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Estimation of Forest Water Potential from
Ground-Based L-band Radiometry

Thomas Jagdhuber, Senior Member, IEEE, Anne-Sophie Schmidt, Anke Fluhrer, Member,
IEEE, David Chaparro, Member, IEEE, Francois Jonard, Senior Member, IEEE, Maria Piles,
Senior Member, IEEE, Natan Holtzman, Alexandra G. Konings, Andrew F. Feldman, Martin

J. Baur, Susan Steele-Dunne, Member, IEEE, Konstantin Schellenberg, Harald Kunstmann

Abstract— Monitoring the water status of forests is paramount
for assessing vegetation health, particularly in the context of
increasing duration and intensity of droughts. In this study, a
methodology was developed for estimating forest water potential
at the canopy scale from ground-based L-band radiometry. The
study uses radiometer data from a tower-based experiment of the
SMAPVEX 19-21 campaign from April to October 2019 at
Harvard Forest, MA, USA. The gravimetric and the relative water
content of the forest stand was retrieved from radiometer-based
vegetation optical depth. A model-based methodology was adapted
and assessed to transform the relative water content estimates into
values of forest water potential. A comparison and validation of
the retrieved forest water potential was conducted with in situ
measurements of leaf and xylem water potential to understand the
limitations and potentials of the proposed approach for diurnal,
weekly and monthly time scales. The radiometer-based water
potential estimates of the forest stand were found to be consistent
in time with rpearson correlations up to 0.6 and similar in value,
down to RMSE = 0.14 [MPa], compared to their in situ
measurements from individual trees in the radiometer footprint,
showing encouraging retrieval capabilities. However, a major
challenge was the bias between the radiometer-based estimates
and the in situ measurements over longer times (weeks & months).
Here, an approach using either air temperature or soil moisture to
update the minimum water potential of the forest stand (FW P ,;z,)
was developed to adjust the mismatch. These results showcase the
potential of microwave radiometry for continuous monitoring of
plant water status at different spatial and temporal scales, which
has long been awaited by forest ecologists and tree physiologists.

Index Terms— Soil plant atmosphere system, SPAC, vegetation
water  potential, vegetation, transmissivity, = microwave
radiometry, L-band, SMAP
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. INTRODUCTION

I n plants, water moves due to suction (and tension) created by
a potential energy gradient from the soil into the atmosphere

and by capillary action within plant vessels (Barcel6-Coll et
al., 1980; Cowan, 1965; Gardner, 1960 and 1965; Slayter and
Taylor, 1960). Thus, water is driven by a pressure gradient
which allows plants to take up water from the soils, transfer it
through the xylem to the leaves, and finally release it into the
atmosphere by transpiration through stomata.

Plant water potential is often described for individual plant
components (e.g., leaf water potential) or referred to by the
physical process to be analyzed, like matric and gravimetric
water potential (Barcelo-Coll et al., 1980). Since this study
focuses on vegetation at the canopy scale, it will refer
generically to forest water potential (FWP). The FWP depends
on the soil water availability: a drier soil has a lower soil water
potential, which can limit the plant water uptake and reduce the
FWP (Van den Honert, 1948). Finally, at the leaf canopy-
atmosphere interface, the dryness of the atmosphere (i.e., vapor
pressure deficit) contributes to the pressure gradient in the
plant. A drier atmosphere can induce higher transpiration and
decreases the FW P which, in turn, may induce stomatal closure
in order to reduce water losses at the cost of reducing plant
carbon uptake (Jonard et al., 2011; Martinez-Vilalta & Garcia-
Forner, 2017). This way, FWP can control transpiration and
photosynthesis rates (Venturas et al., 2017) by changing
stomatal conductance. FWP is important for plant hydraulic
behavior and is a key variable influencing the water, energy,
and carbon cycles (Lambers et al., 2008; Martinez-Vilalta and
Garcia-Forner, 2017). Including FWP information as a
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predictor can lead to improved estimates of stomatal
conductance responses to drought (Anderegg et al., 2017,
Bonan et al., 2014), enhance the capacity to understand
transpiration responses to increased vapor pressure deficit
under climate change (Liu et al., 2020), and allow enhanced
land surface models by accounting for plant hydraulics
(Christoffersen et al., 2016; Eller et al., 2020; Kennedy et al.,
2019; Matheny et al., 2017). Detecting reductions in water
potential is also essential to assess the risk of tree mortality
(McDowell et al., 2008; Williams et al., 2013; Novick et al.,
2016; Choat et al., 2018) and of fire (Nolan et al., 2020), as well
as to explain variations in tree growth and in forest phenology
(Xu et al., 2016).

FW P monitoring helps to predict an ecosystems’ response to
actual and future climate extremes. However, current FWP
measurements are mainly limited to in situ efforts, meaning
FWP is sparsely measured in space and time, given destructive
and expensive techniques (Novick et al., 2022). Specifically,
manual plant water potential observations are mostly taken with
pressure chambers (Scholander et al., 1965; Rodriguez-
Dominguez et al., 2022) and psychrometers (Edwards and
Dixon, 1995), among other techniques (Dixon and Tyree, 1984;
Balling and Zimmerman, 1990; Melcher et al., 1998).

Due to these limitations, only a few a databases of plant water
potential measurements exist (e.g., Choat et al., 2012). Still,
they are site-specific and are not continuously sampled in time.
Data on plant water potential are rarely collected (PsiNet) and
not standardized in databases and networks. Moreover, scaling
water potential measurements from the individual plant to
entire forests or ecosystems remains a challenge (Konings et al.,
2021; Novick et al., 2021). Satellite sensors have the potential
to measure vegetation conditions and fulfill the scientific need
for global water potential estimates with a high temporal
resolution (e.g., less than a week). So far, optical vegetation
indices (VIs) from satellite and airborne platforms have shown
promising results even with commercial applicability in
croplands (Helman et al., 2018; Zarco-Tejada et al., 2013; Lin
etal., 2020) and in some natural landscapes (Palmer et al., 2008
and 2010; Hwang et al., 2017), at local scales. To the authors’
knowledge, however, regional-scale or larger-scale studies are
lacking so far. In addition, optical VIs are limited by clouds and
sun-glint effects and, importantly, are only sensitive to the
vegetation properties at the top of the canopy leaves (Konings
et al., 2019; Zarco-Tejada et al., 2003). Moreover, Vs that
measure pigment (chlorophyll) variations and therefore
photosynthetic activity are even less sensitive to vegetation
water content dynamics directly.

