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Exploring the Potential of Sub-daily Microwave
Remote Sensing Observations for Estimating
Evaporation in Forests

Emma Tronquo *“, Hans Lievens

Abstract—Terrestrial evaporation (E) plays a crucial role in the
water, energy, and carbon cycles and modulates climate change
through multiple feedback mechanisms. While process-based mod-
els estimate E using satellite-derived drivers, they typically op-
erate at daily or lower temporal resolutions. Key components
of E, such as transpiration and interception loss, exhibit strong
diurnal variability, especially under water stress and during or
shortly after precipitation events. Therefore, capturing the sub-
daily variability of these variables is essential for improved process
understanding and E monitoring at fine temporal resolutions.
Sub-Daily microwave observations offer the potential to resolve
these short-term processes while providing all-sky retrievals. The
Sub-daily Land Atmosphere INTEractions (SLAINTE) mission,
proposed as part of European Space Agency’s New Earth Obser-
vation Mission Ideas, aims to provide sub-daily Synthetic Aperture
Radar (SAR) observations of surface soil moisture (SSM), vege-
tation optical depth (VOD), and wet/dry canopy state (WDCS).
These observations are expected to enhance the estimation of F
beyond current capabilities. This study explores the added value
of such observations through observing system simulation exper-
iments conducted at four European eddy-covariance forest sites,
constraining a sub-daily version of the Global Land Evaporation
Amsterdam Model (GLEAM) with synthetic sub-daily microwave
observations. Three experiments assess the impact of: 1) sub-daily
SSM on bare soil evaporation and transpiration; 2) sub-daily VOD
on transpiration; and 3) sub-daily WDCS on interception loss.
Results demonstrate that prospective sub-daily microwave data can
substantially improve E estimates and its components, showing
average relative improvements in terms of ARMSE of up to 25%
for interception loss when assimilating sub-daily WDCS, and up
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to 33% for transpiration when using sub-daily VOD. Our results
highlight the need for satellite missions that provide sub-daily
microwave data to better understand forest responses to environ-
mental stress.

Index Terms—Microwave remote sensing, synthetic sub-daily
observations, terrestrial evaporation.

I. INTRODUCTION

ERRESTRIAL evaporation (F), i.e., the loss of water
T vapor from land to the atmosphere, is a key variable of
the climate system that links the water, energy, and carbon
cycles [1]. Despite the fact that around two-thirds of the pre-
cipitation over land is evaporated back into the atmosphere [2],
FE remains the most uncertain global water flux [3], especially
in terms of the partitioning into its different components (i.e.,
bare soil evaporation Fj,, transpiration Fi, interception loss
FE;, open-water evaporation F,, and sublimation Ey) [4], [S].
With rising temperatures and changing vegetation and water
availability patterns due to climate change, changes in E trends
are expected, albeit with strong regional differences [6], [7],
[8]. On average, global F has been increasing in recent decades
due to a combination of warming and greening [6], [8], [9],
[10], [11], and these trends are expected to continue into the
future, fostering the intensification of the global hydrological
cycle [8], [12], [13]. Changes in E can have far-reaching im-
pacts on agriculture and water management [14], [15], and
they can also influence the occurrence of hydro-climatic ex-
treme events (such as droughts, floods, and heatwaves) through
land—atmosphere feedbacks [16]. However, the magnitude of
global F, its regional trends, and short-term variability remain
uncertain, and thus their implications for water management,
forest health, agriculture, and climate [16], [17], [18]. Forest
ecosystems require particular attention in this regard. They play
a dominant role in regulating surface energy and water fluxes,
intensifying or dampening warming depending on the forest type
and background climate, and contributing substantially to the
global water and carbon cycles [19]. In Europe, forests cover
large fractions of the landscape and exert a strong control on
regional E patterns, making accurate estimation of £ and its
different components essential.

Despite its importance, estimating E over large forests is
challenging, since it cannot be observed directly by satellite
sensors [17], [20]. Different statistical and process-based mod-
els have been proposed in recent decades to estimate E' by
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combining remotely observable variables related to this flux
of water [21], [22]. Furthermore, satellite-based E retrieval
estimates remain highly uncertain. Most approaches rely on
optical and thermal data, from e.g., ECOSTRESS [23] or Sen-
tinel 2/3 [24], resulting in noncontinuous F records due to
cloud cover. In addition, thermal data are mostly sensitive to
temperature, rather than actual soil moisture, even though the
latter is a key driving factor for E [25]. While recent studies
have demonstrated the potential of high spatial resolution opti-
cal sensors to retrieve canopy water content (e.g., [26]), these
approaches remain constrained by their limited temporal revisit,
often several days, and by their strong dependence on cloud-free
conditions, which reduces the continuity and reliability of the
retrieved products. Moreover, E; cannot be derived from thermal
and optical data, since it occurs mostly at times of cloud cover.
Therefore, while future missions like Land Surface Temper-
ature Monitoring (LSTM) [27] and Thermal infraRed Imag-
ing Satellite for High-resolution Natural resource Assessment
(TRISHNA) [28], or existing CubeSat constellations [29], hold
great potential to estimate F at high spatial resolutions, they still
present challenges in terms of temporal resolution, coverage,
continuity, sensitivity to drivers like soil moisture, or capacity
to derive Ej.

In contrast to thermal and optical retrievals, microwave re-
trievals are not dependent on cloud-free conditions and can
be used to generate continuous records. Moreover, microwave
observations are directly sensitive to changes in soil moisture,
internal vegetation water content, and the water content present
on vegetated surfaces due to dew and precipitation (or irriga-
tion) [30], [31], [32]. Process-based prognostic models making
use of microwave data have been developed in recent years.
For instance, Purdy et al. [33] assimilated Soil Moisture Active
Passive (SMAP) data to improve E estimates based on the
Priestley—Taylor Jet Propulsion Laboratory (PT-JPL) model.
The Penman—Monteith—Leuning (PML) model used precipita-
tion data, partly based on passive microwave observations, to
estimate I [6]. Likewise, the High resOlution Land Atmosphere
Parameters from Space (HOLAPS) framework used passive
microwave-based precipitation to compute a soil water balance
and FE; [34]. However, the reliance on microwave data is the
largest in the case of the Global Land Evaporation Amsterdam
Model (GLEAM) [35], which leverages microwave observations
of surface soil moisture (SSM), vegetation optical depth (VOD),
and precipitation, which are used as forcings to estimate .
The main limitation of the most common sources of microwave
observations, i.e., radiometry and scatterometry, is their rela-
tively low spatial resolution (several kilometers), insufficient to
meet I data requirements for local-scale water management,
agriculture, ecosystem monitoring, and weather prediction [17].
As an alternative, Synthetic Aperture Radar (SAR) microwave
data can be used to overcome the spatial resolution issues of
radiometers and scatterometers. In fact, Rains et al. [36] recently
illustrated the potential of assimilating backscatter observations
from Sentinel-1 into GLEAM to improve modeled soil moisture,
while Martens et al. [37] tested the applicability of GLEAM at
fine spatial resolutions.

In addition to high spatial resolutions, high temporal resolu-
tions are also relevant for 2 monitoring over forests. Several
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studies (e.g., [38], [39], [40]) have shown that E exhibits a
pronounced diurnal hysteresis, with higher F rates during the
morning compared to the afternoon, especially in dry conditions.
This hysteresis arises from the nonlinear dynamics of water
transport within the soil-plant—atmosphere continuum through-
out the day. E; occurs primarily during the diurnal opening of
stomata to carry out photosynthesis, decreasing the leaf water
potential, which makes water move from the soil through the
plant water column to the leaves. This moisture redistribution is
a highly nonlinear process and shows a strong daily cycle, with
increasing atmospheric water demand during the day, leading
to enhanced Ey, and recharge of water from the soil during
the night. To realistically represent this natural variability of
E, there is a need to monitor how vegetation responds to
diverse sources of stress at sub-daily scales [17]. Moreover, fine
temporal resolutions are also needed for E;, which shows a high
intraday variability, mainly concentrated during precipitation
events and shortly after. Sub-daily microwave observations are
highly sensitive to canopy surface wetness, as demonstrated
by Vermunt et al. [31], enabling the detection of F; at fine
temporal scales. Having observations distributed throughout the
day would allow for more accurate modeling of E; by better
constraining canopy drying time, storage capacity, and the filling
and draining dynamics [7], [41].

