
A Theory of Maximum Entropy Production and Its
Application to Microwave Remote Sensing—Simultaneous
Retrieval of Soil Moisture and Vegetation Water Content
J. Wang1 , K. Cho1, R. I. Negron‐Juarez2, A. Colliander3 , E. C. Caravasi4, and N. S. Revilla4

1School of Civil and Environmental Engineering, Georgia Institute of Technology, Atlanta, GA, USA, 2Climate and
Ecosystem Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA, 3Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, CA, USA, 4Pontifical Catholic University of Peru, Lima, Peru

Abstract A theory of maximum entropy production (MEP) for electromagnetic wave propagation
in dielectric materials is proposed and applied to simultaneously retrieving soil moisture (SM) and
vegetation water content (VWC) from L‐band microwave brightness temperature (TB). One representation
of the MEP principle states that a non‐equilibrium system corresponds to such a configuration of energy
fluxes that minimizes a dissipation function under the constraint of energy conservation. The dissipation
function for radiative transfer is formulated as an analogy of that for heat transfer. A new physical
parameter, radiative inertia as an analogy of thermal inertia, is introduced to characterize radiative attenuation
in dielectric media. The radiative inertia is parameterized in terms of the penetration depth of electromagnetic
waves as a function of the complex dielectric constant. The MEP based retrieval algorithm predicts SM
and VWC by minimizing the dissipation function under the constraint of the conservation of radiative
energy. The retrievals of SM and VWC based on the MEP theory were validated against field observations
in tropical and temperate forested regions of the Amazon and North America. The proof‐of‐concept
analysis demonstrates the capability of the MEP algorithm for simultaneous retrievals of SM
and VWC even for dense canopy (e.g., VWC > 5 kg m− 2). The MEP method is a new theoretical
framework for developing innovative remote sensing algorithms of the Earth system not limited to
microwave observations.

Plain Language Summary Satellite remote sensing using microwave radiometers provides global
soil moisture data for studying the Earth's water, energy, and carbon cycles. However, measuring soil moisture
over areas with dense canopy covering about 30% of global land can be challenging due to the attenuation of
microwave signals through plants. Currently available soil moisture products offer reliable retrievals of soil
moisture only for the areas of low to moderate vegetation water content (less than 5 kg m− 2). We developed a
novel algorithm based on a new theory of radiative transfer that can help the development of soil moisture
product for areas with dense canopy, such as tropical and temperate forests with high vegetation water content.
The algorithm uses satellite observations of microwave brightness temperature, surface temperature, and
vegetation and soil physical parameters. Initial validation of the proposed theory and algorithm yields promising
results.

1. Introduction
Global remote sensing data of soil moisture (SM) have been available from the Soil Moisture and Ocean Salinity
(SMOS) mission since 2009 by the European Space Agency (ESA) (Kerr et al., 2010) and the Soil Moisture
Active Passive (SMAP) mission since 2015 by the National Aeronautics and Space Administration (NASA)
(Entekhabi et al., 2010). The SMOS and SMAP satellites measure dual polarization L‐band (1.4 GHz) microwave
brightness temperature (TB) at approximately 40 km resolution for the retrieval of surface (top 5 cm) SM. The two
missions use similar retrieval algorithms for SM (Chan et al., 2016; Kerr et al., 2012; O’Neill, Bindlish,
et al., 2020); hence face similar challenges in the retrieval of SM over densely vegetated areas covering ∼30% of
the global land surface (Chan et al., 2013).

Dense vegetation poses a major obstacle to the retrieval of SM due to a reduction in the sensitivity of TB to
SM caused by vegetation water content (VWC). The sensitivity of L‐band TB to SM for 5 kg m− 2 VWC was
shown to be 70% lower than that of bare soil (Jackson, 1993; Njoku & Entekhabi, 1996). VWC of 5 kg m− 2
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corresponds roughly to full‐grown corn. The SMAP SM data using the current single polarization retrieval
algorithms (O’Neill et al., 2021; O’Neill, Bindlish, et al., 2020) have uncertain quality for VWC and no SM
retrievals are made for VWC >30 kg m− 2. The original mission requirement called SM retrievals for areas
with VWC less than 5 kg m− 2 and the lack of validation data in areas with VWC more than 5 kg m− 2 has
impended the development of retrievals for these areas. About 30% of land surfaces are covered with either
evergreen or deciduous broadleaf/needleleaf forests with VWC ∼6–20 kg m− 2 (Aviabile et al., 2016; Chan
et al., 2013), the SM data provided by SMAP (and SMOS) are not reliable for these areas. For example, the
SMAP SM products for the Amazon regions are severely biased (Cho et al., 2024). Improvement of SM
retrieval for the regions covered with forest (VWC >5 kg m− 2) is one of the priority issues considered during
the extended SMAP mission (O’Neill, Chan, et al., 2020; Colliander et al., 2022a, 2022b). Several recent
efforts on SM retrieval for forested regions of high VWC (>5 kg m− 2) (Ayres et al., 2021; Colliander
et al., 2020; Vittucci et al., 2016) indicate that the retrieval is possible. One proposed approach for assisting
the retrieval of SM under a dense canopy is the hybrid method for the full wave simulations of 3D Maxwell
equations applied to trees (Colliander et al., 2018; Gu et al., 2022; Jeong et al., 2023). The canopy trans-
missivities obtained from direct simulations of the Maxwell equations are much greater than those obtained
from the traditional formulation of the radiative transfer equation, further suggesting the possibility of SM
retrieval for dense canopy covered areas.