To overcome these issues, the global ecological remote
sensing community has recently explored the capacity of
passive microwave measurements to sense the water potential
of vegetation. Such measurements have the advantage of being
sensitive to plants’ water content, structure, and biomass. In
passive microwave radiometry, this information is integrated in
a parameter named vegetation optical depth (VOD). VOD refers
to the attenuation that the vegetation canopy exerts over the land
emissions in the microwave range of the electromagnetic
spectrum (Ulaby & Long, 2014; Meyer et al., 2018). At higher
microwave frequencies (i.e., X-band, ~10 GHz, and Ku-band,
~15 GHz), the VOD is sensitive to the water content in the upper
canopy (due to lack of canopy sensing depth at these

frequencies). It has been related to the live fuel moisture content
(LFMC; Forkel et al., 2022; Chaparro et al., 2024) or to the
isohydricity behavior of vegetation (Konings and Genting,
2017) at global scale. At lower frequencies (i.e., L-band, ~1
GHz, which senses nearly all the canopy layers given its longer
wavelength), a recent forest study has revealed that VOD is
correlated with the xylem water potential, and that it shows a
similar diurnal cycle to in situ xylem and leaf water potential
(Holtzman et al., 2021).

Ideally, the water component of VOD could be disentangled
from the components of biomass and structure to evaluate the
water status of plants more precisely. To achieve this goal, a
common strategy is to derive the relative water content (RWC)
by normalizing VOD in time, and assuming the biomass is
constant at yearly time scales (Rao et al., 2019; Martinez-
Vilalta et al.; 2019).

Another strategy consists of estimating vegetation moisture
mg (in [kg/kg]) from VOD using information from additional
sensors and deriving RWC from minimum and maximum
values of mg. This approach has been applied at local (Meyer
et al., 2019) and continental scales (Fink et al, 2018, Chaparro
et al., 2024) using active microwaves and lidar to account for
the biomass and vegetation structure imprint on VOD. From
each of the approaches, the obtained RWC can be used to
estimate FW P by applying pressure-volume curves (Konings et
al., 2019; Konings et al., 2021; Jagdhuber et al., 2022).

The goal of this study is therefore to derive FWP dynamics
using tower-based, local-scale L-band VOD measurements
coupled to pressure-volume curves. These time series of FWP
are compared with in situ xylem and leaf water potential
measurements. Thus, it is hypothesized that the proposed
approach leads to a first ground-based FWP retrieval from
VOD. Moreover, the diurnal, weekly and up to monthly
dynamics have been assessed to understand the ability to
estimate water potential on different time scales. The study sets
the path for enabling future retrievals that could be based on
passive microwave sensors currently in orbit, like the Advanced
Microwave Scanning Radiometer 2 (AMSR-2), and the L-band
radiometers on the Soil Moisture and Ocean Salinity (SMOS)
and the Soil Moisture Active-Passive (SMAP) missions. Such
FWP retrievals, if provided at larger spatial scales (e.g.,
regional), would allow to study forest water relations at a scale
that was not possible before, and would ease finding forest
drought-induced mortality thresholds in space and time to know
when and where forests are at risk of die back.

Il. TEST SITE AND EXPERIMENTAL DATA

Previous to the study, a ground-based acquisition setup was
designed to estimate FWP and established within the research
site of Harvard University (Holtzman et al., 2021). The forest
test site is located on Prospect Hill within Harvard Forest
(42.535° N, 72.174° W), MA, USA. It is a temperate deciduous
forest dominated by red Oak (Quercus rubra) in a humid
continental climate (Holtzman et al., 2021). An overview of the
measurement setup is shown in Fig. 1.

As part of the SMAP Validation Experiment 2019-2021
(SMAPVEX 19 -21), in situ measurements for soil, plants and
atmosphere were carried out between 28™ of April and 17" of
October 2019 (Colliander et al, 2020). These measurements

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing. This is the author's version which has not been fully ¢

content may change prior to final publication. Citation information: DOI 10.1109/JSTARS.2025.3533567

include soil moisture and soil temperature at 5 cm and 10 cm
depth, tree xylem permittivity and xylem water potential
(XWP), leaf wetness and leaf water potential (LWP), and air
temperature. Not all in situ measurements could be conducted
continuously along the campaign period. Three intensive
measurement periods took place between 9% — 18™ of July, 5%
— 13" of August and 71" — 26 of September, 2019 with almost
all sensors in operation.

An L-band (1.4 GHz) radiometer (Potter Horn, PR-1475,
Radiometrics Inc.) was mounted at 28 m height on a tower
pointing with an incidence angle of 40° into the forest canopy
with about 21 mto 23 m height (cf. Fig. 1). This incidence angle
is consistent with the current spaceborne SMAP radiometer.
The ground footprint dimensions are 25 m by 20 m, defined by
the half power beam width (-3 dB) of the antenna at 30° opening
angle (Holtzman et al., 2020). The instrument conducted hourly
measurements of dual-polarimetric, i.e. horizontally (H) and
vertically (V) polarized brightness temperatures with an
accuracy of 2 K (Rowlandson et al., 2018). Only V-polarized
measurements were used in this study, as H-polarized data
showed unexplained fluctuations, as stated previously in
Holtzman et al. (2021). Further details on radiometer operation
and in situ measurements are provided in Holtzman et al. (2021)
and Roy et al. (2020).