Despite natural E processes occurring at sub-daily time
scales, I¥ remote sensing has typically focused on daily to annual
scales, restricted by the availability of satellite observations.
This limitation extends to current and prospective SAR mis-
sions, such as Sentinel-1, the Argentinean Satélite Argentino
de Observacion COn Microondas (SAOCOM), NASA-ISRO
SAR (NISAR), and Radar Observing System for Europe in
L-band (ROSE-L), which provide only one snapshot every few
days. Although most satellites are in sun-synchronous orbit, and
their ascending and descending overpasses sample at different
particular times of day, these acquisitions do not occur within the
same day at a given location, resulting in irregular and infrequent
sampling that is insufficient to accurately represent sub-daily
dynamics. In this regard, sub-daily radar observations would
provide a means to inform about the redistribution of moisture
within the soil-plant—atmosphere continuum during the day,
and as such enable an accurate estimation of E} and FEj, while
providing all-skies E retrievals [31], [42], [43], [44], [45], [46].

The research presented here has been performed to support
the development of the Sub-daily Land Atmosphere INTErac-
tions (SLAINTE) mission idea. SLAINTE is a European Space
Agency (ESA) New Earth Observation Mission Idea (NEOMI)
concept aiming to fill a critical observation gap by focusing on
the fast dynamics of water status in the soil-plant—atmosphere
continuum [47]. SLAINTE foresees a constellation of at least
three Low Earth Orbit monostatic L-band SARs, providing
observations separated by 6 hours and a repeat cycle of 3
days [48]. One of the objectives of SLAINTE is to improve the
process understanding of F and its different components, and to
reduce uncertainties in their estimates. Specifically, 1) sub-daily
retrievals of SSM can be used to improve the estimation of Fj,
and Ey, 2) sub-daily retrievals of VOD can be used to improve E,
estimates, and 3) sub-daily binary retrievals of canopy wetness
state, i.e., wet/dry canopy state (WDCS), can inform about the
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canopy drying time and canopy storage capacity, and therefore
improve Ej estimates. The availability of sub-daily data would
pave the way toward more proactive management in hydrology,
forestry, agriculture, and climate science.

To study the potential of sub-daily SLAINTE-like observa-
tions for improving E estimates, synthetic microwave obser-
vations are employed in so-called observing system simulation
experiments (OSSEs) [49], [50]. OSSEs are typically used to test
the potential impact of prospective observations by assimilating
synthetic, rather than real, observations into a model. These
synthetic observations are simulated from a realistic nature run
(NR), representing the “true” state [50]. A simulation study
by Holtzman et al. [51] used an OSSE set-up to quantify the
potential utility of different observation temporal frequencies
of passive microwave sensors in constraining plant hydraulics
in a land surface model to improve plant water potential, soil
moisture, F/, and gross primary productivity estimates. The
results highlighted the added value of observing four times a
day, compared to twice a day, to better capture diurnal fluctua-
tions in plant water potential and corresponding fluxes. In this
manuscript, we implement a total of three experiments using
a sub-daily implementation of GLEAM to assimilate synthetic
observations of sub-daily SSM, sub-daily VOD, and sub-daily
information about the presence of water on the vegetation
canopy (i.e., WDCS). Forecast results of the experimental as-
similation runs are compared to a control run (CR), which repre-
sents the current state-of-the-art in global £ modeling. Because
this run reflects what is presently available for operational £
modeling, CR provides a realistic baseline against which the
added value of assimilating sub-daily SAR observations can be
assessed.

The aim of this study is to determine the degree to which sub-
daily SAR observations (such as those proposed by SLAINTE)
have the potential to improve the accuracy of E and its different
components in forested ecosystems. An OSSE is designed to
investigate the potential impact of sub-daily SAR observations
on E estimates at four forest study sites in Europe, by means
of a twin experiment, in which the simulation results after
assimilating the synthetic sub-daily microwave observations
are compared with the simulated synthetic truth across various
temporal observation frequencies. Thus, the focus of this study is
to assess the relative improvement obtained when assimilating
these synthetic sub-daily observations compared to a baseline
representing the current state-of-the-art in £ modeling, rather
than fine-tuning or optimizing the performance of the sub-daily
FE model itself.

The remainder of this article is organized as follows. Section IT
describes the £/ model (GLEAM) used in the experimental setup,
including both the default (daily) setting and modified (sub-
daily) settings. In Section III, an overview is given about the
experimental set-up, including a description of the study sites,
forcing data to the &/ model, and a detailed outline of the OSSE-
based system set-up. Results of the experiments are listed in
Section IV for first the validation of NR and CR and then the
impact of assimilating sub-daily SSM, sub-daily VOD, and a
sub-daily WDCS, and their combined impact on E' modeling.
The findings of this study are discussed in Section V. Finally,
Section VI concludes this article.
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II. MODEL

GLEAM, originally developed by Miralles et al. [35], is used
toestimate E and its main components (E}, Ey, E;, g, and EY;).
GLEAM is a state-of-the-art remote sensing-based &2 model that
offers advantages over other £ models, including the use of
microwave remote sensing observations of soil moisture and
VOD, which enables the computation of E to all skies. For this
study, a recent version of the model, i.e., GLEAM-Hydro [52],
is adapted to work at sub-daily (3-hourly) resolution, and the
model experiments are executed at four forest study sites (see
Section III-A).

A. Default Settings — GLEAM-Hydro

GLEAM-Hydro builds upon GLEAM version 3 [55], adapting
it to account for plant access to groundwater, and thus provid-
ing a more realistic process representation of ' under water-
limited conditions [52]. GLEAM-Hydro, like previous versions
of GLEAM, computes E estimates at daily time steps. First,
potential evaporation is computed by employing a Priestley and
Taylor equation [56], utilizing temperature and radiation data.
Actual E; and actual F}, are derived by constraining potential
evaporation estimates with an empirical stress factor (.5), which
is a function of soil and vegetation water content, the latter
accounted for by VOD. Ej is computed independently based on
Gash’s analytical model [35]. For E and Ey,, the model assumes
potential rates parameterized specifically for these land covers.
The sum of these components (i.e., Fy, Ey,, Ei, Es, and E,)
yields E.

The soil water balance module that is implemented in
GLEAM-Hydro consists of a three-layer bucket and relies on ob-
served precipitation. A fourth layer, i.e., a linear reservoir model,
is used to represent groundwater. An E} partitioning approach
was introduced to estimate groundwater-sourced evaporation to
realistically represent E under water-limited conditions. The
soil module assimilates SSM, brightness temperature, and/or
backscatter observations to enhance the representation of root-
zone soil moisture (RZSM) [36], [55], [57]. In the case of bare
soils, SSM is the only variable that determines .S used to limit
I below its potential. For vegetated areas, RZSM is empirically
combined with VOD to determine the transpiration stress. A full
description GLEAM-Hydro can be found in Hulsman et al. [52]
and Martens et al. [55].

B. Sub-Daily Modified Settings

To assess the potential of sub-daily microwave observations
for estimating ¥, GLEAM-Hydro is modified to work at sub-
daily (3-hourly) resolution (hereafter referred to as sub-daily
GLEAM). A schematic representation of the sub-daily £ model
is provided in Fig. 1(a). This adaptation involves adjusting the
data assimilation routine to allow for the use of sub-daily forcing
data, and the inclusion of synthetic observations of sub-daily
SSM, WDCS, and VOD (see Section III-B for more details).
Static model parameters are adapted to the sub-daily scale when
required. In addition, the original E; scheme is replaced by a
model that allows the estimation of Ej; at sub-daily time steps
for both tall and short vegetation. This sub-daily E; model
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Schematics of the sub-daily version of GLEAM. (a) General model structure to estimate E, Ex, Ey,, Ey, Es, and Ej;. Sub-daily inputs include precipitation

(P), photosynthetically active radiation (fPAR), leaf area index (LAI), near-surface net radiation (R, ), air temperature (7,), VOD, and snow water equivalent
(SWE). Sub-daily SSM and binary WDCS observations can be assimilated. RZSM is calculated in the soil water module and used to determine the evaporative
stress (.5). (b) The adapted Rutter’s conceptual interception model [53], [54], with ¢ the vegetation cover, P the precipitation, C', the vegetation water storage, Sy,
the vegetation storage capacity, D the drainage of water, ¢ the drip factor, . the wet canopy evaporation rate, and [ the interception loss.

is an extension of the recent £; model presented by Zhong
et al. [58], adapted following a Rutter approach [53], [54] to
make it applicable at sub-daily scales. This sub-daily E; scheme
tracks the water storage on the canopy and stems per time
step, by calculating a running mass balance considering rainfall,
throughfall, evaporation, and changes in the canopy storage,
whereby the final output is the evaporation from wet vegetated
surfaces, i.e., F;.