The SMAP baseline SM data are produced using the Dual Channel Algorithm (DCA) (O’Neill, Bindlish,
et al., 2020). The retrievals of SM under the canopy are based on the tau‐omega model (Jackson &
Schmugge, 1991; Mo et al., 1982) to describe the transfer of microwave radiation of soil and canopy
source. In addition to vertically (V)‐ and horizontally (H)‐polarized TB, the SMAP DCA requires several
model parameters provided by ancillary data, including canopy/soil temperature, single scattering albedo
and surface roughness (Chaubell et al., 2022; O’Neill et al., 2021). The modeled V‐ and H‐polarized TB are
obtained based on the tau‐omega model of radiative transfer in the Single Channel Algorithm (SCA) with
different values of model parameters. The SCA for under‐canopy SM retrieval has five steps (O’Neill,
Bindlish, et al., 2020; O’Neill, Chan, et al., 2020): (a) calculating the “apparent emissivity” as the ratio of
brightness temperature to soil/canopy surface temperature (assumed to be identical), (b) removing the effect
of VWC based on the tau‐omega model, (c) calculating soil emissivity accounting for the effect of surface
roughness, (d) deriving the dielectric constant from the smooth (moist) soil emissivity according to the
Fresnel equation, and (e) calculating soil moisture using dielectric mixing model(s). The ancillary data of
soil temperature are from GSFC GMAO GEOS‐FP outputs (SMAP Algorithm Development Team, 2015).
Since both SMAP and SMOS satellites have sun‐synchronized orbits with 6a.m./6p.m. equatorial overpass
times, the canopy temperature profiles are close to the maximum uniformity at 6a.m. (O’Neill, Bindlish,
et al., 2020; O’Neill, Chan, et al., 2020). The ancillary data of VWC are obtained from the combination of
the Normalized Difference Vegetation Index (NDVI) based estimates of foliage water content and the Leaf
Area Index (LAI) based estimates of stem water content (Chan et al., 2013). Other algorithm parameters
such as surface roughness, the single scattering albedo of vegetation (omega), and the empirical coefficient
(b) of vegetation optical depth (tau or VOD)—VWC relationship (e.g., Jackson & Schmugge, 1991) are
provided by the land cover‐driven lookup table. Among these algorithm parameters, the bias and uncertainty
of the VOD from the ancillary data of VWC and the b coefficient have a strong impact on the accuracy of
soil moisture retrievals through the tau‐omega model.

The objective of this study is to develop a new method for retrieving SM under vegetation from L‐band TB
including dense canopy. This goal is achieved by formulating a novel algorithm of simultaneous retrievals of SM
and VWC built on a newly proposed theory for the electromagnetic wave propagation in dielectric materials as the
generalized theory of maximum entropy production (MEP) for heat transfer (Wang & Bras, 2009, 2011). The
MEP algorithm is used to partition TB into two components of vegetation and soil source to obtain a simultaneous
solution of soil emissivity and VWC. SM is then obtained from the retrieved soil emissivity using a dielectric
mixing model (e.g., Dobson et al., 1985; Mironov et al., 2009; Wang & Schmugge, 1980). VWC is directly
calculated using a parameterization of VOD—VWC relationship. TheMEP algorithm represents vegetation using
physical parameters of heat capacity and complex dielectric constant of liquid water, dry soil, and dry plant. This
is the first proof‐of‐concept study of the MEP theory for the electromagnetic wave propagation and its application
to the space‐borne observation of SM under dense canopy, a long‐standing challenge in the remote sensing of the
Earth system.
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2. Methods
2.1. MEP Theory

The MEP principle (Dewar, 2003, 2005) is a derivative of the principle of maximum entropy first proposed as an
application of information theory in statistical mechanics (Jaynes, 1957) and now viewed as a general inference
algorithm (Jaynes, 2003) applicable to physical systems including non‐equilibrium thermodynamic systems. The
MEP principle was first applied to modeling global climatic dynamics (Paltridge, 1975) and has been generalized
to broader fields (Kleidon & Lorenz, 2005), including land surface hydrology (Kleidon & Schymanski, 2008;
Wang & Bras, 2009, 2011), bio‐ecological systems (Juretic & Zupanovic, 2003; Kleidon et al., 2010; Kleidon &
Fraedrich, 2005; Shipley, 2010), to name a few earlier studies. The MEP principle has multiple equivalent
representations with well‐defined physical meanings, including the principle of minimum dissipation and the
principle of maximum entropy production. The physical basis of the MEP principle is the notion that non‐
equilibrium systems tend to evolve toward potential equilibrium states following the most effective path or to
reach such a state as close to an equilibrium as possible allowed by the physical constraints (e.g., the conservation
of energy). Therefore, the MEP principle can be interpreted equally well as an inference algorithm and a physical
principle (Dewar & Maritan, 2013).

The MEP viewed as a physical principle for the purpose of this study, for example, the principle of minimum
dissipation, has been applied to developing innovative models of turbulent and conductive heat fluxes at the
Earth's surface. A prototype of the MEP models of heat fluxes is the non‐gradient formula of conductive heat
fluxes (Wang & Bras, 2009). Consider the problem of heat transfer in two infinite one‐dimensional columns in
contact with a heat source located at the interface. The partition of the heat flux from the source into the two
columns can be obtained from the temperature distributions as the analytical solutions of the corresponding heat
transfer equations. The MEP principle provides an alternative approach to the same analytical expressions of the
heat fluxes without solving the heat transfer equations. Since the MEP theory is a (physical and/or inference)
principle concerning the macroscopic behavior of a thermodynamic system, the formulation of a MEP model of
heat fluxes is based on a “dissipation function” (or “entropy production function”) without referring to the heat
transfer equations. The dissipation function is expressed in terms of the heat fluxes as a mathematical analogy of
the thermal dissipation produced by electric currents through conductors. The two heat fluxes can be obtained by
minimizing the dissipation function under the constraint of energy conservation. This prototype of the MEP
models paved the way for developing a non‐gradient model of latent, sensible and ground heat flux over the land
surface (Wang & Bras, 2011), which has been extended to all surface types including water, snow, and ice (Wang
et al., 2014). The MEP model has been extensively validated and widely applied (e.g., El Sharif et al., 2019; Hajji
et al., 2018, 2021; Isabelle et al., 2021; Jia et al., 2023; Jing & Wang, 2023; Nearing et al., 2012; Shanafield
et al., 2015; Tang et al., 2021; Wang et al., 2017; Wang, Liu, & Shen, 2023; Xu et al., 2019, 2023; Yang
et al., 2022; Yang & Wang, 2014).

The MEP principle for conductive and turbulent heat transfer (Wang & Bras, 2009, 2011), briefly overviewed
above, alludes to a MEP principle for radiative transfer in dielectric materials. This is possible because the Ohm's
law, a macroscopic description of electromagnetic wave propagation in conductive materials, has two equivalent
representations in the forms of the principle of minimum dissipation and the principle of maximum entropy
production (see Appendix A). The mathematical analogy between the thermal dissipation function of current
through a conductor and the generalized dissipation function of heat transfer suggests that the MEP principle, in
the form of the principle of minimum dissipation, may hold for radiative transfer in dielectric materials associated
with a similar dissipation function. The physical analogy between them suggests that this newly introduced
dissipation function characterizes the attenuation of electromagnetic waves in dielectric media. In this study, the
proposed MEP principle for radiative transfer is validated by formulating an algorithm for the simultaneous
retrieval of soil emissivity (and SM) and VWC from L‐band TB observations.