The VOD-estimates, also included in Holtzman et al. (2020),
were calculated using a single channel V-polarized (SCA-V)
retrieval algorithm based on a zeroth order radiative transfer
model (Mo et al., 1982; Entekhabi et al., 2014). In contrast to
the classical SCA-V retrieval approach in the SMAP baseline
algorithm (Entekhabi et al., 2014), in situ-based soil moisture
was here input to the algorithm, and the radiative transfer
equation solved for VOD, like in Baur et al. (2019). Radiometer
measurements were made at times lacking thermal equilibrium

Air
Temp-
erature

)

R

between the soil and vegetation (such as appropriately assumed
at 6 am for the SMAP baseline algorithm (Entekhabi et al.,
2014)). Therefore, the soil and canopy temperatures were taken
from the in situ measurements of Holtzman et al. (2020).

For canopy temperature, the air temperature at one-meter height
within the forest stand was used, because direct canopy
measurements were not available. This temperature substitution
was investigated by Holtzman et al. (2021) and was shown to
be sufficient. For parameterization of soil roughness and
scattering albedo, the standard values of Holtzman et al. (2021),
deduced from the SMAP soil moisture product for temperate
broadleaf forests, were taken (soil roughness: h=0.16,
scattering albedo: w = 0.05).

Figure 2 presents the VOD time series from 10" (noon) to
181 (11 pm) of July, 2019 during the first intensive measuring
period together with in situ data of the XWP [MPa], measured
for one tree in the stand. The VOD time series in Fig. 2 shows
a diurnal dynamic of temperature (driven by the solar cycle, cf.
Fig. 3 top) similar to the XWP dynamics in most days (with few
exceptions, e.g. July 17M). An overall decreasing trend was
observed similar to the hydro-dynamics of the in situ soil
moisture (cf. Fig. 3 bottom) along multiple days up to one week.
Figure 3 provides an in situ-based overview on the water and
energy status and dynamics for the intensive measurement
campaign in July 2019 (August & September campaigns in the
Supplement). It reveals how the light and water conditions
influenced the in situ XWP measurements and remote sensing
(VOD) plant water dynamics during the intensive campaign
period. Diurnal soil and air temperature minima and maxima
are opposite to that of the xylem water potential confirming the
interplay between light and water.

PR-1475, Potter horn,

f. L-band, dual-pol
»O e

L

=3
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LeafWater Potentm‘ 2

Soil moisture and
temperature (5 & 10 cm)

Fig. 1. Overview of the measurement setup at the Harvard Forest, MA test site during the SMAPVEX 19-21 campaign: The tower-based radiometer with its slanted
observation geometry sensing into the forest complemented by in situ measurements on air and soil temperature, soil moisture, xylem and leaf water potential, leaf

permittivity and leaf wetness (Holtzman et al., 2021; Clark et al., 2018).
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Fig. 2. Time series of L-band radiometer-retrieved vegetation optical depth
(VvoD) [-] and in situ-measured xylem water potential (XWP) [MPa] in the
temperate forest stand during the intensive measurement campaign in July 2019
at Prospect Hill (Harvard Forest).
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Fig. 3. Time series of in situ-measured soil and air temperature [K] and net

radiation [W/m?] (top) as well as surface soil moisture [m3/m?3], precipitation

[mm/h] and depth to ground water table [m] (bottom) in the temperate forest

stand during the intensive measurement campaign in July 2019 at Prospect Hill

(Harvard Forest).
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I1l. METHODOLOGY OF RETRIEVING FOREST WATER
POTENTIAL FROM VEGETATION OPTICAL DEPTH

Since VOD represents the attenuation of the L-band
electromagnetic waves by the forest canopy, it is not only
sensitive to the water component of the canopy, but also to its

biomass and structure characteristics. Here, a simple, physics-
based and analytically solvable model of VOD from Jackson
and Schmugge (1991) is used to disentangle the water
component from the radiometer-based VOD.

A. From VOD to gravimetric water content of vegetation m

V0D is linked to the gravimetric water content of vegetation
my, in kilogram of water per kilogram of wet biomass [kg/kg].
The m, can be extracted by the comparison of forward
modelled VOD with data-retrieved VOD as initially applied in
Meyer et al. (2019) and further refined in Chaparro et al. (2024).
The VOD model in (1) — (3) needs information on the vegetation
height h,., [m], the vegetation volume fraction &; [m3/mq]
(volume of plant material per volume of air as seen by
microwave sensors), the main plant structure (here: random
orientation of plant components), the shape of the major plant
component (here: spheroids) and the wavelength of the
observing system [m] (here: L-band, 4 = 0.21 [m]) as input
variables (Chaparro et al., 2024; Meyer et al., 2019; Jackson
and Schmugge, 1991; Schmugge and Jackson, 1992; Ulaby and
El-Reyes, 1987):

hy
VOD = 4- n-%-lm[q/ecanl, €))
€can 1S the dielectric constant of the canopy:

(ei—en)(e"+ep)
+3; 3(e;+e) @

€can = €n

where ¢, [-] and ¢; [-] are the permittivity of the host medium
and the inclusions, respectively. The host medium is assumed
to be air (¢;, = 1). In addition, it is assumed that €* = €, as §;
is expected to be small (§; « 1) (Ulaby and EI-Reyes, 1987).
Equation (2) is derived from Ulaby and Long (2014) assuming
that the spheroids accounting for the plant material structure are
randomly oriented needles, in agreement with Meyer et al.
(2019) and Chaparro et al. (2021).