Fig. 1(b) provides a graphical overview of the sub-daily E;
model with ¢ the vegetation cover fraction, cP representing
the precipitation falling on the vegetation, C, the vegetation
water storage, S, the vegetation storage capacity, D the drainage
of water, and E. the wet canopy evaporation rate. In addition
to the original Rutter model [53], [54], a drip component is
included to account for water dripping from the canopy before
saturation is reached (drip = ¢ * C',, with drip factor ¢ = 0.3).
This value was found to produce realistic daily interception
amounts that compare well with alternative interception models,
such as Zhong et al. [58]. The vegetation water storage (C\)
can be further constrained through the assimilation of potential
sub-daily WDCS observations, providing additional information
on canopy wetness dynamics. The interception model is driven
by satellite-observed vegetation dynamics, potential evapora-
tion, and precipitation. To parameterize this Rutter-based model,
we use leaf and stem storage capacity estimates reported by
Zhong et al. [58], who derived these parameters from an ex-
tensive global compilation of field campaigns covering a wide
range of plant functional types. By linking these field-based
values to the MODerate-resolution Imaging Spectroradiome-
ter (MODIS) land cover product following the International
Geosphere-Biosphere Programme (IGBP) classification, Zhong
et al. [58] generated a global gridded dataset of canopy storage
capacities. For each forest study site, we extract the correspond-
ing grid cell and use its associated vegetation parameters to
estimate F;.

III. EXPERIMENTAL SET-UP

A. Study Sites

To assess the impact of sub-daily microwave observations in
estimating F/, assimilation experiments are conducted at four
eddy-covariance forest sites. The selection of these sites aims to
span various climatic regimes and forest types within Europe.
The geographical location of the forest sites, along with some
graphics of the measurement tower and forest types, is depicted
in Fig. 2. This selection comprises the following.

1) Hainich (DE-Hai): The site is located in the Hainich
National Park in Thuringia, Germany, and is surrounded
by an old-growth mixed deciduous broadleaf forest. The
forest exhibits characteristics of an unmanaged, uneven-
aged (with a maximum tree age of around 265 years), and
structurally diverse forest [59]. The climate at the study
site is classified as humid continental with warm summers.
Mean annual temperature is 8.34 °C, and mean annual
precipitation is 744 mm (source: ICOS [60], FLUXNET
[61]). The data record length spans from January 2010 to
December 2020.

2) Majadas del Tiétar North (ES-LM1): The site is located
in a holm oak grove ecosystem in Las Majadas de Tiétar,
Caceres (Spain). The tree canopy coverage at the sites is
~20% and traditional woodland grazing takes place regu-
larly. The climate is continental Mediterranean with mild
winters, with mean annual temperature of 17.2 °C, and
mean annual precipitation of 670 mm (source: ICOS [60]).
The data record spans from January 2014 to December
2020.

3) Puéchabon (FR-Pue): The site is located in 1’Hérault,
southern France. The main ecosystem is evergreen
broadleaf forest, dominated by dense woody vegetation
with percent cover >60% and mean tree height of
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Fig. 2.

5.5 m [62]. The Puéchabon forest has a Mediterranean-
type climate, with mean annual temperature of 13.5 °C
and mean annual precipitation of 883 mm (source: ICOS
[60], FLUXNET [61]). The data record length of this site
spans from January 2010 to December 2014.

4) Svartberget (SE-Svb): The site is located northwest of
the city Umea (Sweden). The ecosystem is an evergreen
needleleaf forest, and the landscape of the site is char-
acterized by ridges, valleys, and lakes stretching from
northwest to southeast. The station is located within the
Svartberget experimental forest. It is characterized by a
subarctic climate regime, with mean annual temperature of
1.8 °C and mean annual precipitation of 614 mm (source:
ICOS [60]). The data record length of this site spans from
January 2014 to December 2020.

B. Data

Table I lists all data products used in the computation of sub-
daily GLEAM to perform the experiments. Data products are
rescaled to a resolution of 0.1° or 0.25° by means of bilinear
interpolation, depending on the experiment type (see Table II).

1) Meteorological Forcing: In situ measurements of precip-
itation, air temperature, and near-surface radiation fluxes mea-
sured at eddy-covariance towers of the FLUXNET2015 [61]
and the ICOS [60] network are used as meteorological forcing

Geographical location of the four eddy-covariance forest sites spread across Europe. Source: ICOS [60] and FLUXNET [61].

TABLE I
OVERVIEW OF FORCING VARIABLES AND CORRESPONDING DATASETS USED IN
THE COMPUTATION OF SUB-DAILY GLEAM, WITH THEIR ORIGINAL
TEMPORAL AND SPATIAL RESOLUTION

Forcing variables Dataset Resolution
“Nature run
Precipitation FLUXNET2015 & ICOS 3h; site
Air temperature  FLUXNET2015 & ICOS 3h; site
Radiation FLUXNET2015 & ICOS 3h; site
Experiments
Precipitation ERAS 1h; 0.25°
Air temperature  ERAS 1h; 0.25°
Radiation ERAS 1h; 0.25°
fPAR MODIS MCDI15A3H v6 4d; 500m
LAI MODIS MCDI15A3H v6 4d; 500m
VvOD VODCA Daily; 0.25°
Vegetation fractions ~ MEaSUREs VCFS5KYR_001  Yearly; 0.05°
MOD44B v6.1 Yearly; 250m
SWE GLOBSNOW v3 Daily; 0.25°
Soil properties HiHydroSoil v2 250m
IGBP-DIS 0.25°

variables in NR, to represent “true” E at the study-sites (see
Section III-C). The meteorological variables are measured at
the four forest eddy-covariance sites listed in Section III-A.
For the OSSEs, ERAS5 meteorological data [63] are used as
forcing, assuming a higher uncertainty compared to in situ
measurements. In addition, latent heat flux measured at the
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TABLE IT
I EXPERIMENTS
VOD
Code Experiment description SSM WDCS sub- Forcing Data
DA DA .
daily
Re | . [ P [swe]| ve | sp
Nature run to yield synthetic truth and pseudo-observations (E, Ej,
NR E¢, Ey, SSM and WDCS) X X v ¢ || 0o 0® o o
CR Control run to bem':hmark experiments, representing state-of-the-art x x x PY P PY P P PY
in global E modeling
| sM3-sM24 | Assimilation of SSM every 3h, 6h, 9h. 12h, 24h | v [ x | x [e|]e[e[e][e ] e|
\ V3-V12 | VOD observation every 3h, 6h, 9h, 12h | x [ x | v [e|]e[e[e][e ] e|
| WD3-WD24 | Assimilation of WDCS every 3h, 6h, 9h, 12h, 24h | x [ v | x [e|]e [ e[e][e ] e |
‘ ALL3-ALL24 ‘ Use of all SAR observations at 3h, 6h, 9h, 12h and 24h frequency ‘ v ‘ v ‘ v ‘ [ ] ‘ [ ] ‘ [} ‘ [ ] ‘ [ ] ‘ [} ‘

Gray dots indicate the use of in situ data measured at forest eddy-covariance sites of net radiation (Ry), air temperature (7a), and precipitation (P). Black dots indicate the use of ERAS forcing (0.25%). For vegetation cover (VC)
and soil properties (SP), red dots indicate the use of MODIS/MEaSUREs, and HiHydroSoil v2 data at high resolution (0.10°and 250 m, respectively). Blue dots indicate satellite data of SWE (GLOBSNOW) and V'C

(MODIS/MEaSURES) at coarse (0.25°) resolution, and SP data from IGBP-DIS also at that resolution.

eddy-covariance sites is used as starting point to validate the
model (i.e., sub-daily GLEAM). The original temporal and
spatial resolution of these forcing data are listed in Table L
All meteorological forcing variables are rescaled to a common
3-hourly resolution, using interval means for all variables except
rainfall, for which 3-hourly totals are computed.

2) Land Properties: For the required variables that are not
locally measured at the study sites, satellite products are se-
lected; this includes snow water equivalent (SWE), VOD, soil
properties (i.e., porosity, field capacity, wilting point, residual,
and critical soil moisture), and land cover fractions. GLOB-
SNOW data [64] are used as a proxy for daily SWE estimates
at the study sites, at 0.25° resolution. VOD is acquired from the
global long-term microwave Vegetation Optical Depth Climate
Archive (VODCA) [65], providing daily VOD time series at
0.25° resolution. Soil properties are based on the dataset HiHy-
drosoil version 2 [66] for NR, while for the OSSEs a coarser
product is used, i.e., Global Gridded Surfaces of Selected Soil
Characteristics dataset developed by the Global Soil Data Task
Group of the International Geosphere-Biosphere Programme
Data and Information System (IGBP-DIS) [67].

