems, which form a global flux research community
(FLUXNET, http:/ /fluxnet.ornl.gov/. Accessed on 15 January 2020). However, the flux
tower observations based on an EC technique cannot compensate for the loss in spatial
resolution. Measurements of net CO, exchange and hydrothermal fluxes based on an EC
technique can be transferred to the calculation of GPP and ET, while uncertainties including
random and systematic errors still exist [27,28]. It is difficult to eliminate and avoid the
systematic error in EC measurements due to several unclear error sources and a lack of
background data [29]. Nevertheless, GPP is indirectly estimated by flux measurement,
but through partitioning NEE into GPP and ecosystem respiration [30]. Limitation of
continuous measurements in large areas also restrict studies on spatiotemporal variability
of WUE at the regional scale.

In order to upscale the site-specific observations from local flux towers to the global
level, Jung et al. [31,32] merged flux observations, satellite-based fraction of absorbed
photosynthetic active radiation (FAPAR) and meteorological data using a model tree
ensemble algorithm (MTE). The monthly global GPP and ET estimates, referred to as
JUNG GPP and JUNG ET, were obtained by extrapolating flux observations from 178 sites
are available at 0.5 spatial resolution for the period from 1982 to 2008. The GPP and ET
estimation extrapolates the same flux-tower data, while ET is additionally corrected for
energy balance closure by a constant Bowen ratio [32]. Although the MTE dataset started
in 1982, the extrapolation of GPP estimation before 2000 was built on the response of
GPP to the climate, which adds huge uncertainties in areas with no observation station(s)
or years missing satellite-based FPAR data [33]. Large uncertainties of the MTE-GPP
might also come from a lack of CO; fertilization [33]. In addition, this product does not
consider the source of uncertainties from input variables such as the uncertainty in EC
observations and their partitioning, the uncertainty in satellite measurements of FPAR, and
meteorological variables.

2.2.2. Advanced Indirect WUE Estimation via Process-Based Modeling

With the development of process-based models, a large number of process models
have been to merge water and carbon cycle modules into one model through their coupling
parts. Widely accepted process models included both water and carbon cycle modules
which can simultaneously simulate GPP and ET to estimate WUE. However, the carbon and
water cycles are two independent physical processes in the process models to estimate WUE.
At a regional scale, remote sensing data is the main input of process models because of easy
access to data. Land carbon models (Offline Models, TRENDY), including Community
Land Model Carbon-Nitrogen version 4 (CLMCN4, [34-37]), Joint UK Land Environment
Simulator (JULES, [38,39]) and ORganizing Carbon and Hydrology in Dynamic EcosystEms
(ORCHIDEE, [40]), are popularly applied and belong to the land model component. Typical
algorithms used in land carbon models for GPP and ET estimation have been built and
developed in the past decades as listed in Tables 2 and 3, which have more options for an
indirect estimation of WUE.
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Table 2. Typical LUE models for estimating GPP.

Model Equation Reference
CASA NPP = 0.55 x min[f(SR), 0.95] x emax X f(0) x f(Ta) [42]
EC-LUE GPP = PAR x (a x NDVI + b) X egmax x f(T5,W) [43]
C-Fix GPP =5 x ¢ x (a x NDVI +Db) X gmax X f(Ta) x f(COy) [44]
VPM GPP = PAR x EVI X gmax X f(Ta) x f(P) x f(W) [45]
MOD17 GPP = PAR x (1 — e Al x g0y x g(Ta) x f(VPD) [41]
TL-LUE GPP = (APAR X egun + APAR X gghade) X g(Ta) x f(VPD) [46]
VI GPP « VI x VI x PAR [47]

The light use efficiency (LUE) model was a widely used method of GPP estimation
based on the fact that GPP is directly related to absorbed photosynthetically active radiation
(APAR), in which LUE represents the efficiency of vegetation in converting solar energy
to biomass through absorption and photosynthesis [41]. An LUE model has become one
of the main tools for studying ecosystem GPP and its temporal and spatial variation
characteristics using remote sensing information. The current background of most light
use efficiency models goes back to a canopy-scale GPP modeling approach [41]. The basic
assumption of this idea considers the vegetation canopy as a large leaf. The LUE has
nothing to do with the direction and canopy structure of the canopy. The GPP has a simple
linear relationship with photosynthetically active radiation (PAR) entering the canopy
as follows:

GPP = emax X f(-) X PAR x FPAR, 3)

where, emax (C M1 represents the maximum LUE of the plant, f(:) is the environmental
stress factor, and FPAR represents the proportion of PAR utilized by the canopy. Typical
LUE models for estimating GPP are shown in Table 2.