The permittivity of the plant material can be linked to m, by
the Debye-Cole dual dispersion dielectric mixing model (Ulaby
and El-Reyes, 1987):

€i = ErwVpw T Epwlpw T €, 3)

where €5, and €,,, are the permittivity of free water and bound
water within the plants, respectively. The terms vy, v, and
€, are the volume fractions of free and bound water as well as
the residual permittivity component. The latter three parameters
are a function of mg, the salinity and the temperature of the
plant material (cf. Ulaby & El-Reyes, 1987 for details). The
salinity and the temperature are fixed to 10 [%0] and 22 [°C], as
done in previous studies (Ulaby and EI-Reyes, 1987; Chaparro
et al., 2024). Details of this dielectric mixing model are
described in Ulaby and EI-Reyes (1987). The mg-value
minimizing the difference between the modelled VOD in (1) —
(3) and the radiometer-derived VOD is chosen as the result.
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B. From gravimetric water content of vegetation m, to
relative water content RWC

Next, m, is converted into the relative water content (RWC)
using dry moisture-minimum (mgmin) and full turgor moisture-
maximum (mgmax) references (Smart and Bingham, 1974):

M9 MI min

RW Cpy = =100 [%]. (4)

m -mg_ .
Imax  Imin

The definition of the extremes (min, max) sets the boundaries
of the relative water dynamic and therefore the extent of the
dynamic when moving to a relative metric. The time period for
finding the extreme values may reach from diurnal (24h) up to
seasonal (e.g., summer, winter) or even up to multi-annual
scale, but will be set to diurnal ranges for the following
analyses. Moreover, VOD can be directly used to calculate
RW(C in case of stable biomass and canopy structure conditions
along the observation period (Rao et al., 2019):

VOD-VODpin

RWC =
VOD = 0D max—VO0Dmin

- 100 [%]. (5)
RW Cyop Will serve as a benchmark to RW C,,, ; and as a relative
indicator of biomass/structure-bias between (4) and (5).

C. From relative water content RWC to forest water
potential FW P

RW(C is then converted into forest water potential (FWP) by
the sigmoidal function of Zweifel et al. (2001):

FWPpin
—k1+RWC
e k2 41

FWB,, = [MPa], (6)

where FWP,,;,, is the minimum forest water potential of the
RWC-FWP relationship. Parameters k, [-] and k, [-] are
empirical (site- and plant-specific) representing the inflection
point and the rate of change between RWC and FWP. These
parameters depend on hydraulic components of the vegetation
and local climate within the stand.

The advantage of this functional form compared to

alternative ones (e.g., Mirfenderesgi et al. (2016)) is its easy to
adapt and parsimonious character (k, k,, FWP,,;;,), to enable
water potential estimation. Figure 4 illustrates the adaptivity of
this relationship for a slow (k,=55, k,=10), an intermediate
(k,=68, k,=7.5), and a rapid (k,=81, k,=5) rate of RWC-to-
FWP change, starting from an FW P,,;,, of -2.5 [MPa].
In this work, the three parameters (k,, k,, FWP,,;,) were
optimized jointly using the on-site XWP (psychrometer)
measurements of the first intensive observation period in July
2019. The optimization results in k; and k, of 25 and 31,
respectively. Both were fixed throughout the analyses of the
remaining time series. This was supported by a sensitivity
analysis (not shown) indicating that the most sensitive
parameter in the RW C-FW P relationship is FW P,,;,, compared
to k, and k,. FW P,,,;,, was first set to the minimum of XWP of
the first diurnal cycle and then updated dynamically through
time.

0 T
——Slow Change

—Intermediate Change
Rapid Change

-0.5F

-1.5

Forest Water Potential [MPa]

-2

25 : - .
0 20 40 60 80 100

Relative Water Content [%]
Fig. 4. Conceptual view on the RWC-FW P relationship for forest under slow,
intermediate and rapid change rate, adapted from Zweifel et al. (2001);
calculated with (6) using FWP,,;,= 2.5 [MPa), k14,,= 55 & k2,,= 10,
klintermediate: 68 & kzintermediate: 75! klrapid: 8l& kzrapid: 5.

D. Dynamization of FWP by updating FW P,,;,,

The dynamic update of FWP,;, was based on two
commonly available and continuously recorded in situ
measurements: surface soil moisture 8, [m3m3] and air
temperature T [K] at 1 [m] height, as they are key factors in
constraining plant water uptake and plant water loss,
respectively. In more general terms, these dynamic updates of
FW P with soil moisture as well as with air temperature enable
the extrapolation of the FWP estimation to longer periods, in
terms of weeks and months towards seasons.

For FW P,,;,-update, 6; and T were tested individually to
understand the benefit of a mass-related variable (6) and an
energy-related variable (T). In this study, this FW P,,;,-update
was developed by adapting the numerator of (6). Equations (7)
and (8) define the proposed FW P,,;,-updated equations.

The soil moisture-based FW P,,,;,,-update is expressed by:

98
FWPpin+|FWPminl+—5 2
—k1+RWC
e k2 +1

FWP =

[MPa], (7)

a6 . . .
where a—: represents the rate of change in soil moisture, 96,

along time interval, dt, that is multiplied with the increment of
|FW P, | from the previous time step. Soil moisture-based
FWP,,;,-update is done in steps of five hours using the
preceding five-hour time period for calculus. Shortly after a
3
significant rain pulse, % can grow as large as 0.5 [% /h] or
higher. In these exceptional cases of 50% increase within the
preceding time interval, a data-calibrated cap factor of 0.7 was
used for the respective rate of change to control updates of
FW P,,;,, and prevent overshooting.
Corresponding to (7), (6) can be also adapted for an air
temperature-based FW P,,;,,-update:
WPmin+|FWPmin|*(_g_:*k3)

—k1+RWC
e k2 +1

F
FWP =

[MPa], (8)
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including the inverse rate of change — ‘;—: in air temperature, aT,

along time interval, dt, (since air temperature and water
potential are negatively correlated), and a factor k; [-] to
normalize for the distinctively different value ranges
between XWP and T:

ky = XWPmax=XWPmin )

Tmax ~Tmin

The — ‘;—: * k5-term in (8) was multiplied with the last increment

of |FWPp,;,| to update FWP,,;,,. The air temperature-based
FWP,,;,-update was conducted in 24h-intervals (from one
daily mean value to the next). Daily updates were used instead
of sub-daily ones to decouple FWP,,;,-dynamics from the
diurnal solar cycle. In some cases, strong alterations in water
potential can happen during the day. Then, the short-term
change in water potential is so strong that the transient and mild
changes in daily air temperature update would not cover it. At
these points in time (hereafter named breakpoints), the
temperature-based FWP,,;,, Wwas re-calibrated with the
minimum of XWP in situ measurements at the day of the
breakpoint.