2.2. Formulation of MEP Algorithms

The MEP algorithm for the retrieval of soil emissivity and VWC is formulated using the same method as that for
formulating the MEP model of heat fluxes (Wang & Bras, 2009), that is, minimization of the dissipation function
under the constraint of the conservation of (radiation) energy. For the radiative transfer in a canopy, the con-
servation of energy associated with the radiation flux received by a microwave radiometer is commonly repre-
sented by the tau‐omega model (Jackson & Schmugge, 1991; Mo et al., 1982),
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(1 − γ) [1 + (1 − es)γ](1 − ω)Tv + γesTs = TB (1)

where TB is the V‐ or H‐polarized brightness temperature (K), Tv the canopy temperature (K), Ts the soil tem-
perature (K), es the soil emissivity, γ the canopy transmissivity, and ω single scattering albedo of the canopy. For
convenience, the two components on the left‐hand‐side of Equation 1 are written as the radiometer signals of
canopy and soil source, respectively,

Fv = (1 − γ) [1 + (1 − es)γ](1 − ω)Tv
Fs = γesTs

(2)

where Fv and Fs are the L‐band radiative flux from canopy and soil, respectively, received by the radiometer. A
dissipation function D characterizing the loss of radiative energy of electromagnetic wave propagating in
vegetation and soil medium into heat is postulated as an analogy of radiative transfer in conducting media to the
conductive and turbulent heat transfer,

D(Fv,Fs) =
F2v

Iv + Iw
+

F2s
Is + Iw

(3)

where Iw,Is,Iv are introduced new physical parameters, that is, the “radiative inertia” associated with the elec-
tromagnetic wave propagation in dielectric media of liquid water, dry soil and dry vegetation (the same value
assumed for foliage and trunk), respectively,

Iw = ρwcw
̅̅̅̅̅
κw

√

Is = ρscs
̅̅̅̅
κs

√

Iv = ρvcv
̅̅̅̅
κv

√

(4)

with ρwcw, ρscs, ρvcv are the heat capacity of (liquid) water, dry soil, and dry vegetation, respectively, and κw, κs, κv
introduced as the “radiative diffusivity” of liquid water, dry soil and dry vegetation, respectively. The vegetation
is assumed as uniform layer of constant dielectric properties. The diffusivity of radiative transfer, a non‐gradient‐
based radiative energy transfer process, is parameterized as an analogy of gradient‐based transport processes,
such as conductive and turbulent heat transfer in soil and atmosphere (Jing & Wang, 2023),

κw = ω0δ2w
κs = ω0δ2s
κv = ω0δ2v

(5)

whereω0 is the characteristic (e.g., diurnal or seasonal) angular frequency (i.e., time scales of the thermal effect of
the microwave radiation) and δw, δs, δv are the wavelength‐dependent e‐fold penetration depth of electromagnetic
wave in dielectric media of liquid water, dry soil and dry vegetation, respectively. The penetration depth δ is a
function of complex dielectric constant ε′ – iε″ (e.g., Ulaby et al., 1982, p. 847)

δ =
λ

4π
⃒
⃒Im

̅̅̅
ε

√ ⃒
⃒

Im
̅̅̅
ε

√
= (ε′2 + ε′′2)

1
4
sin[

1
2
tan − 1(

ε′′
ε′
)] ≈

ε′′

2
̅̅̅̅
ε′

√ for ε′≫ ε′′
(6)

where λ is the wavelength of microwave radiation (e.g., 21 cm at L‐band 1.4 GHz). The complex dielectric
constants and the resulting L‐band penetration depths of liquid, dry soil, and dry vegetation are given in Table 1.
The subscripts “w”, “s”, “v” refer to “water” “dry soil” and “dry vegetation,” respectively. Representative values
δw = 5 cm, δs = 4 m, δv = 1.5 m are assumed in the validation of the MEP algorithms.
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Minimizing the dissipation function D in Equation 3 subject to the energy
conservation constraint Equation 1,

min
{Fv,Fs}

{D(Fv,Fs)|Fv + Fs = TB} (7)

leads to the solution of Fs, Fv in terms of TB, Ts, Tv,

Fs =
TB

1 + σ− 1
, Fv =

TB
1 + σ

, σ ≡
ρwcwδw + ρscsδs
ρwcwδw + ρvcvδv

. (8)

The expressions of γ,es are obtained from Equations 2 and 8 for given ω,

γ =
As
2
[1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
4(1 − As − Av)

A2s

√

]

es =
As
γ

. (9)

where As, Av are analytical functions of brightness and physical temperature (TB, Ts, Tv) and physical parameters
of water, soil, and vegetation media (ρwcwδw, ρscsδs, ρvcvδv),

Av ≡
1

1 + σ
TB

(1 − ω)Tv

As ≡
1

1 + σ− 1
TB
Ts

. (10)

It can be shown that As + Av ≤ 1 under condition (1 − ω)Tv ≥ TB guarantees physical solution 0 ≤ γ ≤ 1 and
0 ≤ es ≤ 1. Equation 9 is the MEP retrieval algorithm of canopy transmissivity and soil emissivity.

The physical parameters of the MEP algorithm are the radiative inertia defined in Equation 4. The radiative
diffusivity defined in Equation 5 depends on the heat capacities and the penetration depths calculated from the
complex dielectric constants of water, dry soil and dry vegetation according to Equation 6. The L‐band pene-
tration depth of liquid water is estimated as δw ∼ 4 cm (e.g., Reul & Chapron, 2001) depending on the salinity of
vegetation water shown to be lower than ∼1% (10 psu) (Liu et al., 2017; Mätzler, 1994; Xu et al., 2020). The
penetration depth of dry soil may be estimated as δs ∼ 100–500 cm or greater by extrapolating those as functions
of soil moisture (Njoku & Entekhabi, 1996, Figure 4). The estimated penetration depth of dry vegetation
δv∼ 50 – 500 cm according to the estimated complex dielectric constant of dry leaves and trunks of various plants
(El Rayes & Ulaby, 1987). The estimated penetration depths have uncertainties due largely to the uncertainty of
the estimated imaginary part of the complex dielectric constants. In this study, the density of dry vegetation is
taken as ρv ∼ 400 kg m

− 3 (Shipley & Vu, 2002). The specific heat of dry vegetation is taken as 3 × 103 (the
medium of its range of 1.5–5 × 103) J ·kg− 1 K− 1 (Jayalakshmy & Philip, 2010).Only the representative values of
these parameters will be used in this proof‐of‐concept analysis to show that the reasonable values of the physical
parameters in the MEP algorithm will lead to realistic estimates of VWC and SM.