Empirical models (i.e., based on remote sensing data) and process-based models
(i.e., using remote sensing data as the main inputs) are the main methods for estimating
ET. In this regard, empirical models are mainly comprised of regression models [48] and
models based on machine learning methods [49-51]. Additionally, the process-based
models are mainly transferred by the Penman—-Monteith equation, such as the PM-MOD16
model [52], PM-Yuan model [53]), and Priestley-Taylor model (PT-JPL) [54]. The typical
process-based models of ET estimation are shown in Table 3.

Table 3. Typical process-based models of ET estimation.

Model Equation Reference
Penman-Monteith equation LE = 8%Rn —C)+PA Xf; X (esat—e)/1a [55]
Priestley-Taylor model LE = A(Ig: ;G) [56]
Energy balance model LE=Rn-G-H [57]
GLASS ET = R;(0.144 + 0.6495NDVI + 0.009Ta — 0.0163DTaR) [58]

ET modeling involves complex physical processes controlled by several factors, lead-
ing to a more complicated estimation by remote sensing, especially for crop ecosystem.
Dryland river basins frequently support both irrigated agriculture and riparian vegetation
and remote sensing methods are needed to monitor water use by both crops and natural
vegetation in irrigation districts [59]. Crop evapotranspiration (ETc) represents crop water
requirements, which is affected by weather and actual crop conditions [60,61]. A useful
method to estimate ETc or crop water requirements is to multiply reference evapotranspi-
ration (ETr) by a crop coefficient (Kc). Kc is typically taken from literature values and is
affected by crop variety and growth stage. ETc is actually estimated from site measure-
ments or satellite-based remote sensing methods. Using a satellite remote sensing-based
vegetation index in combination with site measurements have shown a certain degree
of accuracy for the estimation of ET with spatial and temporal distribution at different
scales, i.e., regional or field scales [62]. Remote sensing methods for estimating ET losses
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by soil and vegetation over wide river stretches are required to allocate water needed for
agricultural and environmental sectors [63].

Remotely sensed multispectral vegetation indices are a useful tool for quantifying
the variability in crop water consumption during the growing season at regional and field
scales [64]. Remote sensing can also estimate crop coefficients based on spectral reflectance
of vegetation indices (VIs). Crop coefficients generated from VIs determine ETc better than
a tabulated Kc because Vls represent the actual crop growth conditions and can capture the
spatial variability among different fields [65,66]. Moreover, net radiation is an important
component of the energy balance, and its estimation accuracy has an impact on energy
flux estimated from satellite data. In typical remote-sensing ET algorithms, the outgoing
shortwave and longwave components of net radiation are obtained from remote sensing
data, while the incoming shortwave and longwave components are typically estimated
from weather data using empirical equations [67]. The surface energy balance approach,
combined with empirical equations (e.g., based on MODIS VIs) for estimating shortwave
and longwave radiation, is commonly used in remote sensing ET algorithms, with an error
or an uncertainty of about 20% [64].

WUE is calculated as the quotient of GPP and ET as mentioned above by modeling
carbon and water cycles, respectively. This method of WUE estimation is limited to the
monitoring of seasonal variations in WUE, and to our understanding about the controlling
factors and coupling water—carbon cycle feedback [68]. This seasonal response of WUE to
climate change needs better observation-based validation to further improve predictions of
ecosystem response to global change.

2.2.3. Advances in Indirect WUE Estimation by Remote Sensing

Remote sensing techniques, especially using MODIS data, has produced GPP and ET
products with high spatial and temporal coverage [69-71], because both photosynthesis
and ET are closely related to physiological characteristics and meteorological factors [72,73].
From there, ecosystem WUE across time and space can be calculated using MODIS-based
GPP and ET products under the classical definition of WUE [74]. MODIS GPP and ET
products are the most widely used and unique high resolution remote sensing data products
for the indirect estimation of WUE. Although these products have been used to analyze the
temporal and spatial patterns of global WUE for terrestrial ecosystems, the discrepancy
with tower-based WUE at 8-day time scales still exist at specific sites [68,75].