IV. RESULTS AND ASSESSMENT OF FOREST WATER
POTENTIAL ESTIMATION

In the following, FW P-estimates are shown for the intensive
measurement periods in July, August and September 2019.
First, the different intermediate variables along the retrieval
process are presented (cf. Section I11). Since all variables were
retrieved from tower-based L-band microwave radiometry
observing an entire forest canopy (vertical extent), they can
only be considered as effective canopy-scale variables
compared to their location-based in situ counterparts given their
spatial scale mismatch (Konings et al, 2021).

A. m, retrieval results

The retrieval of m, is shown in Fig. 5 for the intensive
measurement period in July 2019. It includes an average stand
height of 21 m (top of canopy) provided by airborne Lidar
scanning (Sullivan et al., 2017). Since § is generally not known
for an L-band tower-based radiometer and optics-based laser
scanning does not inform about § seen by microwaves, a range
of naturally occurring volume fractions covering the full
physical range of ¢ from 0.001 to 0.9 was tested representing
the vegetation structure and dry biomass influence on VOD.

In Fig. 5, the mean of m, for the range of § is located around
0.1, whereas the extremes of § led to m,-values from 0.03 to
0.6. The higher § is, the more the temporal dynamics of m,
deviate from VOD. Thus, for high vegetation volume fractions
mg- and VOD-dynamics differed significantly. This led to
almost no dynamics in m, for maximum &, because vegetation
structure and dry biomass dominated VOD (dashed red curve in
Fig. 5). In contrast, at minimum &, VOD dynamics are
predominantly caused by water content variations leading to
strong dynamics in my (solid red curve in Fig. 5). Also, higher

values of & led to lower values of mg, while lower values of §
increase the estimated vegetation moisture. Importantly,
choosing the minimum & (i.e.,, § = 0.001) was appropriate
because it led to mgvalues between 0.3 and 0.6 [kg/kg].

mg with:
Min &

—Mean 4§

---Max 4

o o =]
o (=] ©o
Gravimetric Vegetation Water Content mg [ka/kg]

ot
~

o
[=2]

Jul 14 Jul 15 Jul 16 Jul 17 Jul 98
Date 2019

Fig. 5. Time series of mg-estimates (blue and red colors) compared to their
retrieval input parameter, vegetation optical depth (green color). Variation
between the blue and red curves is due to the assumed vegetation volume
fraction § [-]: min=0.001 (red solid), max=0.9 (red dashed) and mean (blue) are
calculated from minimum to maximum values.

Jul 10 Jul 11 Jul 12 Jul 13

This is in range with the average vegetation moisture conditions
according to in situ data from oak species both at global scale
(Yebra et al., 2019; n = 11118; mean m,= 0.49 [kg/kg]; std.
mg= 0.07 [kg/kg]) and, in specific regions such as the (drier)
French Mediterranean area (Duché et al., 1996; n = 2007; mean
mgy=0.44 [kg/kg]; std. m,= 0.03 [kg/kg]). In addition, choosing
such low values for microwave observations agrees with
literature (Choudhury and Pampaloni, 1995; Schmugge and
Jackson, 1992; Ulaby et al., 1983; Wigneron et al., 1993).

B. RWC retrieval results

Since & is arduous to assess with experimental measurements
at canopy scales and not known, neither generally nor for this
study, RWC was calculated in two ways: first as RWC-m,
according to (4), second as RWC-VOD substituting m, with
VOD as shown in (5). Moreover, the minimum and maximum
of the respective time series of the daily (24h) extreme values
is used in (4).

Using VOD instead of m, in (4) had negligible effects when
daily minimum and maximum values were considered (not
shown). It is understood that VOD seems to be an equivalent
predictor compared to m, for plant water content for shorter
studies (less than one month) (Holtzman et al., 2021). This
might be the case since dry biomass and vegetation structure
(detectible at L-band) varied relatively little at Prospect Hill
(Harvard Forest) during the intensive measurement weeks in
July, August and September, respectively.

C. FWP retrieval results

In the final processing step, an effective (as seen by an L-
band radiometer system), canopy-scale FW P is calculated from
the retrieved RW C-estimates using the individual RWC-FW P
relationships presented in equations (6) to (9). In Fig. 6, the
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FW P-estimates based on RWC from m, are compared with in
situ measurements of XWP (brown curve) and LWP (blue
dots). The temporal (daily) dynamics of the three potentials
(FWP,XWP, LWP) show a promising concurrency in time, but
a mismatch in absolute values (daily range of potentials). FIW P-
mg, was calculated in Fig. 6 with (6) assuming a time static
FWP,,;, along the week in July. This resulted in a constant
lower boundary of FWP, which never reached values below -
0.4 [MPa]. This FWP estimation method is called “static
FWP,,;,” retrieval hereafter. In this static approximation, the
constant FWP,,;, was set to -2.5 [MPa]. This value was
obtained from the models of Zweifel et al. (2001), which are
based on spruce (Picea abies). In the case of oak (Quercus
rubra), the value chosen is also realistic for a healthy forest.
This species has been found to start stomatal closure at LWP =
-1.85 [MPa] (Abrams et al., 1990), and change the xylem
morphology due to progressive collapse at LWP between -2
[MPa] and -3 [MPa] (Zhang et al., 2016). Risk of cavitation for
this species has been found at XWP = -3.10 [MPa] (Maherali et
al., 2006) and, for oaks in general, it occurs at XW P = -4 [MPa]
(median value from 14 species in supplement data of Choat et
al., 2012).
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Fig. 6. Comparison of in situ measurements (xylem water potential: brown
curve; leaf water potential: blue dots) and radiometer-based estimates (green
curve) of FWP, assuming a static FW P,,;,,.

For dynamization along time, FWP,,;, is updated
continuously over time according to (7) — (9) to serve as a
dynamic variable in (6). A time-dynamic FW P,,;,, was essential
to guarantee the flexibility of FWP in terms of absolute values
and different tension levels. RWC as input variable in (6) is a
relative measure and only FW P,,,;,, sets the lowest value in the
FW P-range transforming into an absolute measure.