Land cover fractions are derived from MOD44B version
6 Vegetation Continuous Fields (VCF) [68] and the Making
Earth System data records for Use in Research Environments
(MEaSUREs) [69] on an annual basis. A cumulative density
function matching approach is applied, which removes system-
atic differences between the two datasets, and yields a merged
consistent data series spanning the full length of the investigation
period (see Zhong et al. [58] for a detailed description of the
data processing). Both products provide the percentage of each
grid cell covered with tall vegetation, short vegetation, and
bare ground. Moreover, for the computation of tall and short
vegetation fractions in sub-daily GLEAM, satellite-observed
vegetation dynamics are taken into account, as was done by
Zhong et al. [58]. In this regard, daily fractions of absorbed
photosynthetically active radiation (fPAR) are used to inform
about canopy structure and density, which enables the calcula-
tion of intra-annual dynamics in vegetation cover fractions [58].
This allows us to formulate FE; for tall and short vegetation
separately. In the new FE; model, based on Zhong et al. [58],

the vegetation storage capacity is assumed to be linearly related
to leaf area index (LAI), offering insight into the influence
of seasonal phenological changes on Fj;. Both fPAR and LAI
data are taken from MODIS product MCD15A3H v6 [70]. The
original products are rescaled to 0.1° resolution for both tall and
short vegetation, and the original 4-day resolution is temporally
smoothed to reproduce a daily time series of vegetation cover
fractions. Because GLEAM estimates E independently for tall
and short vegetation cover fractions, it is essential to represent
vegetation parameters (LAI and fPAR) accurately for these two
classes. To achieve this, Zhong et al. [58] derived separate
vegetation parameter datasets for tall and short vegetation by
identifying the purest tall- and short-vegetation pixels within
a 0.1° search radius and extracting their respective LAI and
fPAR values. Despite resulting in forcing data at coarser nominal
resolution, this approach allows GLEAM to better capture the
physical processes associated with each vegetation type. The
bare soil vegetation fraction is then calculated as the residual
fraction of the pixel.

3) Synthetic Sub-Daily Microwave Observations: Although
current sun-synchronous microwave sensors provide acquisi-
tions at two particular times of the day via ascending and
descending overpasses, no truly sub-daily observations of SSM,
VOD, or WDCS are available to date because they revisit each
location only every few days. Therefore, synthetic (yet real-
istic) observations are used in the experiments for this study.
To synthetically generate sub-daily (3-hourly) time series of
VOD, in situ latent heat flux time series are first normalized,
inverted, and then scaled towards the daily VODCA time series,
whereby a standard deviation of 20% was assumed to represent
the diurnal cycle [71]. This approach is supported by stud-
ies showing strong relationships between VOD derived from
satellites on the landscape-scale and hydraulic metrics on the
plant-scale, such as the leaf water potential [30], [72], as well as
by evidence that VOD exhibits a diurnal cycle consistent with
the dynamics of the leaf and stem water potential under constant
biomass conditions [71]. Together, these findings justify our
assumption of an anticorrelation between VOD and latent heat
flux when constructing synthetic sub-daily VOD series. As an
illustration, Fig. 3 represents the average diurnal VOD cycle for
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Fig. 3. Diurnal variations of synthetic sub-daily VOD time series (solid line
represents the mean, the gray area represents the standard deviation) for the
Hainich site in Germany in winter (DJF), spring (MAM), summer (JJA) and fall
(SON). The timing of the day is reported in UTC units.

DE-Hai (Germany) over the different seasons. These sub-daily
synthetic VOD time series are used in the computation of NR,
VOD experiments (V3-V12), and the combined experiments
(ALL3-ALL24) (see Table II). For all other experiments, a
constant daily VOD value, derived from the VODCA time series
is used, at 0.25° resolution.

NR, forced with in situ measured meteorological data, pro-
vides a time series of pseudo-observations of SSM at sub-daily
resolution (3-hourly). These time series are then perturbed by
adding random white noise from a normal distribution with mean
0 and standard deviation of 4 vol%. This noise level represents
the threshold measurement uncertainty for SSM retrievals ac-
cording to GCOS [73]. These synthetic SSM time series are
then used in the SSM assimilation experiments (SM3-SM24)
and in the combined experiments (ALL3-ALL24) to check the
impact of assimilating prospective sub-daily microwave SSM
retrievals for the estimation of E, see Section I1I-C for a detailed
description of the assimilation set-up. In addition, a 3-hourly
synthetic binary wet/dry canopy mask is defined, based on the
time series of simulated F; from NR. These synthetic WDCS
time series reflect whether the canopy is wet or dry at a specific
time step, providing a constraint for estimating F;. The mask
takes a value of 0 during time steps when no F; is simulated,
and storage capacity S, when Ej; occurs. Since no observations
of leaf water content are available at the sites, S, is assumed
to represent a wet canopy in the OSSE set-up. As microwave
backscatter is sensitive to water content on the surface of the
vegetation canopy, future research should focus on assimilating
radar surface canopy water content estimates, in order to more
accurately represent the short-term dynamics in Ej.

C. OSSE System Set-Up

In this study, 21 E experiments are conducted, including NR,
CR, and four sets of assimilation runs. NR generates a “synthetic
truth” and provides sub-daily pseudo-observations that mimic
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potential radar measurements. These pseudo-observations are
later used in the assimilation runs to simulate the process of
incorporating sub-daily radar observations into the £ model.
CR represents a traditional model run, which excludes these
sub-daily radar observations and serves as a benchmark for the
assimilation experiments. The assimilation runs use the pseudo-
observations from NR to test the impact of prospective sub-daily
radar observations on F modeling, comparing these results to
the baseline performance of CR. The experiments aim to explore
1) the assimilation of sub-daily SSM to improve the estimation
of E; and F}, (SM3-SM24), 2) the use of sub-daily VOD for
FE; modeling (V3-V12), and 3) the use of a wet/dry canopy
mask as a constraint for F; estimates (WD3-WD24). Moreover,
a set of experiments combining the previous ones is executed
(ALL3-ALL24). A summary of the experiments is provided in
Table II, along with specificities about the experimental set-up
and forcing data used in the experiments. The results of these ex-
periments could serve as a basis for the determination of Level 2
SAR product accuracy requirements of future satellite missions
studying short-term vegetation dynamics, like SLAINTE.

In NR, sub-daily GLEAM is executed with in situ mea-
sured forcing data at 3-hourly resolution, along with coarse-
resolution (0.25°) SWE, high-resolution (0.1°) vegetation cover
(MODIS/MEaSURESs) and high-resolution (250 m) soil prop-
erties (HiHydroSoil v2), and with the SSM and WDCS data
assimilation switched off. NR yields 1) a time series of 3-
hourly E estimates and its different components that can be
contrasted against in situ latent heat flux measurements at the
eddy-covariance sites to evaluate the actual skill of the sub-daily
FE model, 2) simulated SSM pseudo-observation time series that
will be assimilated in further SM experiments, 3) a synthetic
binary wet/dry canopy mask to constrain the wetness state of the
canopy in the WD experiments, and 4) E pseudo-observations
used to evaluate the other experiments, i.e., NR is defined as the
“synthetic truth”.

CR represents the current state-of-the-art in global £ model-
ing. NR and CR use the same model configuration, i.e., sub-daily
GLEAM, making this a twin experiment. Different meteorologi-
cal forcing, and vegetation cover and soil properties are used, i.e.,
high spatial resolution data in NR, compared to coarse spatial
resolution data in CR. In addition, sub-daily variations in VOD
are not taken into account in CR. Instead, a constant daily VOD
value is applied at every study site. In CR, ERAS data at 3-hourly
resolution are used as meteorological forcing, along with coarse-
resolution vegetation data from MODIS/MEaSUREs and soil
properties data from IGBP-DIS, both at 0.25° resolution. Due
to uncertainties in the forcing data of CR, CR is expected to
deviate from both the in situ latent heat flux and the F estimates
obtained in NR. Given this additional uncertainty, CR can be
used to demonstrate the added value of sub-daily SSM, sub-daily
VOD, and the wet/dry canopy mask, derived from prospective
sub-daily SAR data, to increase the accuracy in £ modeling. In
this regard, CR serves as a benchmark for comparing the SM,
V, and WD experiments (see Table II) in terms of increase in
performance against the synthetic truth (NR) for actual F, E},
Eb, and Ei.