Recently, various studies have shown a strong linear relationship between GPP and SIF
using satellite and ground measurements for GPP estimation [76,77]. Global SIF products
have also been retrieved with several time and space resolutions from spaceborne spectro-
meters, such as the Orbiting Carbon Observatory2 (OCO-2), the TROPOspheric Monitoring
Instrument (TROPOMI), the Global Ozone Monitoring Experiment 2 (GOME2), and the
Greenhouse Gases Observing Satellite (GOSAT) [78-80]. A previous study has developed
an algorithm of GPP estimation using SIF products, which have global coverage and
can be used in all weathers [81]. Studies have also shown the empirical and mechanistic
relationship between T and SIF to improve the T estimation [82-84]. Due to weak signal
strength of SIF and a weak relationship between T and SIF, T produced by SIF needs further
evaluation and research considerations [85]. However, these valuable products with GPP
and ET algorithms provide new opportunities to estimate the terrestrial WUE at large
scales. Further work is necessary to compare the WUE estimated from different remote
sensing products.

2.3. Advances in Direct Estimation of Ecosystem WUE by Remote Sensing

Indirect estimation of WUE by ground observations, process models and MODIS
products (GPP and ET) have reported large discrepancies in terms of both threshold and
spatiotemporal patterns [86]. Direct estimation methods reflecting the response of environ-
mental factors are necessary to calculate the ecosystem WUE accurately. Both biotic and
abiotic factors control the variability of WUE, especially for the optical response to VPD and
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LA, providing a basis for WUE remote sensing. Biotic factors include percent Nitrogen (N)
in canopy, LAI and vegetation indices, while abiotic factors include carbon dioxide (CO;)
concentration, VPD, temperature (Ta), precipitation (P), soil moisture (SM), phenology, land
use change, and so on. Seasonal and annual variability of WUE is controlled and driven by
CO; concentration, LAI, and VPD, while it is very complex for shorter time scales. The
annual increase in globally averaged atmospheric CO, concentrations along with climate
variabilities strongly affect WUE in growing season with the physiological effect of rising
CO; stomatal closure [4,7,87,88]. The response of WUE to VPD varies under different
atmospheric and soil conditions, while it is considered to decrease with the increasing
VPD [22]. However, the response might be not obvious when VPD is high [89] and may not
exist at all during drought events [90]. In comparison to climatic variables, the structural
parameters of vegetation and LAI mainly drive the seasonal variability of WUE having
a positive relationship with GPP, ET, and WUE across plant functions [91]. Studies also
showed that monthly WUE weakly responds to VPD, while it is positively sensitive to air
temperature, and is negatively correlated with PAR at the interannual scale [91]. However,
response to environmental factors is unclear and not uniform across different types of
ecosystem, while this provides a basis to build mechanistic WUE estimating methods.

Few studies have reported a mechanistic estimation of WUE using remote sensing
data. In this regard, previous studies have proved that MODIS-derived vegetation indices
have a strong correlation with WUE at the ecosystem scale [75]. The existing empirical
models are mainly based on a linear relationship of WUE with multiple factors such as
MODIS-derived vegetation indices, meteorological data and flux observed data. Some
existing empirical models are listed in Table 4.

Table 4. Referenced empirical models of WUE estimation.

Sites or Regions Ecosystem Types Regression Model Performance Reference
Globe All types WUE = a x SM+ b x (1 — efelAlmax) R% =0.64 6]
China Afforestation WUE = —0.035 x Al +2.72 x LAT — 0.69 x LAI> + 0.98 R? =0.83, RMSE = 0.44 [92]

US-Bol Cropland WUE = 7.245 x EVI — 0.871 R? = 0.82, RMSE = 1.07 [20]

US-Rol Cropland WUE = 6.601 x EVI — 0.938 R? =0.90, RMSE = 0.69 [93]
Toledo Forest (oak) WUE =0.19 x Ta +0.0004 x LAI x P — 0.92 R2 =0.78, RMSE = 0.65 [94]

US-Ne2 WUE =7.570 x EVI — 1.041 R%2=0.82

US-Ne3 Cropland WUE = 5.565 x NDVI — 1.227 R2 = 0.75 5]

US-Nel WUE =7.35 x EVI — 0.53 R?2=0.78

US-Ne2 Cropland WUE =7.11 x EVI + 0.02 x Ta — 0.89 R? = 0.79 o]
US-Bar Temperate deciduous WUE =8.14 + 0.57 x EVI + 0.032 £+ 0.012 x LST — R? = (0.74~0.83, [75]

