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ABSTRACT

Storage of interception water in the canopy (S¢) heavily
affects measurements of vegetation optical depth (VOD) from
rain, dew and fog, impeding the direct retrieval of tree physi-
ological parameters such as biomass and plant water content.
This study presents a time series decomposition of VOD
from Global Navigation Satellite System-Transmissometry
(GNSS-T) into biomass, plant moisture content (A{,) and
Sc. The experiment was conducted at eddy covariance (EC)
towers in two temperate forest types in Germany, over the
entire vegetation period of 2023 and under fairly wet con-
ditions. Sc.-values were 1.5 times (needleleaf) to two times
(broadleaf) higher than the average diumnal A, cycle, al-
lowing partitioning of interception water storage from plant
water. Furthermore, we found indications that S, maxima did
not linearly increase with precipitation, suggesting sensitivity
of VOD to saturation effects when canopy interception stor-
age reaches a maximum during strong precipitation events.
Results indicate the sensitivity of VOD from GNSS-T to
canopy wetness. This allows partitioning of canopy water
storage from other VOD components and improves the use-
fulness of VOD as a remote sensing metric for forest canopy
water relations. Moreover, it opens pathways to quantify S,
and evaporation fluxes independently from EC measurements
and field experiments.

Index Terms— Vegetation optical depth, transmissivity.,
L-band, hydrology, GNSS, interception water

1. INTRODUCTION

Emerging droughts and changing rainfall patterns fundamen-
tally alter water supply and tumover of global forest ecosys-
tem and fuel forest mortality [1, 2]. These large-scale phe-
nomena call for remote sensing approaches to assess the vari-
ation of plant moisture content (Af,). In this context. vegeta-
tion optical depth (VOD) has shown potential to explain vari-
ations of A, in forest ecosystems and provides a biophysical
attenuation-based tool for hydrological applications [3, 4. 5].
However, the influence of canopy wetness from rainfall, dew
and fog on VOD impairs the retrieval of 14,4 from VOD, es-
pecially in humid regions [6].

Canopy wetness can be expressed as water storage term
S, describing the bulk of water in the tree canopy not bound
in leaf or wood tree tissue. It is coupled with its correspond-
ing evaporative flux, the interception water loss to the atmo-
sphere (I.). S. reduces photosynthetic turnover due to ob-
structed gas exchange [7] and facilitates foliar water uptake
into leaves [8]. /. is a major Hux in the forest water balance
that can account for up to half of the precipitation amount [9].
Thus, estimation errors greatly impact the forest water bal-
ance. S, and [, are usually derived trom wetness sensor
measurements [10}, labor-intensive lysimeter, throughfall and
stemflow experiments [11] or inverted from energy balance
models from eddy covariance data [12]. The measurement
of fluxes during rainfall events by EC is especially prone to
errors [9], calling for additional measurement techniques.

We use data from Global Navigation Satellite System-



Fig. 1. GNSS-T setup in Hainich comprising the ground an-
tenna (left) in vicinity of the eddy covariance flux tower and
the reference open-sky antenna, mounted on top of the tower
(right). Photo taken on May 25" 2023.

Transmissometry (GNSS-T) experiments, an upcoming re-
mote sensing technique that leverages the 1-way attenuation
of L-band GNSS signals through vegetation canopies [6. 13].
Since GNSS-T generates hyper-frequent (minutes) data, the
sensors are capable of resolving VOD along the temporal evo-
lution of rainfall events.

In this study, we explore the sensitivity of GNSS-T-
derived VOD to rain-induced canopy water storage at two
temperate forest sites over the fairly wet and rainy vegetation
period of 2023. We use a temporal decomposition approach
to extract S. from biomass and plant moisture content, as-
suming that the individual processes unfold at distinct and
separable time scales. We intend to contribute to (a) quanti-
fying the impact of precipitation () events on VOD signals
and facilitate correction within M, retrievals influenced by
S, and (b) introduce a novel method for independent S.. (and
possibly I.) estimates for tree physiological and ecosystem
flux research.