Canopy transmissivity γ is expressed in terms of the VOD τ,

γ = exp(−
τ

cos θ0
), (11)

where θ0 is the surface incident angle of the radiometer and τ is related to VWC and dry vegetation (e.g.,
Jackson, 1993; Njoku, 2014; Njoku & Entekhabi, 1996),

τ = (
VWC
ρw

1
δw
+
Mv

ρv
1
δv
) ≈

VWC
ρwδw

, (12)

Table 1
Complex Dielectric Constants and L‐Band (1.4 GHz) Penetration Depths in
Equation 6

Liquid water (w)a dry soil (s)b dry plant (v)c

ε′ ∼80 ∼2–7 ∼2–6

ε′′ ∼10 ≤0.05 ∼0.01–0.1

δ (cm) ∼3–5 ∼100–500 ∼50–500
aReul & Chapron, 2001. bNjoku & Kong, 1977; Ulaby et al., 1986; Zawi-
slansji et al., 1997. cTorgovnikov, 1993.
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where Mv is dry vegetation mass content (kg m
− 2). Since δv ≫ δw (Table 1), VWC/ρw and Mv /ρv are comparable

(e.g., Aviabile et al., 2016; Lu et al., 2022), VWC is obtained from Equations 11 and 12,

VWC = ρwδw cos θ0 ln
1
γ

(13)

where γ is the MEP solution in Equation 9, referred to as the MEP VWC retrieval algorithm.

The τ‐VWC relationship is commonly expressed in an empirical (e.g., Jackson, 1993; Jackson &
Schmugge, 1991) or semi‐empirical (e.g., Njoku & Entekhabi, 1996; Wegmuller et al., 1995) equation τ = b ×
VWC with vegetation structure dependent coefficient b. Equation 12 implies that b is a physical parameter,

b =
1

ρwδw
. (14)

Although b in general is assumed to account for the structural differences of different types of vegetation (Le Vine
& Karam, 1996), the effect of the VWC on the attenuation of microwave radiation is represented here by, as a first
approximation, the equivalent depth of VWC (i.e., uniformly spreading over the grid of SMAP L‐band TB data
∼9 km). This approximation is based on the fact that the large refractive index of water n = ̅̅̅̅̅ε′w

√
∼ 9 (ε′w ∼ 80 for

liquid water) causes the microwave electromagnetic wave entering leaves nearly perpendicular to the leaf surface
with the incident angle no more than 7° (∼sin− 1(1/n)), hence justifies the expression of τ in Equation 12.

3. Data
Test of the MEP algorithms focuses on dense canopy since this type of forest represents a major challenge in
remote sensing retrieval of VWC and SM. The selected sites in the Amazon and continental US are covered with
either evergreen or deciduous broadleaf/needleleaf forest where field measurements of SM and other soil and
meteorological data are available. Considering the uncertainties of the physical parameters in the MEP algo-
rithms, especially the imaginary parts of dielectric constants of dry soil and dry vegetation, this proof‐of‐concept
feasibility analysis aims to show that the MEP algorithms are able to produce realistic VWC and SM using
reasonable estimates of these physical parameters.

The remote sensing data used in this proof‐of‐concept analysis are the SMAP L1C 6a.m. (LST) V‐polarized at
9 km EASE2 grid resolution and GSFC GMAO GEOS‐FP soil temperature (O’Neill et al., 2021) since V‐
polarized TB leads to more accurate SMAP SM retrievals compared to the H‐polarized TB (Colliander
et al., 2017) and canopy has on average a more uniform temperature profile (Ts = Tv) at 6 a.m. than at 6 p.m. The
ancillary data of single scattering albedo of canopy layer (∼0.07) are used when needed (Jackson &
Schmugge, 1991; Njoku & Entekhabi, 1996). In situ data of SM for the validation of the MEP retrievals are from
selected sites in the Amazon (Tambopata, Peru, [12.831°S, 69.283°W]) and the US (Missouri [38.744°S, 98.2°W]
and New Hampshire [44.064°S, 71.287°W]). The Tambopata site in Peruvian Amazon is covered with dense and
old‐growth trees of average tree height 35 m and the tree density of 556 trees per hectare with a basal area of 25.9
square meters per hectare and average above‐ground biomass (AGB) ∼300 ton per hectare (Pallqui et al., 2014).
The deciduous forest at the Missouri site has average tree height 22 m (Gu et al., 2016) and average ABG ∼ 120
ton per hectare, and, and the deciduous forest at the New Hampshire site has average tree height 23 m and average
ABG ∼ 170 ton per hectare (Blackard et al., 2006). Site photos are provided in the Supporting Information (SI).
Additional validation data are precipitation from Global Precipitation Measurement (GPM) IMERG (half‐hourly,
10 km) (Huffman et al., 2019) and Enhanced Vegetation Index (EVI) (daily, 250 m) fromMODIS Terra (Vermote
& Wolfe, 2015).The three sites are located in tropical evergreen and temperate deciduous forest with high VWC
(>5 kg m− 2) under which SM retrievals using the existing (e.g., SMOS, SMAP) algorithms have large biases.
Direct validation of the MEP algorithm can be made by comparing the MEP retrievals of SM with in situ
measurements available at the test sites. Since in situ measurements of VWC are not available, the MEP retrievals
of VWC are evaluated against EVI data (as a surrogate of VWC) and the SMAP ancillary data for a consistency
validation. The Amazon and the US have contrasting climate characterized by weak versus strong seasonality in
temperature (Figure 1), respectively. Because TB depends on physical temperature, TB has similar seasonality to
that of physical temperature (Figure 1). Even though the inputs of the MEP algorithm are brightness and physical
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temperature, the MEP retrievals of SM and VWC do not necessarily follow the same seasonality since SM is
strongly affected by precipitation that may have different seasonality from that of soil temperature.