US-Ro2 Forest 10.16 + 3.18 RMSE = 0.75~1.15

Daman Grassland WUE = 4.322 x EVI — 0.559 R? =0.92, RMSE = 0.19 [97]
Arou Cropland WUE =7.211 x EVI — 0.652 R? =0.89, RMSE = 0.39 [97]
Forest uUs. WUE~Lat + Trmax + Rgmax NA [3]

Note: SM is soil moisture; LAlLyax is maximum LAI during the studied period; EVI is Enhanced Vegetation Index; Ta is air temperature;
NDVIis Normalized Vegetation Index; Al is elevation; LST is land surface temperature; Lat, Tmax, and Rgmax indicate the latitude, maximum
temperature, and maximum global radiation, respectively.

WUE differed significantly across biomasses as well as from the leaf level to the
ecosystem scale [3]. Similarly, differences also exist at the spatial (i.e., from site to regional
and even globally) and temporal (i.e., from half hourly/daily to 8 days/monthly) scales,
and measurements are from flux observations to satellite measurements. Although some
researches explored simple models of WUE based on meteorological variables from flux
towers [10-12] and remote sensing products (MODIS NDVI, EVI, LAl et al.) [96,97], the
universality and accuracy of them still need to be improved. Multiple collinearity of input
variables (for example, collinearity between LST and EVI) for empirical models can also
lead to an uncertainty of WUE estimation. Furthermore, empirical models are mainly based
on simple regression methods lacking climatic and meteorological factor forcing.

The analytical model of WUE is derived from an optimal stomatal conductance model,
which relies on the notion that WUE modeling can be directly scaled from the leaf level
to the ecosystem scale and the assumption made is that T ~ g;*VPD during the growing
season of vegetation [98,99].
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The optimal stomatal conductance model developed by Medlyn et al. (2017) [100] is

as follows: GPP
81
=161+ , 4
& ( \/VPD) Ca @)

where, GPP is equivalent to leaf net photosynthetic carbon uptake at the leaf level; Ca is
atmospheric CO, concentration (molCO, mol ! air); g1 is an empirical parameter fitted
by the Ball stomatal conductance model (kPa’?), which is the canopy conductance slope
parameter at the ecosystem scale [101].

ET usually includes T (transpiration), E (evaporation), and E; (evaporation from
canopy interception). As defined in Section 2.1, WUE can be formulated as:

WUE = ®)

GPP GPP T (. E
ET T T+E\  ET)’

Based on an optimal stomatal conductance model, ecosystem WUE can be reformu-
lated as:
Ca*P,

E.
WUE = 1— exp(—kLAI)) (1 - =L ), 6
1.6 (VPD + g1 + VVPD) e ) ( ET) ©

where, Pa is the atmospheric pressure (kPa). The first term of the equation is ecosystem
transpiration WUE (GPP/T). The second term is partitioning of T and E (T/ET) estimated
by Beer’s Law. k is the radiation extinction coefficient. The expression of T/ET is a more
complex phenomenon than that used in this model, and is a popular topic and a challenge
to ecohydrology, especially by remote sensing techniques [8,102].

The developed analytical WUE model accounts for the main physiological parameter
of vegetation (g1) and three key controlling factors (i.e., Ca, Pa and VPD), implying the
importance of plant functional traits and the major drivers of change in ecosystem WUE
at the annual time scale. Contributions of those controlling factors (Ca, VPD, LAI and
1-— %) to global WUE change are about 77 & 20%, —27 £ 11%, 49 &+ 16% and 0.2 £ 3%,
respectively (Figure 3.), while the model explains the WUE for only 62% [8]. The advantage
of this model is that it provides a meaningful conceptualization of WUE and the uncertainty
in inputs can be quantified, while its limitation is that its application for shorter time scales
needs to be tested and improved due to neglecting some important factors [8]. Additionally,
it is also difficult to validate the assumption of T ~ g;*VPD through observations during
the growing season. Measuring the third term, which is an evaporation from the canopy
interception, is also a challenge with unavailable ground-based observations, and the main
focus of remote sensing techniques is to solve it. Overall, all three terms in this model are
needed to be validated independently, and so is the performance of the model.

n
o

-
(3]
T

o o ©
T

mm~" HoO year‘1

, oy,

Total Ca VPD LAl 1-E/ET

|
o

Global WUE trends mg C

Figure 3. Contributions of key controlling factors to global WUE change. The error bars are standard
deviation (Source: Cheng et al., 2017 [8]). Reprinted with permission. Adapted with permission from
ref. [8] Copyright 2017 The authors.