2. SITES AND EXPERIMENTAL SETUP

The experiment was conducted at two EC sites: Hainich, a
deciduous broadleaf forest (DBF, DE-Hai, Lat: 51.08, Lon:
10.45, 430 m a.s.l., predominant Fagus sylvatica) and Wet-
zstein, an evergreen needleleaf forest (ENF, DE-Wet, Lat:
50.45, Lon: 11.46, 781 m a.s.l., Picea Abies monoculture).
We filtered VOD data of elevation angles only = 30° to ex-
clude multipath effects and very high attenuation at low an-
gles. The effective footprint of the sensors then confines to
a conus with radia (areas) of 57 m (1.02 ha) with an average
canopy height of 33m in DE-Hai and 38.1 m (0.45 ha) and
22 m canopy height in DE-Wet. Our research study comprises
the vegetation period from June to November 2023, which
was exceptionally warm (14.6°C, 15 % warmer) and fairly

wet (450 mm, 3.8 % wetter than 1960—1990 reference [14])
but precipitation was heavily concentrated to certain months
(July, August, October).

The inexpensive and off-the-shelf GNSS antenna ANT-
GPSC (RF-solutions) and the receiver module NEO-M9N
(ublox), receiving at 1575.42 MHz (L1), were shielded
against multipath and ground reflection with a 30cm alu-
minum ground plate. The ground sensors were installed 1 m
above ground on a steel pole while the reference sensors were
mounted on a 1 m horizontally reaching beam at the flux
tower top (Fig. 1). C/Np from three GNSS constellations
(GPS., GALILEO and BeiDou) were recorded every second
for all satellites in the field of view. GLONASS was excluded
in post-processing due to strong anomalies. VOD was de-
rived as suggested by Humphrey et al. [6] and aggregated to
30-minute intervals combining all constellations.

3. METHODS

VOD is the bulk attenuation from the forest canopy that can be
described as the sum of three major components: The gravi-
metric moisture content (M) of leaf and woody plant ma-
terial, the total AGB and structural properties, i.e., leaf and
branch size and leaf orientation [15]. We now define 5. as
an additional component of VOD that accounts for free water
not bound in the physiological compartments and processes
of the tree.

VOD = VOth(Sc: J‘llrg., j\‘rhf) + VOD"(AGB, St.l'C) (1)

We decompose the terms by assuming the processes un-
fold at different frequencies in time, where hf and If denote
high and low frequencies. On a time scale of weeks to
months, growth and foliar development, as well as regener-
ation, dominate the VOD signal (VODys). In contrast, root
water uptake and transpiration of the tree hydraulic system
as well as evaporation in the interception storage occur at
diumnal to multi-day time scales (VODpg).

VODy; is estimated by a generalized additive model
(GAM, [16]) based on daily VOD minima where VOD
was masked when overlaid with a P-event that are defined as
(FPhourly = 1 mm + 48 hour time buffer). Considering VOD
minima, we assume the driest observable VOD to represent
the offset of AGB and structural components to the high-
frequency component that contains the diurnal variation of
M, accumulations of S, and a noise term (Ny):

VODy¢ = VODyy, + VODg, 4 VOD 2)

We now differentiate M, from S, in the VODys term by
calculating M, based on P-free mean diurnal M, cycles. The
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Fig. 2. (a) GNSS-T VOD [-] with its high (VODjy) and low
frequency (VODj¢) components according to Eq. 1 of a DBF
canopy (DE-Hai). Data of the vegetation phase of 2023 with
underlying precipitation patterns [mm]. The black box delin-
eates the subset shown in b). (b) High-frequency components
of GNSS-T VOD according to Eq. 2 in a temporal subset
of a). High-frequency noise Ny (not shown) was previously
low-pass filtered.

M, cycles were re-calculated for each month to keep flexibil-
ity to changes in tree hydraulic traits throughout the season.
A benefit of the method is that M, can be estimated with P as
single ancillary information. Finally, we account for Ny by
using a Savitzky-Golay filter [17] (11 h filter size, 2nd poly-
nom) on VODy;.