The update can be organized by incorporating available

auxiliary data that is recorded independently and is easily
available from contemporary in situ monitoring, like soil
moisture (mass-based update) as in (7) or air temperature
(energy-based update) as in (8) — (9).
The analysis of weekly FWP dynamics is shown in Fig. 7. It
presents the retrieved FWP using either the static FW P,,;,
(green curve), or the time-variable FW P,,,;,,, either updated by
soil moisture (light green curve) or air temperature (dark green
curve) in situ measurements.

In the July period, the soil moisture adaption led to an
increasing daily dynamic of FW P especially around 16" to 18t
of July that was not captured by XWP (brown curve). The air
temperature adaption led to a similar dynamic of FWP in July,
and stayed close to the static FWP dynamics. In contrast, the
August period revealed that the temperature adapted FW P was
able to trace partially (-1.6 to -0.2 [MPa]) the large dynamic
range of the XWP (-1.9 to -0.2 MPa) in the beginning of the
week (5% to 7t of August).
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Fig. 7. Comparison of water potentials for the different intensive measuring
periods in 2019 (Top: July, Middle: August, Bottom: September): Estimated
from remote sensing (FWP in green for static (bright color) and dynamic
FW P,,,;, (middle and dark color))), measured in situ water potential XW P (from
xylem; in brown); gray dashed bars indicate the break points (cf. Section IlI).
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There is a distinct precipitation phase (> 5 [mm]) in the
afternoon of the 7" (see Fig. S1 in the Supplement) leading to a
soil moisture level close to 40 [vol.%] around midnight. After
this period (8" to 12™ of August) XWP stayed close to
saturation (-0.61 [MPa] to zero [MPa]). Qualitatively, this was
detected by both, the static and the temperature-based, FWP
approaches.

The soil moisture-adapted FWP showed larger variation

compared to XWP along these days. Additionally, daily
variations of soil moisture-adapted FW P increased towards 13t
of August due to constantly decreasing soil moisture down to
values close to 20 [vol.%] (see Fig. S1 in the Supplement).
In contrast, the static FW P stayed between -0.4 [MPa] and zero
[MPa], which is expected, since FWP,; is a constant
calibrated once from in situ XWP on 10™ of July. The same is
true for the period in September and clearly indicates the
importance of a time dynamic FW P,,;,, to meet the changing
hydrological conditions along the week and throughout the
year.

In the September period (Fig. 7 bottom), the daily minima of
XWP showed the lowest values (down to -4.5 [MPa]) of all
intensive measurement periods. Here, two rain events occurred
on 15" and 23" of September (cf. Fig. S1) leading to reduced
(less negative) water potentials afterwards. In addition, air
temperature rose significantly from 19% to 23 of September,
depicted in Fig. S1. The temperature adapted FWP also
demonstrates the capability to reach down to the lowest (most
negative) water potentials in that week and indicates the
strength of the break point mechanism for the temperature-
based update (cf. Section I11). However, this is not the case for
the soil moisture adapted FW P which stayed between -1.0 and
zero [MPa] and followed the hydro-dynamics guided by the two
rain events during the intensive period.

D. Evaluation of the FWP retrievals

For the intensive measurement period in July, results based
on the static FW P,,;;;, show FW P-values ranging between zero
and -0.4 [MPa], like the dynamic range of in situ XWP (zero to
-0.5 [MPa]) and shorter in dynamic range than in situ LWP
(zero to -2 [MPa]). This suggests that FW P derived at L-band
is sensitive to deeper canopy layers (trunk and branches) as well
as to leaves (see subsection IV.E for detailed analysis), which
was expected due to the larger sensing depth at this wavelength
and agrees with literature (Konings and Gentine, 2017; Li etal.,
2021; Schmidt et al., 2023). The dynamic range captured by the
FW P-estimates, as well as that of the in situ data, show that the
oak stand is generally not affected by hydric stress during July
2019, since there is no gradual decrease in the pre-dawn water
potential towards higher moisture deficits (more negative FW P
-values). The results demonstrate, however, a constant
minimum value of FWP = -0.4 [MPa], which means that the
static method is not able to capture dynamics at the lower edge
of the in situ XW P time-series due to the FW P,,,,,,-fixation over
time (see FWP-curve in Figs. 6 & 7).

It is confirmed here that FW P,,,;, heeded to be updated for
each individual time increment to enable the estimation of
realistic FWP-values. We further validate the proposed two

guiding variables (soil moisture & air temperature) for this
estimation. The dynamic FW P,,,;,, values were also within the
expected range (between -0.5 [MPa] and -6 [MPa]). For the
lower limit case, note that the resulting FWP did not reach this
minimum of -6 [MPa], which can only be found in some oak
species (Choat et al., 2012).

At hourly to weekly timescales (cf. Fig. 7 and Tab. 1), results
revealed a moderate capacity to track X P variability using the
air temperature dynamic approach (0.48 < r < 0.60),
outperforming the capacity of the static and soil moisture
approaches (0.13 < r < 0.51). Importantly, the temperature-
driven approach for FWP was able to capture sudden and large
declines (down to -4 [MPa]) of the in situ XW P (September 20™"
- 24" Fig. 7) due to its break point mechanism (cf. Section I11).
This suggests that at coarser scales the proposed approach could
help to capture cavitation-prone hydraulic conditions in forests.

TAB. I: SPEARMAN AND PEARSON CORRELATION COEFFICIENTS
AND ROOT MEAN SQUARE ERROR (RMSE) FOR COMPARISON OF
FWP AND XWP TIME SERIES ALONG THE THREE INTENSIVE
PERIODS (JULY, AUGUST, SEPTEMBER) IN 20109.