The MEP algorithm is also tested at three selected SMAP core validation sites with relatively low VWC
(<5 kg m− 2) (Colliander et al., 2022) including Little Washita (34.97°N, 97.97°W) grassland in Oklahoma, Little
River (31.64°N, 83.65°W) cropland/natural mosaic canopy in Georgia, and TxSON (30.5°N, 98.5°W) grassland
in Texas. The SMAP core sites in situ data used in this study (Colliander et al., 2017) are available at https://nsidc.
org/data/nsidc‐0712. Daily 300 m fractional vegetation cover (FCOVER) data for the regions of the core vali-
dation sites are provided by Copernicus (Camacho et al., 2016). FCOVER data are derived from leaf area index
and various canopy structure parameters based on remote sensing observations from the Sentinel‐3 and PROBA
satellites.

4. Validation of the MEP Algorithm
4.1. Results

Below we show the first proof‐of‐concept test of the MEP algorithm presented in Equations 9–13 for simulta-
neous retrieval of SM and VWC. The goal is to demonstrate the proposed algorithm with reasonable estimates of
the physical parameters (i.e., dielectric constants and heat capacity) produces realistic SM and VWC. First, the

Figure 1. The inputs of the MEP algorithm: V‐polarized L‐band brightness temperature TB and surface temperature Ts from
the SMAP ancillary data. MS—Missouri, NH—New Hampshire.
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MEP solutions of soil emissivity es and canopy transmissivity γ are obtained from Equation 9. Then, VWC is
obtained from Equation 13 using the MEP solution of γ. The MEP solution of es is used to calculate soil moisture
using the dielectric mixing model used by the SMAP SCA (outlined Section 1).

The MEP retrievals of es and γ (Figures 2 and 3) from Equation 9 at the three sites clearly demonstrate different
behaviors of the MEP algorithm in terms of non‐linear functions of brightness and physical temperature
(Figure 1). Since the MEP retrieval of es(Figure 2) cannot be directly validated (due to lack of in situ mea-
surement), it is validated through the MEP retrieval of soil moisture (SM) (Figure 4). The current L‐band TB
based retrieval of SM is known to have large biases for the Amazon basin (Figure 4a) (e.g., Cho et al., 2024). The
SMAP Level‐3 Enhanced SM data (SPL3SMP_E, Version 5, https://nsidc.org/data/smap) for Tambopata site is
mostly at saturation level, which is inconsistent with the in situ measurement of (surface) SM (Figure 4a). The
MEP retrieval of SM using the MEP retrieval of es and SMAP SCA is consistent with the field measurements. In
particular, the MEP algorithm captures the decreasing trend of SM at the end of observation period (June–
September 2021) due to a drought associated with a La Niña event. SM at this site has weak seasonal variation
even though rainfall has evident seasonality. This decrease in SM corresponds to the increasing trend of the MEP
retrieval of es in Figure 2a. The agreement between the MEP retrieved and in situ SM demonstrates the feasibility
of retrieving es with the MEP algorithm at dense forest sites. In this analysis, the systematic deviation of the MEP

Figure 2. The MEP surface emissivity es in Equation 9 using the input data shown in Figure 1.
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(SMAP) SM retrievals from (single site) in situ SM observations is represented by mean absolute difference
(MAD), while the uncertainty and variability of the MEP (SMAP) SM retrievals relative to those of in situ SM by
the root mean square variation of difference (RMSVD) and the correlation coefficient (Corr), respectively. For the
Tambopata site, the statistics of the MEP (+SCA) versus in situ SM are MAD = 0.04, RMSVD = 0.06,
Corr = 0.60 (Table 2), while the statistics of the SMAP versus in situ SM are MAD = 0.30, RMSVD = 0.30,
Corr = 0.61.

The MEP SM, the SMAP Level‐3 Enhanced SM based on SCA and field observations at the Missouri site
(Figure 4b) have the same seasonal variation. The MEP SM being consistently lower than the SMAP SM is
consistent with higher MEP es (by ∼0.2) than the SMAP es (Figure 2b). The deviation of the MEP SM from the in
situ SM (MAD= 0.08) may be related to the scale difference ofMEP SM retrieval at 9 km and point measurement
of SM. The correlation of the MEP SM retrieval versus in situ SM (Corr = 0.74) is higher than that for the
Tambopata site Corr = 0.60 (Figure 4a). Rainfall at this site has weak seasonality. Therefore, the seasonal
variation of SM is dominated by seasonal variation of canopy transpiration driven by solar radiation (Negron‐
Juarez et al., 2007). At the New Hampshire site, the MEP SM are more consistent with the field observations
(MAD = 0.02, RMSVD = 0.03, Corr = 0.46) than the SMAP Level‐3 Enhanced SM data MAD = 0.17,
RMSVD = 0.18, Corr = 0.26 through the entire test period (Figure 4c). The lower MEP SM (∼0.25) with MEP
es ∼ 0.8 is in closer agreement with in situ SM data (Figure 4c) than the SMAP SM (0.3–0.5) with the SMAP
es ∼ 0.5. The fact that smaller seasonal variations of the MEP SM and es than those of the SMAP SM and es are

Figure 3. The MEP solution of canopy transmissivity γ in Equation 9 using the input data shown in Figure 1.
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more consistent with the in situ observations of SM and rainfall data
(Figure 4c). For example, flat MEP and in situ SM during the summer of 2019
corresponding to rather uniform rainfall distribution while the SMAP SM
showed obvious trends. Note that the MEP retrievals for the New Hampshire
site are only shown for snow‐free seasons (Figure 4c). TheMEP algorithm for
(frozen) soil moisture under snow cover is the topic of future research.

The MEP retrieval of γ (Figure 2) can be corroborated using the MEP re-
trievals of VWC. Since direct measurements of VWC at the three test sites are
not available, the assessment of the MEP retrievals of VWC is through a
consistency analysis using EVI data (as an indicator of canopy structure and
state such as leaf area) and previously reported estimates of VWC. The MEP
retrieved VWC for the Amazon site is ∼12 kg m− 2 with weak seasonality
(Figure 5a) corresponding to γ ∼ 0.7(Figure 3a), which is consistent with
previously reported VWC for the Amazon region (e.g., Avitabile et al., 2016).
The MEP algorithm also captures the weak intra‐annual variability of VWC.
In particular, the increasingMEP VWC during the dry season at the end of the

Figure 4. The MEP SM retrievals using the SMAP single channel algorithm (SCA) and the MEP es shown in Figure 2 versus
SMAP and in situ SM data. The mean absolute difference (MAD) and root mean square variation of difference (RMSVD)
and correlation coefficient (Corr) of the MEP retrievals relative to in situ SM data, respectively, in Table 2. Rainfall at
(a) GPM IMERG, (b) 2018–2019 from AmeriFlux and 2020–2021 from GPM IMERG, (c) AmeriFlux.