Ecosystem WUE modeled by the main controlling factors can directly capture the
apparent variability, while the seasonal variability of g1, varying with the dynamics of
biogeochemical cycles and vegetation growth, still need to be discussed. Moreover, the
responses of WUE to VPD and vegetation indices have revealed the importance of vari-
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ability in vegetation physiological parameters [8,75]. There is a good linear correlation
between WUE and Vls, as shown in Figure 4a. It can also be observed that WUE exponen-
tially respond to VPD (Figure 4b) at each growth stage of vegetation with a varying slope.
Changes in slope across growth stages and for vegetation types should be considered based
on the linear relationship between WUE and vegetation indices, or based on the embedded
phenological information. The goodness of fit is mainly affected by the density of data
because leaves grow and wither rapidly during the period of emergence and senescence,
respectively, and fewer data are available. Experimentally, clarifying how slopes vary and
how remote sensing parameters capture the rapid changes of vegetation during the spring
and the fall is key to improve the direct estimation of WUE.

7 < . 6
a LI ‘e b *Summer .
6 F = kg _ & . e o« Wi y = 5.75%x0-21
y=7.79*x - 0.89 e o o %0 8 ase 5 | Winter . -
5 . K ,. _ o All_fit . Y R2=0.113
g | « NDVI % 4 ® Spring and Fall
T4 T eEVI =
c G2 y=323%02
o3 13) y = 3.23*x0.
> o R2 =0.034
2 5 | ,
w2 r L °
=} g .' ° ° o
= 1r : y = 7.96*x - 3.07 1r ..'..,. ) ‘/ o©° ., .. " y = 0.43*x0.05
R2=0.75 # : e 00 g0 ° 3 S 2-0.
0 L I__es 0 | WHRG, e, ] ) ) Rl 0 1002
0 0.2 0.4 0.6 0.8 1 0 1 2 3 8 9 0 11

4 5 6
Vis (m2m=2) VPD (hPa)

Figure 4. Scatterplots between WUE and (a) VIs (WUE is indirectly estimated by flux observation. NDVI and EVI are
calculated by MODIS reflectance products. GPP and ET data at 8-day time scale are averaged from daily observed data of
FLUXNET (https:/ /fluxnet.org/. Accessed on 15 January 2020)). Three temperate broadleaf forest sites, i.e., IT-Col, US-MMS
and US-UMB are selected. The black and red lines represent the linear trend between WUE and EVI, and NDVI, respectively),
and (b) VPD (The data are based on daily mean values of US-MMS site from 2000-2014. The pink curve indicates the
resulted fitting equation, i.e., y = a*x*** 4 d using daily data for the whole year. Winter and summer respectively represent

the non-growth and growth periods, whereas spring and autumn respectively represent the emergence and senescence

periods. The phenological information is determined by the rate of change in slope for the fitted curve’s double logistic
function to the WUE time series).

2.4. Vegetation Growth Dominates the Seasonal Variability of the Ecosystem WUE

Vegetation is both the main body of carbon sequestration and the largest source
of evapotranspiration in ecosystems and plays a key role in the seasonal variability of
WUE [91]. As the main controlling factor of WUE, the CO; has a direct effect on WUE, which
decreases by about 20% due to the change in LAI for various types of vegetation [1]. In the
analytical WUE model, the input structural and physiological parameters of vegetation are
also important to evaluate the coupled water and carbon cycles and variations in WUE.
At the same time, the LAl is a negative exponential response to WUE, and it explains
about 43% of the variability in annual T/ET at the global ecosystem scale [103]. Vegetation
indices (i.e., NDVI, EVI) show a strong correlation with WUE and can capture the seasonal
variability of WUE at an 8-day scale across several ecosystems [96,97]. Correct measurement
and modeling of WUE for various time scales, especially for shorter time scales at the
ecosystem level, needs more understanding of ecosystem characteristics and its responses
to environmental forcing [102]. Fortunately, a framework of this model provides an
opportunity for coupling remote sensing algorithms. At the same time, a strong correlation
between ecosystem WUE and vegetation indices also needs to couple environmental factors
to improve WUE estimation in the peak growth period.