A total of 19 additional experiments are designed and ex-
ecuted to assess the impact of sub-daily SAR observations
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of SSM, VOD, and WDCS, on E modeling over a range of
climate regimes. The SM experiments focus on the assimilation
of sub-daily SSM to improve the estimation of F; and E},. Time
series of sub-daily SSM pseudo-observations are obtained from
NR, to which an uncertainty of 4 vol% was added. ERAS data
are used as meteorological forcing and coarse-resolution soil
properties and vegetation cover fractions are employed (0.25°).
A Newtonian nudging algorithm based on SSM anomalies is
used as the data assimilation approach [55], [74]:

wh=w + K (0" —w7) (1)

with w™ the a posteriori SSM state, i.e., after application of
the data assimilation, w™ the a priori SSM state, i.e., before the
data assimilation, K the dimensionless nudging factor (quanti-
fying the impact of the assimilation algorithm), ° the pseudo-
observed SSM anomaly, and w~ the modeled SSM anomaly.
The SSM anomalies represent deviations relative to the monthly
climatology of SSM. The monthly anomaly time series of the
pseudo-observations (including uncertainty) are scaled toward
the modeled SSM anomalies via cumulative density matching
prior to assimilation in order to mitigate biases in the data
assimilation system [55]. To account for sub-daily changes in
the SSM climatology, the scaling of the complete time series is
performed by first stratifying the observations by specific times
of the day, and then individually scaling these to match the
cumulative density function of the simulations corresponding
to the same time of the day. This process is repeated for each
subsequent time point. Once each subset of observations has
been scaled using time-specific cumulative density matching,
the scaled time series are recombined to form the complete,
bias-corrected SSM anomaly time series. The nudging factor K
is determined iteratively, whereby a value of 0.2 is found to give
the best performance (not shown here). By assimilating every 3
(SM3), 6 (SM6), 9 (SM9), 12 (SM12), and 24 (SM24) hours,
the impact of observation temporal frequency of potential future
SAR missions is examined. In SM3, the synthetic observed SSM
is assimilated every 3 hours (12 am, 3 am, 6 am, 9 am, 12 pm,
3 pm, 6 pm, 9 pm UTC), in SM6 every 6 hours (12 am, 6 am,
12 pm, 6 pm UTC), in SM9 every 9 hours (12 am, 9 am, 6 pm,
3 am, 12 pm, 9 pm, 6 am, 3 pm, etc. UTC), in SM12 every 12
hours (12 am, 12 pm UTC), and in SM24 every 24 hours (12 pm
UTO).

The V experiments are designed to explore the value of
sub-daily VOD to enhance FE; estimates. In total, four VOD
experiments are conducted to assess the impact of the tem-
poral resolution of these pseudo-observations. The SSM and
WDCS data assimilation is deactivated for these experiments,
allowing the model to operate in an open-loop configuration.
ERAS data are used as meteorological forcing, together with
coarse-resolution vegetation cover fractions and soil properties
(0.25°). Since VOD is a forcing variable in sub-daily GLEAM,
rather than assimilated (contrary to SSM), a continuous 3-hourly
VOD time series is required. VOD temporal resolutions of 3
(V3), 6 (V6), 9 (V9), and 12 (V12) hours are evaluated. For
coarser resolutions (V6, V9, V12), the VOD value from the
most recent defined timestep is retained until the next defined
timestep, ensuring a continuous 3-hourly time series.

Moreover, as SAR observations can inform about the wetness
state of the canopy, five experiments, focusing on the role of SAR
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observations of WDCS in improving E; estimates (WD), are
conducted. The binary mask is created based on Ej; time series
from NR, taking a value of O during time steps when no Fj is
estimated, and storage capacity Sy when E; takes place. A 5%
misclassification is incorporated in the time series to account
for the accuracy level of the prospective SAR retrievals. This
misclassification involves randomly altering an equal number of
observations from 0 to .S, and from S, to 0. A data assimilation
scheme using this binary mask is then implemented in the
sub-daily E; module to update the canopy storage following
a Newtonian nudging approach:

Cf =05 +K (€7 - () )

where Cf is the a posteriori canopy storage state, i.e., after
application of the data assimilation, C; is the a priori canopy
storage state, i.e., before the data assimilation, and C’g is the
pseudo-observed binary WDCS, taking the value O or storage
capacity S,. A nudging factor K of 0.5 was assumed, and the
assimilation is applied only at times when the mask implies
there is water present on the canopy, but the modeled canopy
storage is zero, or the other way around. The assimilation is
conducted in only these two specific scenarios because the data
assimilation of WDCS concentrates on detecting the presence
or absence of water on the canopy, rather than on quantifying
the exact amount of water present. The observation temporal
frequency of this binary data assimilation system is studied by
assimilating the mask every 3 (WD3), 6 (WD6), 9 (WD9), 12
(WD12), and 24 (WD24) hours. In these WD experiments, sub-
daily GLEAM is forced with ERAS meteorological data, coarse-
resolution (0.25°) soil properties and vegetation cover fractions.
In addition, different misclassification levels are studied, and the
impact of using a nudging factor K of 1 is tested.

Finally, to fully exploit the potential of a sub-daily SAR
satellite constellation, all prospective sub-daily SAR observa-
tions are combined in a final OSSE set (ALL). This includes
the assimilation of sub-daily SSM, the binary assimilation of
sub-daily WDCS, and the use of sub-daily VOD as forcing. This
is performed for different temporal frequencies, i.e., 3 (ALL3), 6
(ALL6), 9 (ALL9), 12 (ALL12) and 24 (ALL24) hours. For this
experiment, ERAS data are used as meteorological forcing, to-
gether with coarse-resolution (0.25°) vegetation cover fractions
and soil properties in the sub-daily £ model.

IV. RESULTS
A. NR and CR Validation

To evaluate the actual skill of the sub-daily E model, the
simulated E estimates from NR should be close to the real
observations of E at the eddy-covariance sites. Therefore, the
NR simulations are first validated against the measured latent
heat flux (converted to E values using the latent heat of va-
porization of water) at the four forest study sites; see Fig. 4.
Results indicate that sub-daily GLEAM is able to capture and
represent the daily cycle of E across all study sites, with better
results obtained in summer (JJA) when maximum £ and its
diurnal amplitude are the highest, with a correlation coefficient
exceeding 0.7 for all sites. The model is performing worse at
FR-Pue in JJA, with a general overestimation, and relatively
high RMSE of 0.247 mm/3 hours. During winter months (DJF),



13780 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 19, 2026
DE-Hai B
0.8 ) -
06 1.0
4 /
> v
2 04 /
m
£ 02 0-5
E
£ 0.0
w
03 R=0.658| 00 R =0.858
e RMSE = 0.056 RMSE =0.152 RMSE = 0.161 e RMSE = 0.084
-0.2 0.0 0.2 0.4 0.6 0.8 0.0 0.5 1.0 0.0 0.5 1.0 1.5 0.0 0.5 1.0
Einsitu [Mmm/3 hours] Einsitu [MmM/3 hours] Einsitu [mm/3 hours] Einsitu [Mmm/3 hours]
ES-LM1 DJF MAM JA SON
- . |1.0 s P
0.8 e
) 15 15
3 0.6 A s e
< P $Red e : .
= 1.0 » ‘*é._, oty 1.0 e s 0.5
g 04 S .
E
< 0.2 0.5 0.5
w
0.0 SR R =0.905 R =0.945 R=0.911 0.0 R=0.916
’ . RMSE =0.067 | 0.0 RMSE =0.142 | 0.0 RMSE =0.121| ™" RMSE = 0.081
0.0 0.2 04 06 0.8 00 05 10 15 0.0 05 1.0 1.5 0.0 0.5 1.0
Einsitu [Mmm/3 hours] Einsitu [Mmm/3 hours] Einsitu [MmmM/3 hours] Einsitu [MmM/3 hours]
FR-Pue DJF MAM JA SON
0.8 .15 .. . . . ]1.5 ,
‘v 0.6 o
=1 1. 1.0 ~
2 1.0
m 04 e .
E -
E. 0.2 0.5 0.5
<
w
0.0 R=0.705| g o R=0787| (g - R =0.707 R=0.735
RMSE =0.078| " | - RMSE =0.176| ~* | 4 RMSE = 0.247 RMSE = 0.137
0.0 02 04 06 0.8 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Einsita [MmM/3 hours] Einsitu [mMmM/3 hours] Einsitu [MM/3 hours] Einsitu [mm/3 hours]
SE-Svb DJF MAM JJA SON
0.4 1.5 L
é : 1.0 0.5
m 0.2 ’ o
€ ,’//
E ; i 0.5 0.5 ¢
£ & o
W0.01 - el .. .
&fo; 2 R=02481 R=0672( o R=0.853 g o R =0.847
< RMSE =0.036 | V- RMSE =0.208| Y- RMSE =0.147 | ™* RMSE =0.073
0.0 0.2 0.4 0.0 0.5 1.0 0.0 0.5 1.0 1.5 0.0 0.5
Einsitu [Mm/3 hours] Einsitu [mMm/3 hours] Einsitu [Mm/3 hours] Einsitu [Mm/3 hours]
e Oam e 3am ¢ 6am 9am ¢ 12pm e 3pm e 6pm e 9pm
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the model overestimates E in the morning (9 am) and noon
(12 pm), except for ES-LM1, where higher values of E are
observed compared to other sites.