Retrieval Inten5|_ve Rank_ Llneaf RMSE
Method ~ Measuring Correlation  Correlation [MPa]
period (Spearman)  (Pearson)
July 0.39 0.49 0.14
Static
FWP,,, August 0.08 0.13 0.61
September 0.08 0.26 1.09
Soil July 0.43 0.51 0.15
moisture
based August 0.12 0.14 0.56
FWPpin  September 0.23 0.48 0.90
Air July 0.38 0.48 0.14
temp-
erature August 0.46 0.59 0.48
based
FWP,.. September 0.42 0.60 0.83
VoD July 0.30 0.32 -
(no _FWP August 0.54 0.65 -
retrieval)
September 0.62 0.69 -

E. Diurnal dynamics of FWP

After investigating the weekly dynamics in Fig. 7, the study
focussed on FWP diurnal dynamics in Fig. 8. It shows the
average daily cycle of in situ measurements (LW P, XWP) and
radiometer-based FWP. In Fig. 8 FWP,,;, was initially
calibrated with XWP. This is why all FWP-curves are within
the XWP-range (-0.4 to -0.1 [MPa]) and only partially within
the LWP-range (-1.2 to -0.3 [MPa]). Nevertheless, a
comparison of the time dynamics in relative changes along the
day is appropriate. All FWP-curves indicated from 5 am in the
morning (dawning time; gray downward arrow in Fig. 8) an
increased water demand by more negative water potential
values. This wass in phase with in situ LW P dynamics showing
an increase at the same time. However, XWP measured at the
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tree stems reacted with a delay of several hours and the
strongest tension increase occurred after 10 am (negative slope
of brown curve in Fig. 8). During this time, FWP was at a
constant level around -0.3 [MPa].
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Fig. 8. Average daily cycle of water potentials: Estimated from remote sensing
(FWP in green for static (bright) and dynamic FWP,,;, (middle and dark
green)) and measured daily cycle of in situ water potentials: LW P (from leaves;
black dashed line) and XWP (within the xylem; brown dashed line). Averaging
was done over the intensive measuring period in July 2019. The green area
shows the range over which the FW P from static FW P,,;,, was averaged. Grey
arrows indicate the starting and the ending phase of the diel dynamics of FWP.

After the heat maximum of the day (~ 2 pm) the water
demand led to a decrease in LWP (leaves) first, followed by
XWP (stems) at ~ 3 pm. The XWP curve showed a stronger
decrease in water demand from ~ 6 pm onwards. At the same
time FWP also started to move strongly towards reduced
potential levels (gray upward arrow in Fig. 8). FW P dynamics
(green curves in Fig. 8) coordinated in the morning with LWP
(leaf dynamics) and in the evening with XW P (stem dynamics),
implying that FWP is guided by leaf as well as by stem
dynamics at the same time. This makes sense since FWP has a
sensing volume including leaves, twigs and branches down to
stems due to the sensing depth of L-band microwaves.

At daily timescale, results demonstrate how all three methods
captured morning drying and post-dusk water rehydration in the
forest stand (gray arrows in Fig. 8). Further work should be
directed to extend the approach so that it can capture minimum
midday XW P, which is a key hydraulic measurement in plant
ecology research (e.g., Choat et al., 2012).

F. Weekly and monthly dynamics of FW P

Figure 9 shows the temporal extrapolation of FWP from July
to September 2019 using the dynamic FW P,,,;,, updated by the
measured soil moisture. Here, soil moisture was chosen, since
transient changes of FWP,,, over weeks from July to
September 2019 are more attributed to soil moisture dynamics
than to air temperature variations with a strong daily cycle at
middle latitudes.

For reasons of unit equivalence, soil moisture was converted
to soil matric potential [kPa]. These results are understood in
the way that the trends and dynamics of FW P along the weeks
match well with the measured XW P, except for large declines

to very negative FW Ps which are not captured by the proposed
method in (7) (e.g., August 7™, or September 11" and 23'9),
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Fig. 9. Comparison of water potentials: FW P estimated from remote sensing
with soil moisture-based FW P,,;,, dynamics (in green color), XW P measured
in situ (in brown color) and soil matric potential SMP estimated from soil
moisture measurements (in red color).

This means that a potential extrapolation of the FWP time
series and therefore conjunction of the different intensive
measurement weeks by a soil moisture-updated FW P,,,;,, could
extend the FW P estimations to months and seasons, but further
investigations are needed to obtain an appropriate dynamic
range of FWP.

V. DISCUSSION

Understanding how plants transport and use water is key to
monitor and predict the impact of droughts on vegetation and
their exchange with the atmosphere (Zhang et al., 2019).
According to Novick et al. (2022), there is a water potential
information gap between ground-based observation networks
and spatiotemporal scales relevant for Earth system models.
This pathfinder study serves as a step towards addressing this
gap and tracking water dynamics in the tree canopy over days,
weeks and months. L-band radiometry was used for sensing the
water dynamics of an oak stand at Harvard forest, USA, in the
summer of 2019 as part of the SMAPVEX campaign.

The developed algorithm is based on a series of conversions
to transform the radiometer-based, unitless VOD into absolute
values of FWP. They include the conversion to relative water
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content (VOD or m, to RWC) and then from relative-to-
absolute metric (RWC to FWP).

There are still challenges, but also considerable potential to
derive and estimate microwave-based FWP. Previous research
has shown the ability to track this site's xylem and leaf water
potential (Holtzman et al., 2021). This study moved a step
further, presenting conversion of VOD (microwave attenuation)
to FWP (water potential) for a physically explicit assessment
of water hydraulics in a forest stand from microwave
radiometry. Results show how correlations between FWP
estimates and XWP (in situ) are better (July) or only slightly
lower (August and September) compared to the VOD- XWP
correlation. This confirmed the potential utility of the method,
providing such a conversion and tracking water potential in
vegetation. In addition, the fact that FWP did not strongly
improve the correlation with in situ water potential (if compared
to VOD) was expected due to two shortcomings. First, VOD
variations at short timescales are tightly linked to water status
in the plants (Konings et al., 2021) and dry biomass dynamics
were little during the study campaign, which qualifies VOD
alone as a proxy to track the dynamics of water potentials
(Feldman et al., 2021). In the case of agriculture, like in
Jagdhuber et al. (2022), the growing cycle with its change in
phenology (plant structure, height and biomass) from sowing to
harvest required a decomposition of V0D into a plant water and
a plant biomass component to effectively extract RWC. Such
dynamics would result in a greater change in dry biomass and
vegetation structure than occurring at Prospect Hill between
July and September 2019.