3. Challenges of Ecosystem WUE Remote Sensing

During the past few decades, remote sensing techniques have provided a large number
of continuous data products for ecosystem research and those products have played a vital
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role in methodological innovation in ecosystem ecology [104]. However, remote sensing
as a basic data source and improvements in accuracy—including temporal and spatial
resolution—are still important issues for remote sensing algorithms and products. An
analytical WUE model developed by Cheng et al. (2017) also requires long-term continuous
and spatially consistent observations on vegetation structural and physiological parameters
measured by remote sensing techniques [8]. Although existing empirical and mechanistic
models have contributed a lot to the WUE remote sensing, reducing the uncertainty from
both methods, input data is still a big challenge.

3.1. Uncertainties and Limitations of the Indirect Estimation of WUE by Remote-Sensed GPP and
ET Products

The MODIS GPP and ET products can indirectly estimate ecosystem WUE at an 8-day
time scale with the advantage of upscaling carbon and water cycles, but uncertainties
remain due to defects in algorithms [97]. Model parameters are mainly from a simple
look-up table and uncertainty in model inputs is the source of uncertainty for MODIS
GPP and ET products [105,106]. A single set of parameters for MODIS-based GPP and
ET algorithms cannot exhibit the spatial heterogeneity of physiological characteristics for
each biome [75]. Moreover, soil types, atmospheric conditions and changes in vegetation
also affect the variability of physiological parameters [107], which can lead to larger biases
in GPP and ET [108]. A parameter optimization method is used to calibrate and reduce
uncertainty for the carbon cycle models of MODIS to improve the performance [109]. Those
uncertainties are indicated through comparative studies, which show a poor performance
of ecosystem WUE estimated by MODIS products indirectly (Figure 5) [86,110]. Therefore,
an evaluation and validation of MODIS-based WUE are needed to improve the algorithm
and to have new reliable remote sensing products across space and time. More precise
structural and physiological parameters of vegetation through remotely sensed data are
also needed to improve WUE estimation.

8-day MODIS WUE Annual MODIS WUE

-09/ Ty
09§ A
-0.99..._{

P S T &

OSH A CSH X CRO = WSA » SAV 4 WET

08
T\ 09
-~"3}0s5

\...-lo99

0 4 4
SD (Normalized) SD (Normalized)

® Aw o BSh A BSk m Cfa e Cfb A Csa X Csb = Dfa o Dfb 4 Dfc X E

Figure 5. Taylor diagrams of MODIS WUE compared to flux measurement for 11 plant functional
types and climate zones at 8-day and annual time scales [86]. Reprinted with permission. Adapted
with permission from ref. [86]. Copyright 2020 Elsevier.

3.2. Uncertainties in Remote Sensing-Based ET

ET is one of the most important components in the water cycle and is also more
complex than other processes. The goal towards higher productivity and lower water loss
(i.e., high WUE) has always been pursued by agricultural production and even ecosystem
development—which meets the requirements of both vegetation and human beings—
especially in order to adapt and respond to extreme weather conditions. However, larger
uncertainties exist in remote sensing-based ET than that of production, as discussed in
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Section 2.2.2. Crop consumptive use (i.e., ET;) can be estimated as residual in the water
balance equation. Water balance approaches provided accurate data for closed basins over
long time spans (typically annual or longer) where changes in surface and groundwater
storage are negligible compared to inflows and outflows. However, those conditions are
not always met, and water balances are problematic over short time periods, even for
individual fields. Crop coefficient methods tend to overestimate crop consumptive use
because they are typically derived for optimal conditions, e.g., crops grown in lysimeter,
whereas actual field crops have uneven stands, and are subjected to nutrient deficiency and
periodic water stress between irrigation intervals. Moreover, neither of these approaches
are easily adapted for vegetation, for which crop coefficients might be variable or unknown.
Keeping these limitations in view, various researchers have developed numerous methods
to estimate ET, through satellite remote sensing [111,112]. These methods fall into two
broad categories: a surface energy balance (SEB) method, which uses satellite data from
thermal infrared (TIR) bands to estimate sensible heat flux and then calculate latent heat
flux (ET,) as residual in the SEB equation; and VI methods, which combine estimation of
green foliage density with meteorological data to estimate evaporation from transpiring
vegetation. VI-ET, methods [66] substitute a VI for K. to calculate ET, based on locally
measured ET,, while application in precision agriculture remains a challenge.