Additionally, the skill of CR is evaluated, which is expected to
perform worse than NR when compared to in situ measurements
because of the use of coarser resolution forcing data representing
the benchmark for the assimilation experiments. Fig. 5 shows
the Pearson correlation coefficient (left) and RMSE (right) for
NR and CR compared to in situ £ observations, at the four
forest study sites. In terms of correlation, the performance of
NR and CR is similar, with higher correlation for NR observed
for DE-Hai and ES-LM1, and lower correlation for FR-Pue and
SE-Svb. For RMSE, the difference in performance is more clear
with higher RMSE for CR compared to NR, illustrating that CR
is performing overall worse than NR. Furthermore, CR is evalu-
ated against NR in terms of Nash-Sutcliffe Efficiency (NSE) (not
shown here). The lowest NSE is observed for FR-Pue, with an
NSE value of 0.04, followed by SE-Svb (0.54), ES-LM1 (0.70),
and the highest NSE is found for DE-Hai (0.74), illustrating
a good skill of the CR model set-up. Consequently, CR can
serve as a benchmark to evaluate the potential of sub-daily
SAR (pseudo-)observations to bring CR closer to the synthetic
truth represented by NR. This is explored in further experiments
whose results are reported in the following sections.

B. Sub-Daily SSM

Fig. 6 summarizes Taylor diagrams of the SM, V, and WD
experiments (see Section III). The colors correspond to the
different sites, as shown in Fig. 2, and the shape of the points
indicates the temporal frequency. The radial distance from the
origin represents the normalized standard deviation. The cor-
relation coefficient is indicated by the azimuthal angle, and
normalized RMSE is indicated by the radial lines. Overall, better
performance is indicated by a shorter distance to the red star,
i.e., reference point, that marks the synthetic truth coming from
NR. The top row shows summary results of the influence of
assimilating sub-daily SSM with different temporal resolutions.
Results are presented for SSM and E. The Taylor diagrams
reveal that assimilating synthetic sub-daily SSM slightly im-
proves SSM estimates in SE-Svb and FR-Pue, mainly in terms
of reduction in normalized standard deviation. Only a limited
impact is observed in DE-Hai and ES-LM1. There is no visible
impact on the E estimates, and this applies to all sites. In
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addition to the Taylor diagrams, which provide an overall assess-
ment of performance across all sites and temporal frequencies,
Fig. 7 presents the percentage improvement of each experiment
relative to CR, i.e., the baseline state-of-the-art in £ modeling,
expressed as ARMSE (%). Here, ARMSE is computed as

RMSEcg — RMSE.y

ARMSE =
RMSEcr

3

with RMSEcr the RMSE of CR against NR, and RMSE.y,
the RMSE of each experiment against NR. To highlight sea-
sonal differences, three temporal subsets are considered: all
days of the year (ALL YEAR), the winter months December—
January—February (DJF), and the summer months July—August—
September (JJA). Only limited improvements in SSM are ob-
tained for the SM experiments when all days of the year are
considered, with ARMSE values up to 4%. The largest relative
improvement is found at DE-Hai during summer, particularly
when assimilating observations at a 3-hourly resolution, al-
though the overall improvement remains modest (up to 9.32%).
Negative ARMSE values are observed for SE-Svb in winter, and
for ES-LM in both winter and summer. Regarding the impact on
total £/, the SM experiments generally lead to negative ARMSE
values, with the strongest degradations occurring at ES-LMI1,
especially during summer.

C. Sub-Daily VOD

The V experiments indicate that, when available at sub-daily
resolutions, VOD is an effective constraint for plant water stress
that can substantially improve F; and F estimates (Fig. 6, middle
row). The daily constraint, represented by CR, is noticeably less
valuable compared to sub-daily constraints. The availability of
VOD data twice a day (V12) can already improve the skill of
the E model. As the temporal resolution increases, the modeling
results improve, especially in terms of a decrease in normalized
RMSE and normalized standard deviation. Overall, good results
are obtained with a temporal resolution of 6 hours at 6 am, 12 pm,
6 pm, and 12 am (V6), including the midday peak of water
stress. The ARMSE in Fig. 7 for E; highlights the importance
of having VOD observations available around midday, when
plant water stress is highest and F reaches its maximum. When
all days of the year are considered, implementing VOD twice per
day (V12), including midday, leads to substantial improvements,
with ARMSE values of 17%, 32%, 31%, and 28% for DE-Hai,
ES-LM1, FR-Pue, and SE-Svb, respectively. Increasing the tem-
poral resolution to V6 further enhances performance at most
sites, except for DE-Hai, where improvements remain similar
to V12. At the highest temporal resolution (V3), performance
decreases relative to V12 and V6 for DE-Hai and ES-LM1, but
continues to increase for FR-Pue and SE-Svb. Seasonal results
show that the benefit of using sub-daily VOD varies across
sites: FR-Pue consistently benefits throughout the year, DE-Hai
and ES-LM1 show the largest gains in winter, while SE-Svb
exhibits the strongest improvements in summer. Given the strong
influence of E on total £ in forests, similar patterns in ARMSE
are observed when evaluating the impact on overall .
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Fig. 7. Relative improvement in model performance of the sub-daily experiments compared to CR, expressed as ARMSE (%), for three temporal subsets: all
days of the year (ALL YEAR; left column), winter months December—January—February (DJF; middle column), summer months July—August-September (JJA;
right column). The top figures (SM) indicate the influence of assimilating SSM with different temporal resolutions on sub-daily GLEAM SSM and E. The middle
figures (V) show the result of using VOD with different temporal resolutions and the influence it has on E and E. The influence of constraining the canopy
storage with WDCS observations is shown on the bottom (WD), both for E; as well as . Blue-toned colors represent an increase in model performance (positive
ARMSE), and red-toned colors represent a decrease in model performance (negative ARMSE).
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for the period 17 March 2017 until 25 March 2017 for NR, CR, and WD3.

D. Sub-Daily WDCS

To illustrate the impact of the data assimilation system with
binary WDCS (pseudo-)observations, time series of F; estimates
are shown in Fig. 8 for NR, CR, and WD3 for the site DE-Hai,
as an example. On March 17, no Fj is simulated by NR, while
for CR, E; estimates up to 0.05 mm/3 hours occur. In the WD3
experiment, the impact of the binary mask results in a reduction
of the Fj; estimates, as a result of assimilating a dry canopy state
during this day. On the other hand, in the afternoon and evening
of March 20, CR simulates no F;, while NR does. In this case, the
canopy storage is updated in WD3 by assimilating a wet canopy
observation (interpreted as saturated canopy storage), implying
there is water available on the canopy that can evaporate. At
times when both CR and NR simulate F;, no data assimilation
is applied, resulting in the same FE; estimates for CR and WD3
(e.g., on March 18). Likewise, at times when no Ej is simulated
in NR and CR, no data assimilation is applied in WD3 implying
that there is no F; simulated (e.g. afternoon/evening on March
24), unless adjusted based on the introduced misclassification.
Overall, the time series indicate that the binary WDCS mask is a
useful constraint to improve F; estimates in sub-daily GLEAM,
whereby the focus is on the detection of Ej events, rather than
on the exact amount of water that is intercepted. As this research
study is the first one assessing the potential of SAR observations
to constrain E; estimates, further research is needed to develop
retrieval algorithms for WDCS observations from microwave
data. However, this is beyond the scope of this study.

Fig. 9 illustrates the impact of the nudging factor used in the
data assimilation of binary WDCS observations and the effect
of different detection accuracy levels in this binary time series
(no, 5%, 10%, 20%, and 40% misclassification). The left Taylor
diagram shows the result for a nudging factor of 0.5 and the
right one for a nudging factor of 1. The best assimilation results,
mainly in terms of highest correlation and lowest normalized
RMSE, are obtained when a nudging factor of 1 is applied and
no misclassification is introduced in the observation time series
(corresponding with a perfect accuracy of the satellite product).
When a perfect accuracy satellite product is available, the gain
of assimilating is lower for a nudging factor of 0.5 compared to
1. However, when the quality of the satellite products reduces
(higher misclassification levels), the performance strongly de-
creases for a nudging factor of 1. While for a nudging factor
of 0.5, the decrease in performance, when moving toward less
accurate satellite products, is smaller. In addition, the results
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show that at least a detection accuracy of 90% (corresponding
to a 10% misclassification) is needed in order to improve Ej;
estimates, given ERAS data as forcing in the £ model. Therefore,
a misclassification level of 5%, corresponding to a detection
accuracy of 95%, and a nudging factor of 0.5 is selected to
perform the final WD experiments in this study.