Table 2
Statistics of MEP (+SCA) and SMAP Retrievals of SM (m3 m− 3) Versus
(Single Site) In‐Situ Observations

MEP versus OBS SMAP versus OBS

Site MAD RMSVD Corr MAD RMSVD Corr

Tambopata, Peru 0.04 0.06 0.60 0.30 0.30 0.61

MOZ (MS) 0.07 0.08 0.74 0.05 0.06 0.78

xBR (NH) 0.02 0.03 0.46 0.17 0.18 0.26

Little Washita (OK) 0.02 0.03 0.91 0.02 0.03 0.91

TxSON (TX) 0.02 0.04 0.88 0.02 0.03 0.88

LittleRiver (GA) 0.03 0.04 0.74 0.06 0.07 0.76

Note. MAD—mena absolute difference, RMSVD—root mean square varia-
tion of difference, Corr—correlation coefficient. MS—Missouri, NH—New
Hampshire, OK—Oklahoma, TX—Texas, GA—Georgia.
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study period in 2021 is likely caused by the green‐up with sunlight in Amazon rainforests (Huete et al., 2006).
This result is further confirmed by the EVI with a weak but apparent upward trend (Figure 5a) corresponding to
the drying down of in situ SM (Figure 4a). The EVI over the entire period of 2018–2021 does not have pro-
nounced seasonality even though the seasonality of rainfall at this Amazon site is evident (Figure 4a). In contrast,
the SMAP ancillary data only show a constant climatology of VWC (∼18 kg m− 2). The different magnitudes of
the MEP and SMAP VWC are caused by the coefficient b in the expression of the vegetation optical depth
τ = b × VWC. The SMAP default value of b ∼ 0.1(O’Neill, Bindlish, et al., 2020) leads to VWC ∼ 18 kg m− 2 for
γ ∼ 0.2 or τ ∼ 1.24 (the SMAP ancillary data used in SCA), while b ∼ 0.025 according to Equation 14 leads to
VWC ∼ 12 kg m− 2 for the MEP retrieval of γ ∼ 0.7 or τ ∼ 0.3 (Figure 3a). The SMAP DCA τ ∼ 1.15 corresponds
to VWC ∼ 16 kg m− 2 for the same b(∼0.07) as that in the SCA assuming the DCA τ‐VWC relationship is identical
to that in the SCA even though a τ‐VWC relationship has not established in the SMAP DCA. This is more
consistent with the previously reported VWC (∼15 kg m− 2) of the Amazon forest (Chan et al., 2013). The
different estimates of VWC (SMAP SCA, DCA and MEP) are comparable within the range reported for the
Amazon forest biomass (Avitabile et al., 2016). The Amazon forest VWC can be quantitatively evaluated once in
situ observations of VWC become available. Detailed quantitative analysis is beyond scope of this study.

The MEP VWC for the Missouri site ∼10–11 kg m− 2 are arguably more realistic than the corresponding SMAP
VWC(<5 kg m− 2) from ancillary data (Figure 5b) according to the documented VWC of deciduous forest (Chan

Figure 5. TheMEP solution of vegetation water content VWC in Equation 13 derived from theMEP γ shown in Figure 3. The
EVI data is 7‐day moving average of the corresponding daily data.
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et al., 2013) (a site photo in SI). The low SMAP ancillary VWC for this site results from the equation
τ = b × VWC ∼ 0.5 while the MEP τ ∼ 0.3 supports the MEP algorithm of VWC in Equation 13 and the proposed
formulation of b in τ = b × VWC in Equation 14. Note that the MEP retrieval of VWC has stronger seasonal
variation than that of the SMAPNDVI climatology‐based VWC (Figure 5b) even though the seasonal variation of
the MEP γ is weaker than that of the SMAP transmissivity based on the NDVI climatology‐based VWC (SMAP
ancillary) data (Figure 3b). The seasonal variation of TB (∼50 K in Figure 1b) and the corresponding variation of
VWC (∼4 kg m− 2) at this site is much stronger than those of TB and VWC (∼10 K in Figure 1a and ∼1 kg m− 2 in
Figure 5a, respectively) at the Tambopata site. The pronounced seasonal variation of the MEP VWC retrievals is
apparently correlated with strong seasonal cycle of EVI as an indicator of vegetation photosynthesis and biomass
production (Sims et al., 2006). More quantitative analysis will be a topic of follow‐up studies.

For the New Hampshire deciduous forest site, the MEP retrieved VWC ∼ 10–11 kg m− 2 and SMAP NDVI
climatology based VWC ∼ 12 kg m− 2 (Figure 5c), which are consistent with the documented VWC of deciduous
forest (a site photo in SI) (Chan et al., 2013), are in much closer agreement than those at the Missouri site
(Figure 5b). Yet, comparable MEP and NDVI climatology‐based VWC associated with contrasting MEP γ ∼ 0.7
and SMAP γ ∼ 0.3 (Figure 3c) are again caused by the large difference in the corresponding b in τ = b × VWC.
The greater variation of the MEP retrieved VWC during the growing season ∼2 kg m− 2 (Figure 5c) is more
realistic than that of the NDVI climatology‐based data <1 kg m− 2 for deciduous forest. The seasonal variations of
TB (∼20 K and VWC ∼2 kg m− 2, respectively) are consistent with those at the Tambopata (∼10 K and VWC
∼1 kg m− 2, respectively) and Missouri site (∼50 K and VWC ∼4 kg m− 2, respectively). This finding further
supports the proposed formula in Equation 14. Note that the greater seasonal variation of the MEP retrieved VWC
corresponds to smaller seasonal variation of the MEP retrieved γ versus the opposite behavior of the NDVI
climatology‐based VWC and γ (Figure 5c vs. Figure 3c). Our proof‐of‐concept analysis suggests that the MEP
algorithm has the potential for detecting the seasonal variation of VWC from L‐band TB.