3.3. High-Quality Remote Sensed Vegetation Parameters for Direct Methods

An analytical WUE model is the unique method for mechanistically estimating WUE
at present, while uncertainty still exits due to the neglected factors which may become
important at shorter time scales. The first terms involved are the key meteorological
controlling factors (Ca, Pa and VPD) and the physiological parameter g;, which can reflect
bio-geographical variation in ecosystem WUE, while validation and improvement at a short
time scale is a challenge by adding other important factors with unchanging ecological
significance [8]. At the same time, another two main affecting factors, such as soil and
drought conditions, are not coupled in the model [6,16]. At a regional or global scale, it is
also a challenge to extrapolate input meteorological data with satellite data for matching
it at a pixel scale. Although many re-analysis datasets of meteorological data have been
produced, their spatial resolution is relatively low. The second term is T/ET, which is
evaluated via Beer’s Law, which reflects the projective real foliage cover in the original
equation. Partitioning T/ET is more complex than that of projective foliage cover and is
also limited at the ecosystem scale from both ground-based observation and remote sensed
measurement [103]. Remote sensing estimation and verification of soil evaporation and
vegetation transpiration is a challenging issue. Due to the heterogeneity of land surfaces,
the soil evaporation or vegetation transpiration observed at sites are still difficult to scale up
to the satellite pixel scale, and it is impossible to verify the soil evaporation and vegetation
transpiration based on low- and medium-resolution remote sensing data [113,114]. Besides,
the third term in the analytical model, such as evaporation from canopy interception, is
also a challenge due to a poor understanding on the underlying physical processes for both
observation and remote sensing measurements [102,115]. Although E; is considered to be
an important component in remote sensing based on the ET algorithm, it is still difficult to
independently validate this [116].

Overall, uncertainties in remote sensing products for estimating ecosystem WUE
indirectly and for directing methods coupled with an underlying mechanism and remote-
sensed vegetation dynamics remain issues to be solved. High temporal resolution remote
sensing datasets and high spatial resolution meteorological products matching with remote
sensing pixels are also challenges for remote sensing retrieval of ecosystem WUE at large
scales. The development of remote sensing techniques associated with the understanding
of carbon-water coupling are both opportunities and challenges for improving WUE
remote sensing.
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4. Possible Ways to Improve WUE Remote Sensing
4.1. Data Fusion Improves GPP and ET Products

Developing a higher spatial and temporal resolution of GPP and ET products is the
indirect way to WUE remote sensing. Primarily, studies can be attempted to improve the
performance of MODIS GPP and ET products at site and regional scales before develop-
ing new algorithms and products. Alternatively, using multi-source satellites, spectral
data for the estimation of WUE via empirical models is also a choice at the site scale. A
comparison of estimated WUE with vegetation indices from multi-platform (i.e., near
ground, unmanned aerial vehicle (UAV), and satellites) or multi-sensors (i.e., multispec-
tral, hyperspectral, and SIF) through an empirical relationship will be a valuable work
for examining and improving the remote sensing retrieval of WUE. Research into WUE
estimation using UAV remote sensing and Landsat measurements in recent years have
rendered an option for comparative studies [117,118]. Moreover, EC tower-based WUE
has also shown a stable linear relationship with MODIS land surface temperature (LST)
products for specific ecosystem types, and can offer another way for WUE remote sens-
ing [97]. Thermal remote sensing for LST detection has also been provided to use several
products available from satellite platforms such as Landsat, Sentinel, and GOES [119-121].
Space-borne ECOSTRESS, mounted on the International Space Station produces thermally
derived LST at very high temporal and spatial resolutions, which can be applied to capture
diurnal variability of WUE [122]. UAV-borne thermal cameras can also portably measure
the temperatures of different ecosystem components at the regional scale [123].

Through remote sensing techniques, a better detection of the characteristics of leaf
internal biochemistry characteristics to interact with the canopy structure is also an im-
portant point for carbon uptake and for the water use of vegetation. For example, the
canopy-reflected radiation measured by a satellite-borne sensor should be corrected based
on a scattering spectrum of the leaf radiation measured on the ground. This bias is affected
by the 3D canopy structure, which cannot be directly measured from space due to specu-
lar reflectance at the leaf surface, which is partly polarized and contains no information
about its interior [124]. In addition, Hyperspectral Light Detection and Ranging (LiDAR)
is an emerging approach to remote sensing techniques, acquiring both the spectral data
and the structural parameters of vegetation and can scale the WUE remote sensing to
three-dimensional ecological process research.