The Taylor diagrams in Fig. 6 reveal that the use of a wet/dry
canopy mask as a constraint to improve F; estimates is valuable
at all four sites, with the strongest increase in performance
observed when a temporal resolution of 3 hours (WD3) is
considered. For DE-Hai and FR-Pue, the correlation increases
from ~0.55 to 0.66 for DE-Hai and towards 0.69 for FR-Pue.
The highest correlation is found for SE-Svb and ES-LM1 (an
increase in correlation from ~0.6 to 0.72). The plots show a
strong reduction in normalized RMSE for WD3 compared to
CR for all sites. In terms of normalized standard deviation, better
results are observed for ES-LM1, FR-Pue, and SE-Svb for which
the normalized standard deviation is close to 1, implying that
the standard deviation of the experimental results is similar to
the one of NR. For DE-Hai, the normalized standard deviation
is smaller than 1, illustrating that the standard deviation of the
WD output for this site is smaller than the one for NR. Fig. 7 also
shows that assimilating WDCS at a 3-hourly interval yields the
largest improvements, with the strongest gains observed for ES-
LMI1 and FR-Pue (ARMSE of 32% and 29% respectively, when
considering the full year). Seasonal variations in performance
arerelatively limited, and assimilation every 3 hours consistently
provides the best results across all sites, with an average ARMSE
of 21% in winter and 26% in summer. In terms of total F, the
impact of assimilating WDCS observations is less pronounced.

E. Combined Impact of Sub-Daily Microwave Observations

The combined impact of synthetic sub-daily microwave ob-
servations, i.e., SSM, VOD, and WDCS, in constraining total
E estimates, is shown in Fig. 10. Constraining the sub-daily
E model with daily and twice-daily microwave observations
does not strongly improve £ estimates. The best performance
is observed with a temporal resolution of 6 hours (12 am, 6 am,
12 pm and 6 pm), including observations during water-stressed
times of the day, and corresponding to the optimal resolution of
the VOD experiments. This is because VOD impacts E, whichis
the largest component of E in all four sites. The best results are
observed for ES-LM1, where times with water stress are more
common. At this site, the normalized standard deviation reduces
from 1.26 to 0.92 from daily (ALL24) to 6-hourly observations
(ALL®6), and correlation increases from 0.92 to 0.94 for F.

V. DISCUSSION

This study focuses on forest sites in Europe. Previous work by
Chen et al. [75] shows that footprint-related uncertainty strongly
depends on the degree of spatial heterogeneity surrounding
eddy-covariance towers. To minimize this effect, we selected
forest sites located within homogeneous forested landscapes.
Additionally, a quality assessment of several European eddy-
covariance sites, including Hainich, Majadas del Tiétar, and
Puéchabon, conducted by Gockede et al. [76] demonstrated
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Taylor diagrams summarizing the impact of the nudging factor (equal to 0.5 on the left figure and 1 on the right) and misclassification levels (WDOS5:

5%, WD10: 10%, WD20: 20%, and WD40: 40% misclassification of binary values) on Ej estimates for the WD experiments. The results shown here represent the
impact of the data assimilation of the WDCS observations every 3 hours. Colors are used to indicate the specific sites, i.e., Hainich (DE-Hai), Majadas del Tiétar
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that these towers accurately represent their respective forest
land cover types and do not require footprint corrections. This
provides confidence that the selected sites are appropriate for our
analysis and are not substantially affected by footprint-induced
biases. A related consideration is the well-known lack of energy
balance closure at eddy-covariance sites. Studies, such as those
by Mauder et al. [77] and Zhang et al. [78], report a systematic
imbalance of approximately 20%, leading to an underestimation
of latent heat flux. While this source of uncertainty affects
the absolute magnitude of the fluxes, it does not influence the
central aim of our study, which focuses on the relative improve-
ment achieved through assimilating sub-daily SAR observations

rather than on the absolute accuracy of the final estimates.
Additional studies are recommended in other biomes to explore
the sensitivity of sub-daily GLEAM and the value of the sub-
daily observations in a wider range of vegetation types (e.g.,
farmland, grasslands) and climate zones (e.g., tropical and arid
regions).

A Priestley and Taylor formulation is adopted in this study to
estimate potential evaporation, as previous work has shown that
radiation-driven approaches tend to outperform more complex
Penman-based approaches at the ecosystem scale [79], [80].
Penman-based methods require a larger number of input vari-
ables, which increases the overall uncertainty, particularly due
to the limited availability and quality of canopy and aerody-
namic conductance estimates. In addition, Penman—Monteith
approaches would require dynamically resolving stomatal con-
ductance at sub-daily time scales, a process that, despite its rel-
evance when moving toward high temporal resolution, remains
highly uncertain at sub-daily scales [79]. The Priestley and Tay-
lor approach therefore offers a more robust and reliable option
for the sub-daily framework in this study. In the applied Priestley
and Taylor approach, the a factor represents the aerodynamic
term as a factor of the radiation component. As the radiation
component varies throughout the day by relying on sub-daily
forcing data, sub-daily variability is also represented in aero-
dynamic processes. In addition, to properly represent nighttime
conditions, a correction is applied for periods when potential
evaporation becomes negative (i.e., condensation), removing
the radiative component and retaining only the aerodynamic
term [55]. In addition, land-cover-specific v coefficients are
used following Martens et al. [55]. Given that F is computed
as the product of sub-daily S, representing the moisture stress
constraint originating from both the soil and the vegetation, and
the potential evaporation, the Priestley and Taylor approach can
be considered as a robust and suitable method for estimating
sub-daily £ and its components.
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The results of this study indicate an overall good perfor-
mance of the sub-daily £ model, particularly during the summer
months. In winter, however, the model tends to overestimate
early-morning E, especially at DE-Hai, FR-Pue, and SE-Svb.
Given that SE-Svb and DE-Hai perform well in summer, the
reduced skill in winter is likely related to the presence of
snow, suggesting that sub-daily GLEAM is not able to fully
capture snow-related processes. FR-Pue shows somewhat lower
performance across all seasons, which may be attributed to
uncertainties in the vegetation and soil property datasets used in
the NR simulation. Although these datasets are relatively high
resolution, they may still not fully represent the tower footprint.
Nonetheless, due to the homogeneous forest cover at the sites,
any resulting mismatch is expected to be limited. Additional
inaccuracies may arise from the dynamic forcing data, including
the synthetically generated sub-daily VOD time series. The
use of synthetically generated sub-daily VOD data based on
latent heat flux observations is a strong assumption in this
manuscript. However, this approach represents the most feasible
option at present, as no real sub-daily VOD observations are cur-
rently available. Confidence in this assumption is supported by
studies demonstrating strong relationships between landscape-
scale satellite-derived VOD and plant-scale physiological met-
rics [30], [71], [72]. Future research using real sub-daily VOD
observations (e.g., from GNSS, GNSS-R, or field campaign
data) may offer the first practical means of incorporating real
sub-daily VOD observations into £ models [81]. Inaccuracies in
the model framework might be an additional source of error. For
instance, an overestimation of F/ at FR-Pue has previously been
reported for the daily version of GLEAM as well [82]. Moreover,
the results suggest that sub-daily GLEAM does not fully capture
the rapid dry-out characteristic of this Mediterranean site during
summer (not shown here), which likely contributes further to the
observed overestimation. Despite these sources of uncertainty,
the results provide confidence in the ability of sub-daily GLEAM
to capture the diurnal variability in E. This supports its suitability
for evaluating the potential impact of sub-daily SAR observa-
tions, and therefore justifies the use of the NR simulations as the
synthetic truth in the subsequent experiments.

The results of the SM experiments show no substantial im-
provement in performance when assimilating SSM observations,
compared to CR where no SSM was assimilated. The reason for
this might be that the effect of SSM on E is concentrated only
in periods of water limitation and vegetation stress. In DE-Hai
and SE-Svb, water availability is seldom limiting F, and for
FR-Pue and ES-LM1 only during part of the year. Moreover,
the ERAS forcing data generally display a high performance
at the sites, as seen in comparisons against in situ data (see
Fig. 5). Generally, SSM data assimilation is expected to have a
strong impact in correcting missing precipitation events. Since
the ERAS meteorological data used for these experiments are
already very accurate, the assimilation of SSM is not bringing
the results significantly closer to NR. In addition to the generally
good quality of the ERAS meteorological forcing, it is important
to highlight the role of observational noise. The noise added to
the NR SSM output, representing pseudo-observations in the
assimilation experiments, follows a normal distribution with
mean 0 and a standard deviation of 4 vol%. This uncertainty
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is relatively high compared to the actual diurnal range of SSM
observed at the forest sites. Specifically, the average diurnal SSM
range is approximately 0.7 vol% for DE-Hai, 1 vol% for ES-
LMI, 1.3 vol% for FR-Pue, and 0.7 vol% for SE-Svb, meaning
that the assumed 4 vol% exceeds the natural diurnal variability.
Nevertheless, this value reflects the threshold measurement un-
certainty target for satellite-based SSM retrievals according to
GCOS, and was therefore used as a realistic benchmark for our
OSSE setup. For ES-LM1, the reduced performance in summer
can be attributed to the site’s climate, where rainfall is scarce and
highly episodic, especially in summer. Under these conditions,
the impact of assimilating SSM becomes larger because of the
limited diurnal variability in soil moisture, while the added
noise in the pseudo-observations dominates the signal. As a
result, SSM assimilation may degrade the model state rather
than improve it, leading to lower ARMSE values. This negative
effect on SSM propagates to the E estimates, producing the
strongly negative values observed for ES-LM1 in summer. The
lower performance at SE-Svb during winter is likely related to
snow presence at the site.