Second, additional parameterization, needed to convert VOD
to FWP, requires several data sources and adds additional
uncertainty to the results (Zhao et al., 2024). A key step during
the FWP estimation is the definition of the pressure-volume
curves (cf. Fig. 4). The period used to compute maximum and
minimum VOD or m, for RWC calculation includes only three
months, which hampers the possibility of accounting for
extreme dry and wet periods. This is partially compensated for
by the high density of samples, although longer time-periods
should be studied to test the sensitivity of the method. Hence,
one major drawback of this study is that in situ comparison data
from xylem or leaf water potential were not recorded
continuously along entire months, but for individual
(unconnected) intensive measurement weeks. The resulting
time gaps should be avoided, if possible in future campaigns.

Furthermore, although the pressure-volume curves are to
some extent species-specific, the applied Zweifel et al. (2001)
model was not directly optimized for oak species. The main
reason for choosing the applied model relies on its adaptability
and easy computation (dependence on a low number of
parameters, cf. Section I1I). This qualifies the proposed RWC-
to-FWP model as a candidate for future satellite-scale FWP
estimates which will require generalizable, non-species-
specific and low-parameterized methods.

Next steps for future satellite-based water potential estimates
also involve the application of appropriate technologies to track
plant water potential. In that sense, the future Copernicus
Imaging Microwave Radiometer (CIMR) mission (Donlon,
2023; expected to launch in 2029+) will provide passive

microwave measurements of the land surface at L-, C-, X-, K-
and Ka-bands, offering different sensing depths and therefore
different levels of canopy penetration, at an almost daily time
scale globally. CIMR’s consistent multi-frequency microwave
measurements will potentially allow sensing water potential
from different canopy layers (e.g., leaf water potential from
xylem water potential), which is paramount for an appropriate
understanding of the plant hydraulics and the soil-plant-
atmosphere continuum. In addition, this can ease the validation
process of water potential estimates, as in situ measurements
are provided separately, for leaves or for xylem, and enable the
study of plant hydraulics behavior at short (diel) time scales
(Konings et al., 2021). For instance, the two in situ
measurement networks VODnet (Schellenberg et al., 2024) and
PSlinet (https://psinetrcn.github.io/) for water potential as well
as ground-based VOD retrieval through GNSS-T are under
current construction increasing their number of equipped
stations around the world. VODnet is already equipped with
site-scale ground-based GNSS receivers for transmissometry
assessment (Humphrey & Frankenberg, 2023). Ultimately, both
networks are ideal testbeds to link tree measures to satellite
data. In addition, similar approaches could be applied using
GNSS reflectometry (GNSS-R) linking ground-based VOD and
tree water content retrievals (Rodriguez-Alvarez et al., 2011) to
satellite-based estimates of VWC from the Cyclone Global
Navigation Satellite System (CYGNSS) mission (Zhang et al.,
2024) and to in situ networks. However, it is worth noting that
ground reflections in GNSS-R might complicate the estimation
of canopy properties.

VI. CONCLUSIONS AND OUTLOOK

In this research study, a methodology is presented to estimate
forest water potential (FWP) for an oak stand in the Harvard
Forest based on ground-based L-band radiometry. A way was
evaluated to generate time series of dynamic FW P starting from
VOD and transitioning through m, and RWC. The Zweifel et
al. (2001) model was adapted to estimate time series of FWP.
It is found that the incremental update of FWP,,, in the
adapted model (see (7) and (8)) is crucial to obtain a realistic
range of values compared to the in situ observations of LW P
and XWP and to estimate a continuous stream of FWP along
weekly and monthly time scales.

FWP estimates showed the expected temporal dynamics,
following the diurnal cycles and varying consistently with
environmental drivers such as temperature. The correlation of
the estimates with the in situ values confirmed the capacity of
the method to track temporal variations in FWP. Consequently,
this study provided a first valid approach to track vegetation
water potential in a forest using the synergy between remotely
sensed VOD and ancillary data through a model-based retrieval.

The achievement of absolute accuracy in FWP estimation
still depends on the availability and quality of the auxiliary
information. The needed accuracy will be defined in close
coordination with the end users of FW P products. Here, mostly
forest ecologists and tree physiologists will benefit from spatio-
temporal water potential estimates from plot to ecosystem
scales. In this regard, the presented approach builds the basic
foundation for transitioning towards a remote sensing-based, up
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to ecosystem-scale estimation of FWP dynamics with limited
dependency on ancillary data. In the context of ecosystem-
scale FWP retrievals, the current limitation of a mono-species
(homogeneous oak stand) retrieval needs to be overcome. One
of the next challenges is transferring the developed approach to
the ecosystem scale, including various plant species
representing different physiological traits.

Furthermore, FWP retrievals in this study cannot be
separated into different vertical forest compartments, like
trunks, branches, lower leaf (mostly shaded) canopy, upper leaf
(mostly sunlit) canopy, due to the mono-frequency retrieval
(only L-band). Upcoming microwave missions like NISAR
(NASA-ISRO SAR) from the National Aeronautics and Space
Administration (NASA) and the Indian Space Research
Organization (ISRO), or BIOMASS and CIMR from the
European Space Agency (ESA), will provide the possibility to
acquire VOD globally and for different forest compartments
(upper canopy, lower canopy, trunks) due to recordings of
multi-frequency (K-, X-, C-, L- and P-band) microwave data at
resolutions of tens of meters. However, research on VOD
estimation from SAR (active microwave) techniques is still
urgently needed to enable high resolution VOD and FWP
products (e.g., EI Hajj et al., 2019; Zhou et al., 2022).
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