4.2. Intelligent Algorithms and Big Data Platforms Boost Remote Sensing Retrieval of WUE

Except for data fusion of multi-platform and or multi-sensor by remote sensing, inte-
gration of remote sensing and multi-process models is also an effective approach to achieve
WUE remote sensing. Integration of those datasets and processes involve a large number
of inputs, including remote sensing and climatic data, especially at large scales. Upscaling
WUE modeling from a site to a regional level needs several climatic driving factors to be
matched at the pixel level, which mainly depends on data reanalysis. A huge amount
of data storage and computation on a personal computer is a big challenge. Therefore, a
big data platform, for example Google Earth Engine, is a very useful tool to conduct the
retrieval and analysis of GPP, ET, and WUE. The cloud-based platform provides free access
to analysis through a command line operation, and continually updated satellite remote
sensing data (e.g.,, MODIS, Landsat and Sentinel) and earth-observed climate driving data.
Moreover, machine-learning algorithms can also be used for the retrieval of WUE regardless
of the complexities underlying the mechanism in the coupling of the ecosystem carbon-
water cycle, and simplifying complex physical models for onward simulation which were
coupled in the retrieval process, such as radiative transfer models. Several machine learn-
ing algorithms, such as artificial neural networks [125], support vector machines [126],
random forest [127], regression trees [128], and multivariate adaptive regression spline
function [129], have been used for remote sensing retrievals of corresponding variables.
Coupling the process model and machine learning methods may be a better way for remote
sensing retrievals. Besides, artificial neural networks with meteorological data and remote
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sensing data as input and a random forest with meteorological data forcing as an input,
have been proved to capture the seasonal and daily variabilities [96,130]. Direct estimation
of ecosystem WUE by intelligent algorithms inputting meteorological forcing and remote
sensing parameters will be also a choice before the underlying mechanism is clear.

4.3. Remote Sensing Methods Coupled with an Analytical Model

An analytical WUE model has provide a conceptualization of ecosystem WUE, under
which data fusion from multiple platforms and sensors of structural and physiological
parameters of vegetation as inputs can improve the WUE remote sensing. The evaporation
from canopy interception and T/ET are two important terms in the analytical WUE model,
and are also hot topics for research. Accurate remote sensing estimation for these two terms
is not only an independent issue, but is also in favor of WUE estimating to upscale to large
scales. With the integrated use of remote sensing data, the numerical simulation model,
meteorological reanalysis data and ground observation data can also be used to produce
high-level remote sensing products. Further analysis on the underlying mechanism of WUE
at different time scales is necessary to build a more stable mechanistic model providing the
basis of physical processes and biochemical mechanisms for a remote sensing inversion
algorithm. On the contrary, the control of vegetation dynamics on the seasonal variability
of WUE coupled with the stress of environmental factors (i.e., atmospheric conditions, soil
moisture) is another approach to achieve WUE remote sensing inversion at large spatial
scales and continuous time scales. Along with the development of high-precision remote
sensing algorithms and products, if possible, developing new methods of remote sensing
analysis for finely portraying the types, patterns, functions and processes of ecosystems to
build the remote sensing-driven ecosystem assessment model is also a direction to follow
and a challenge for the future.

5. Conclusions

New analytical approaches for WUE provide a theoretical framework to improve our
understanding of ecosystem carbon-water cycle coupling, while assumptions need to be
tested across different scales. Multiple approaches and new mechanistical models can then
provide a more stable theoretical basis for WUE remote sensing to further improve satellite
predictions. In addition, adding data fusion and comparison from multiple platforms
and sensors, new remote sensing techniques are also necessary to correct the retrieval of
canopy structural and physiological parameters related to the optical characteristics of leaf
biochemical constituents. The remote sensing-driven ecosystem analysis methods will also
be a direction to better understand the water and carbon cycles and its response to global
change, land-atmosphere interaction and ecosystem services to achieve a methodological
innovation. More importantly, WUE remote sensing provides a profound understanding
of ecosystem carbon-water cycles, and will greatly promote an ecosystem management
that contributes to carbon sequestration, emission reduction and the progress of global
carbon neutrality.
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