Regarding the V experiments, the results indicate that assimi-
lating VOD four times per day (V6) leads to substantial improve-
ments in estimating F with an average ARMSE value of around
30% across all four sites. This suggests that incorporating VOD
observations at multiple times per day provides a stronger con-
straint on £ than daily or twice-daily observations. These find-
ings, however, are conditioned on the empirical way VOD is used
within sub-daily GLEAM and are therefore model-dependent.
Furthermore, the results show that implementing VOD at a
3-hourly frequency (V3) does not consistently lead to better
performance compared to 6-hourly (V6) or 12-hourly (V12)
implementation. Theoretically, one would expect the highest
temporal resolution to yield the best performance; however, the
uncertainty inherent in the synthetically generated VOD time
series may limit the benefit of V3. Future research using real
sub-daily VOD observations (e.g., from GNSS, GNSS-R, or
field campaign data) may help clarify the potential added value
of higher temporal sampling.

In terms of temporal resolution of WDCS observations, one
can conclude that information about the wetness state of the
canopy is most useful at high temporal resolution (WD3), as
it provides the best opportunity to capture precipitation events.
As the temporal frequency of the observations decreases, the
observation constraint becomes less valuable. This is the case
for all studied sites. Yet, even when only one observation per
day is applied (WD24), the performance is still better com-
pared to no constraint at all (CR). An observation every 6
hours, corresponding with the proposed acquisition timing of
SLAINTE, clearly improves the E; estimates compared to daily
observations. The strongest improvements are observed at the
Mediterranean sites ES-LM1 and FR-Pue. This can be attributed
to the characteristic rainfall regime of Mediterranean climates,
where long dry periods are punctuated by short, intense rain-
fall events, particularly during summer. Under such conditions,
updating canopy storage is expected to substantially improve
E; estimates, especially during rainfall events that the CR does
not always capture accurately in timing. The low impact of
assimilating WDCS observations to E estimates is expected,
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as the contribution of Fj to total E is small, compared with that
of Ey, making improvements in canopy wetness state less visible
in the total F signal.

Both sub-daily VOD and WDCS observations exhibit the
strongest impact on improving E estimates. When all sub-daily
observations are considered together, the largest combined im-
provement is obtained when using 6-hourly observations (12 am,
6 am, 12 pm, and 6 pm). Lower temporal resolutions perform
substantially worse, suggesting they miss key moments of plant
water stress during the day as well as rainfall interception events,
leading to a less accurate representation of the diurnal cycle of
E. These findings are in line with Holtzman et al. [51], where
an observation frequency of four times per day was found to be
sufficient to capture the diurnal amplitude of leaf water potential,
resulting in an increased accuracy in estimating I, compared to
daily or twice-daily observations. Moreover, they report that the
accuracy found with an observation frequency of four times per
day, including midnight, predawn, midday, and dusk, is similar
to the one obtained when hourly observations are considered,
illustrating that those observation timings are crucial in mon-
itoring daily cycles of moisture redistribution within the soil—
plant—atmosphere continuum. Furthermore, Schackow et al. [83]
studied the diurnal hysteresis of sap flow data in function of VPD
and demonstrated how these hysteresis patterns reveal different
levels of plant hydraulic stress across a wide range of biomes
using in situ sap flow data. Because sap flow is linked to changes
in canopy water content, high temporal resolution information
on vegetation water status can be used to identify early signs
of vegetation stress. They determined the minimum sub-daily
observation frequency required to capture this diurnal hysteresis
using microwave remote sensing. Their findings indicate that at
least three overpasses per day, specifically at 6 am, 12 pm, and
6 pm (excluding the midnight overpass) are needed to adequately
characterize the diurnal sap flow hysteresis and monitor vege-
tation health. This minimum 6-hourly sampling interval aligns
with our results on VOD temporal frequency, where 6-hourly
temporal resolution, including 6 am, 12 pm, and 6 pm, yields
substantially better estimation performance than daily (12 pm)
or twice-daily (12 am and 12 pm) observations.

VI. CONCLUSION

The capability of sub-daily microwave remote sensing to
monitor diurnal variations in soil moisture and vegetation water
content presents a significant opportunity to observe the short-
term dynamics of Earth’s ecosystems. Such observations are
particularly pertinent in the context of our changing climate,
offering insight into the daily cycles of different states and fluxes,
which can be indicative of the functional health of ecosystems.
Diurnal fluctuations in vegetation water content are key in driv-
ing rapid land—atmosphere interactions, primarily through their
connection to the partitioning of available energy into latent
and sensible heat fluxes. This study investigates the value of
prospective sub-daily microwave observations specifically for
the modeling of E in forests. It does so by evaluating the potential
of sub-daily retrievals of SSM, VOD, and WDCS to enhance
our understanding of these complex processes at four European
forest sites.

13787

The experiments demonstrate that sub-daily observations of
SSM, VOD, and WDCS can be ingested in current-generation
FE models (e.g., GLEAM) to provide constraints on E estimates
and its main components (F},, '} and E;). The results show that
a WDCS observation with a temporal resolution of 3 hours is a
valuable constraint to improve E; estimates, and the impact is ob-
served over all study sites and all seasons. However, the influence
of uncertainties in this WDCS should be further investigated in
future work. Furthermore, the experiments indicate that, when
available at sub-daily resolutions, VOD is an effective constraint
for plant water stress that can substantially improve E) estimates.
The best results are observed when VOD is incorporated four
times a day, i.e., a temporal resolution of 6 hours (12 am, 6 am,
12 pm, and 6 pm), compared to daily or twice-daily observations.
The effect of assimilating sub-daily SSM on E is concentrated
in periods of water limitation, and mainly affects I}, estimates.
However, because of the high quality of current precipitation
forcing datasets (e.g., ERAS), and the large uncertainty level
in our synthetic SSM observations, compared to their diurnal
amplitude, assimilating sub-daily SSM does not lead to improve-
ments in E' estimates, even under conditions of vegetation water
stress. Overall, the added value of incorporating sub-daily SAR
observations in £/ modeling becomes particularly evident when
observations are taken every 6 hours, at predawn (6 am UTC),
midday (12 pm UTC), dusk (6 pm UTC), and midnight (12 am
UTC), compared to daily (12 pm UTC) or twice-daily (12 am and
12 pm UTC) observations. This frequency allows for detailed
monitoring of the diurnal variations in soil and vegetation water
content, thereby enabling the identification of critical periods
such as those of water stress.

This investigation encompasses specific assumptions and lim-
itations that should be acknowledged. First, the analysis relies
solely on a single model, i.e., sub-daily GLEAM, rendering
the outcomes potentially model-specific. Since no alternative
E models are currently available that allow the ingestion of
sub-daily microwave retrievals to assess their potential value
in ¥ monitoring, GLEAM is selected in this study because of its
high reliance on microwave data. Future research might explore
the utility of alternative E' models. Furthermore, the study’s
scope is confined to four forest sites, all located in Europe, thus
addressing a restricted range of climatic conditions. Given these
constraints, future research efforts should focus on expanding
the application of the proposed methodology across a broader
range of locations, encompassing diverse vegetation types and
climatic conditions. In addition, the conclusions drawn from this
study are based on synthetic observations, including SSM, VOD,
and WDCS. The initiation of field campaigns, integrating sub-
daily radar observations with co-located in situ measurements of
relevant geophysical variables, would significantly contribute to
elucidating the value and applicability of sub-daily SAR data
in the context of £/ modeling. The findings of this research
highlight the critical role of initiatives such as the SLAINTE
mission idea in deepening our understanding of hydrological
short-term dynamics within ecosystems. By leveraging such
high-resolution temporal data, the scientific community can
gain unprecedented insights into the diurnal patterns of water
exchange, thereby facilitating a more nuanced comprehension
of ecosystem responses to environmental stress.
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