4. RESULTS AND DISCUSSION

Fig. 2 (a) illustrates the seasonal dynamics of GNSS-T VOD
and its high and low-frequency components for DE-Hai.
VODy; reaches a plateau in peak vegetation season and de-
clines with leaf fall around October. The seasonal trajectory
of VODj; encourages the feasibility of the time series de-
composition approach to distinguish phenology and growth
influence from vegetation moisture. The strong and enduring
P-events hampered the stability of the VOD; ; term especially
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Fig. 3. Distribution of the S.-component in VODy, within
and outside P-events. Logistic regression models were fitted
for each site. Low p-values suggest the model’s usefulness
in differentiating P-events from S... The probability of 50 %
(inflection point) marks even odds for S, to predict a P-event.

in July and August.

Fig. 2 (b) exemplifies the components of VODy; and its
correlation with P-events in a temporal subset in late June
(peak vegetation season) for a period of two weeks. This pe-
riod is characterized by three rain pulses of increasing mag-
nitude with short intermediate dry-down phases. We observe
that S, has a low magnitude under dry conditions but sharply
increases following P. As expected, the M,-component dom-
inates the VODys in P-free periods. It is noteworthy that S,.-
maxima do not increase linearly with P, but saturate at strong
P events at DOY 171 and 174. This hints towards saturation
effects in the canopy during excessive P-events as described
by literature [18].

The sensitivity of the VOD-derived S.. to periods of inter-
ception water presence has been tested using logistic regres-
sion models that predict P-event occurrences from S.-values
of the entire vegetation season (Fig. 3). Probability margins
(function’s inflection point) were found to be 0.070 in DE-Hai
and 0.104 units of VOD in DE-Wet to differentiate FP-states
(p < 2¢15), This is higher than the mean daily range in the
M, cycle (DE-Hai: 0.064, DE-Wet: 0.096 in units of YOD).
With averaged S.-values during P-events of 0.131 (DE-Hai)
and 0.145 (DE-Wet) units VOD, the imprint on VOD was
found to be 1.5 times (DE-Wet) to 2 times (DE-Hai) as large
as daily variations in plant moisture content. Still, it has to
be bome in mind that trees hydrate with P which leads to
an overestimation of 5. in the current approach, making im-
provements in M, estimations worthwhile. It is possible to



retrieve M, from VOD via dielectric models [6, 19, 20] which
also allows for a quantification of 5. (and I,,) in terms of abso-
lute volume of water (per time). Due to the first-order nature
of VOD as an indicator of relative dynamics, this additional
step further enhances the physical interpretation of S. from
the VOD decomposition.

5. CONCLUSION AND OUTLOOK

We showed that GNSS-T-based VOD can be decomposed into
high and low-frequency components that represent its main
drivers (AGB & structure, M, and S). The extracted S.-
term exhibits sensitivity to canopy water storage under wet
and temperate conditions in a needleleaf and a broadleaf for-
est in Germany. An up to twofold increase of VOD under
wet conditions is observed compared to mean daily M, (plant
water) cycles, indicating strong interference for 5. to M re-
trievals under wet conditions. At the conference, we will add
auxiliary information from sap flow and EC measurements
to underpin our results and broaden the analyses to subtle S,
phenomena such as dew and fog.

Since GNSS-T is inexpensive and easy to combine with
existing EC tower infrastructures, we propose added value
of GNSS-T to estimates of canopy water storage and its
evaporative flux from EC measurements and field instru-
mentation. Due to the hyper-frequent temporal resolution of
minutes, GNSS-T opens and eases the assessment of the in-
terception storage. The results hold the potential to facilitate
the retrieval of biophysical parameters (AGB, plant mois-
ture content) from GNSS-T, especially under wet conditions.
Moreover, they open promising pathways for GNSS-T to vali-
date satellite-borne remote sensing-based/derived VOD prod-
ucts (e.g., from Advanced Microwave Scanning Radiometer
(AMSR)-2, Soil Moisture and Ocean Salinity (SMOS), Soil
Moisture Active Passive (SMAP), and the upcoming Coper-
nicus Imaging Microwave Radiometer (CIMR) and AMSR-3
missions) and their retrieval algorithms in terms of canopy
water storage, plant moisture content and biomass.
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