The MEP algorithm provides consistent retrievals of SM and VWC for tropical evergreen and temperate de-
ciduous forests covered regions. The validation analysis demonstrates the capability of the MEP algorithm for the
retrieval of SM under dense canopy (VWC > 5 kg m− 2). The MEP algorithm uses three input variables (i.e.,
brightness temperature, canopy and/or soil temperature) and includes only physical parameters (i.e., complex
dielectric constant and heat capacity of liquid water, dry soil, and dry vegetation with fixed single scattering
albedo) without referring to canopy structure characteristics.

The validation of the MEP algorithm against the field observations of SM at three SMAP core sites yields similar
results (Figures 6–10) with the corresponding statistics in Table 2. The seasonality and magnitude of TB, Ts at the
core sites (Figure 6) are similar to those of the temperate forest sites (Figures 1b and 1c) except for higher sub‐
seasonal variations. The SMAP grids (33 km) where the three core sites are located have fractional vegetation
cover fc ranging from∼0.8 in summer to∼0.2 in winter (Figure S7 in Supporting Information S1). Soil emissivity
under the (fractional) vegetation cover is calculated using the MEP algorithm in Equation 9, while soil emissivity
without vegetation cover is directly obtained as TB/Ts. The SMAP grid scale SM is assumed to be the weighted
average of SM with and without canopy cover using the corresponding soil emissivity es by the fractional cover.
The MEP retrievals of es(∼0.8–0.9) captures the seasonality and variation of the SMAP data (Figure 7). Higher
MEP es than the SMAP retrievals at the core sites is consistent with that at the temperal forest sites (Figures 2b and
2c). The MEP SM retrievals (Figure 9) are in reasonable agreement with the SMAP data and in situ observations
characterized by high correlations (0.74–0.91 in Table 2).

The MEP retrievals of γ also captures the seasonality of the SMAP data (Figure 8). Higher MEP γ(>0.9) at the
core sites than that at the forest sites (γ ∼ 0.7 in Figure 3) is caused by lower VWC of grassl and crop canopy than
that of forest canopy and the difference between the b coefficients of the MEP and SMAP τ‐VWC relationship
(see previous discussion). The MEP retrievals of VWC (∼1 kg m− 2) are consistent with the SMAP ancillary data
at Little Washita and TxSON site (Figures 10a and 10b). The MEP VWC at Little River site (Figure 10c) has the
same seasonality as the SMAP ancillary data (∼3 kg m− 2) with lower values (∼1 kg m− 2). The difference is
arguably caused by the physical parameters (e.g., ρscsδs, ρvcvδv in Equation 8). Due to the range and uncertainty of
δs,δv (Table 1) for the dry biomass at the core sites including Little River site, ρvcvδv ∼ 0.3(J m

− 2 C− 1) used in this
proof‐of‐concept analysis for the three core sites may lead to lower MEP VWC compared to the SMAP ancillary
data. Closer agreement between the MEP and SMAP VWC is expected to obtain when more accurate vegetation
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parameters are available if the SMAP ancillary VWC data are accurate. Nonetheless, the MEP algorithm with
realistic physical parameters is able to retrieve low VWC (<5 kg m− 2) of grassland and cropland.

4.2. Discussion

As explained in the Introduction with details in Appendix A, Ohm's law has two equivalent representations in the
forms of the principle of minimum dissipation and the principle of maximum entropy production for electro-
magnetic wave propagation in conductive materials. The proposed MEP theory as the theoretical foundation of
the MEP algorithm of simultaneous retrieval of SM and WVC expounded in this report may be viewed as the
counterpart of Ohm's law, represented by the principle of minimum dissipation, for electromagnetic wave
propagation in dielectric materials. It is unclear whether the principle of minimum dissipation for dielectric
materials has a representation in the form of Ohm's law (i.e., relating voltage, current and resistance). If (mi-
crowave) radiative flux through the materials, for example, canopy, is an analogy of electric current and the
radiative inertia introduced in this study is an analogy of resistance, the analogy of voltage is yet to be defined.
Nonetheless, the proposed formula of the dissipation function in Equation 3 is shown to be what is needed for
formulating the simultaneous retrieval algorithm of SM and VWC from a single polarization of L‐band TB. Just
like Ohm's Law solves the electromagnetic wave transfer in conductive materials without explicitly solving
Maxwell's equations, the MEP algorithm solves the radiative transfer in dielectric materials without explicitly

Figure 6. The input of the MEP algorithm from the SMAP V‐polarized L‐band brightness temperature TB and the SMAP
ancillary data of surface temperature Ts at the three SMAP core validation sites.
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solving the radiative transfer equations or Maxwell's equations. The forward method through solving the radiative
transfer model for the retrievals of SM and VWC needs more information about the canopy structures (e.g., leaf
shape, size, vertical distribution, etc.) while the inverse method (e.g., the MEP algorithm) directly relates the
variables of interest (e.g., SM and VWC) to the observables (brightness and physical temperature).

The MEP retrievals of SM and VWC (Figures 2–5 and 7–10) are based on the classical tau‐omega (or integrated
radiative transfer) model in Equation 1 for describing the electromagnetic wave propagation through canopy.
Improved descriptions of radiative transfer through canopy (e.g., Colliander et al., 2020) may replace Equation 1
for potential improvement of the MEP retrievals of SM and VWC. The effect of non‐uniform canopy temperature
may also be taken into account in the tau‐omega model to further improve the representation of radiative transfer
through canopy. Improvement of the MEP algorithm is expected with surface temperature used in this proof‐of‐
concept analysis replaced by effective temperature (e.g., Choudhury et al., 1982) to obtain a more accurate
parameterization of microwave radiation from the soil. An analytical model (Lu et al., 2014) allows the derivation
of soil temperature profile from the time‐series record of surface temperature to avoid under‐canopy soil tem-
perature profile data. More improvement may also be achieved by taking sub‐grid variability of VWC (e.g.,
foliage vs. trunk) into account in the tau‐omega models as SMAP L‐band TB has relatively coarse resolution
(∼40 km). The grid averaged physical parameters in the MEP algorithm such as penetration depth of vegetation

Figure 7. The MEP retrieval of surface emissivity es in Equation 9 using the input data shown in Figure 6 at the three SMAP
core validation sites.
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materials may be calculated from the probability distribution of foliage and trunk for the MEP retrievals of grid
averaged SM and VWC.

The proof‐of‐concept tests justify more applications of the MEP algorithm to a broad range of vegetation types
globally since the MEP theory is a general (physical) principle applicable to all ecosystems. The MEP algorithm
only including physical parameters facilitates the global retrievals of SM and VWC while the current retrieval
algorithms use empirical parameters (e.g., b in τ = b × VWC) that need calibration using location specific data.
The MEP algorithm using a small number of physical parameters has the potential to reduce the biases and
uncertainties of the SM and VWC retrievals. The number of the MEP algorithm parameters will be further
reduced when a MEP algorithm of direct SM retrieval is formulated without using the dielectric mixing model in
this proof‐of‐concept analysis. Theoretically, the MEP algorithm is applicable to SM and VWC retrievals from
both vertically and horizontally polarized TB. In a follow‐up study, a MEP algorithm of SM directly derived from
the MEP retrieval of soil emissivity will be formulated without using dielectric mixing model(s). The MEP al-
gorithm can be implemented in the SMAP SM retrieval system since the MEP algorithm input is a subset of that
required by the current SMAP SM retrieval algorithms. Development of the MEP algorithms for the operational

Figure 8. The MEP retrieval of canopy transmissivity γ in Equation 9 using the input data shown in Figure 6 at the three
SMAP core validation sites.
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production of remote sensing data of SM and VWC needs more accurate estimates of vegetation and soil pa-
rameters including density, specific heat and complex dielectric constant.

The application of the MEP theory of electromagnetic wave propagation in terms of the principle of minimum
dissipation is not limited to L‐band frequency. In principle, the MEP theory is applicable to the full spectrum of
electromagnetic radiation in dielectric materials. It not only opens new opportunities for SM and VWC retrieval
from a broader spectrum of microwave radiometry but also broadens the applications of the L‐band microwave
radiometry to remote sensing of the Earth system beyond SM and VWC.

Table 3 compares the SMAP, SMOS and MEP algorithms of SM and VWC retrieval highlighting the new
contribution of this study: retrieval of SM under dense canopy (VWC >5 kg m− 2) and VWC from L‐band
radiometry,

5. Conclusions
• The theory of maximum entropy production (MEP) for electromagnetic wave propagation in dielectric ma-
terials is proposed as an analogy of Ohm's law for conductors. The MEP theory in the form of the principle of
minimum dissipation holds for all frequencies of electromagnetic waves in dielectric materials.

Figure 9. TheMEP retrieval of soil moisture (SM) using the SMAP single channel algorithm (SCA) and the MEP es shown in
Figure 7.
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• An algorithm of simultaneous retrieval of SM and VWC from a single polarization of L‐band brightness
temperature based on the MEP theory is formulated and tested. The MEP algorithm is made possible by
introducing new physical parameters (i.e., radiative diffusivity and radiative inertia) in terms of complex
dielectric constant and heat capacity of the material. The MEP algorithm does not use empirical parameters.

Figure 10. The MEP retrieval of vegetation water content VWC in Equation 13 derived from the MEP γ shown in Figure 8.

Table 3
ARTE—Aggregated Radiative Transfer Equation; SM—Surface Soil Moisture; VWC—Vegetation Water Content; TB—
Brightness Temperature; VOD—Vegetation Optical Depth Equation 11

Study Method Input Output

1. SMAP ARTE (τ – ω model) L‐band TB SM

Entekhabi et al. (2010) Surface/canopy temperature

O’Neill, Bindlish, et al. (2020) Canopy VOD (VWC <5 kg m− 2)

2. SMOS ARTE (τ – ω model) same as above

Kerr et al. (2010, 2012)

3. MEP Dissipation function L‐band TB SM, VWC

This study Minimization Surface/canopy temperature (any VWC)
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• The MEP algorithm allows the retrieval of SM under dense canopy of VWC > 5 kg m− 2.

Appendix A: Equivalent Representations of Ohm's Law
Ohm's law is equivalent to two physical principles: the principle of minimum dissipation and the principle of
maximum entropy production.

1. The principle of minimum dissipation

Consider two parallel resistors with resistance R1, R2, respectively. The thermal dissipation D produced by
electric currents through the resistors I1, I2 is expressed as,

D =
I21
R1
+
I22
R2

. (A1)

I1, I2 under the constraint of given total current I0 = I1+I2 can be obtained from,

min
{I1,I2}

{D|I1 + I2 = I0}, (A2)

leading to,

I1
R− 11

=
I2
R− 12

= V0 (A3)

where V0 is voltage. (A3) recognized as the Ohm's law is equivalent to minimum (thermal) dissipation produced
by electric current through resistor under the constraint of given total current. The voltage is recognized as the
Lagrange multiplier when solving the constrained minimization problem in Equation A2. The minimized
dissipation function Dmin is expressed as,

Dmin ≡ min
{I1,I2}

{D|I1 + I2 = I0} =
I20

R− 11 + R− 12
. (A4)

2. The principle of maximum entropy production

An entropy production function S for electric currents through two parallel resistors under isothermal condition is
defined,

Ṡ =
I1
T1
+
I2
T2
,T1 = T2 = T0. (A5)

I1, I2 under the constraint of given total thermal dissipation D0 = I21R1 + I22R2 can be obtained from,

max
{I1,I2}

{Ṡ
⃒
⃒I21R1 + I22R2 = D0}, (A6)

leading to,

I1
R− 11

=
I2
R− 12

= V0. (A7)

Equation A7 again recognized as the Ohm's law is equivalent to maximum entropy production under the
constraint of total thermal dissipation. The maximized entropy production Smax is expressed as,

Ṡmax ≡ max
{I1,I2}

{Ṡ
⃒
⃒I21R1 + I22R2 = D0} =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(R− 11 + R− 12 )D0
√

T0
. (A8)
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Data Availability Statement
The publicly available data sets used in this study include SMAP L3 products of L‐band brightness temperature
and soil moisture and ancillary data of surface and canopy temperature, vegetation water content, etc (O’Neill
et al., 2021), in situ data of soil moisture at Tambopata, Peru (Negrón‐Juárez et al., 2023;Wang, Cho, et al., 2023),
in situ data of soil moisture and rainfall at the two US sites from AmeriFlux network (NEON, 2022; Wood &
Gu, 2021), remote sensing rainfall data of Global Precipitation Measurement (GPM) IMERG product (Huffman
et al., 2019), and Enhanced Vegetation Index (EVI) data of MODIS Terra (Vermote &Wolfe, 2015). Version 1.1
daily 300 m FCOVER products are available at https://land.copernicus.eu/global/products/fcover.
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