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Abstract: Root-zone soil moisture (RZSM) plays a key role for most water and energy budgets, as it
is particularly relevant in controlling plant transpiration and hydraulic redistribution. RZSM data
is needed for a variety of different applications, such as forecasting crop yields, improving flood
predictions and monitoring agricultural drought, among others. Remote sensing provides surface
soil moisture (SSM) retrievals, whose key advantage is the large spatial coverage on a systematic
basis. This study tests a simple method to retrieve RZSM estimates from high-resolution SSM derived
from SMAP (Soil Moisture Active Passive). A recursive exponential filter using a time constant τ is
calibrated per land cover type, which uses as an intermediate step a long-term ISBA-DIF (Interaction
Soil Biosphere Atmosphere—Diffusion scheme) dataset over an area located in Catalonia, NE of
Spain. The τ values thus obtained are then used as an input to the same recursive exponential filter,
to derive 1 km resolution RZSM estimates from 1 km SMAP SSM, which are obtained from the
original data by downscaling to a 1 km resolution, through the DISPATCH (DISaggregation based on
a Physical and Theoretical scale CHange) methodology. The results are then validated with scaled in
situ observations at different depths, over two different areas, one representative of rainfed crops,
and the other of irrigated crops. In general, the estimates agree well with the observations over the
rainfed crops, especially at a 10 cm and 25 cm depth. Nash–Sutcliffe (NS) scores ranging between 0.33
and 0.58, and between 0.37 and 0.56 have been found, respectively. Correlation coefficients for these
depths are high, between 0.76 and 0.91 (10 cm), and between 0.71 and 0.90 (25 cm). For the irrigated
sites, results are poorer (partly due to the extremely high heterogeneity present), with NS scores
ranging between −2.57 and 0.16, and correlations ranging between −0.56 and 0.48 at 25 cm. Given
the strong correlations and NS scores found in the surface, the sensitivity of the filter to different τ

values was investigated. For the rainfed site, it was found, as expected, with increasing τ, increasing
NS and correlations with the deeper layers, suggesting a better coupling. Nevertheless, a strong
correlation with the surface (5 cm) or shallower depths (10 cm) observed over certain sites indicates a
certain lack of skill of the filter to represent processes which occur at lower levels in the SM column.
All in all, a calibration accounting for the vegetation was shown to be an adequate methodology in
applying the recursive exponential filter to derive the RZSM estimates over large areas. Nevertheless,
the relative shallow surface at which the estimates correlate in some cases seem to indicate that an
effect of evapotranspiration in the profile is not well captured by the filter.
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1. Introduction

Among existing hydrological variables, soil moisture (SM) is essential to land-atmosphere
interactions, through its influence on energy and moisture fluxes in the boundary layer [1,2].
Moreover, it plays a crucial role in the climate system, through its impact on evaporation,
infiltration and run-off [3]. SM data are needed at a range of different spatial scales, depend-
ing on the application domain. Therefore, climatological and meteorological applications
use rather coarse resolution data, hydrological applications are usually focused on the
watershed scale, while agricultural applications require high (at least 1 km) data.

With the advent of remote sensing, the past ten years have seen a significant focus
given to passive microwave and active sensors to provide spatially distributed SM data
on a global level [4,5]. In particular, passive L-band microwave sensors are widely used
to derive SM, due to their strong physical link between the brightness temperature and
the SM present in the top layer [6,7]. However, the spatial resolution of L-band microwave
sensors is coarse (40–60 km), which is not enough when it comes to using the data within
agricultural applications. On the other hand, the active sensors have the advantage of
providing data at high spatial resolutions. Several studies have investigated the potential
of using Synthetic Aperture Radar (SAR) data, in particular C-band and L-band, to derive
SM products [8,9]. However, difficulties are encountered when taking into account the soil
roughness and the vegetation backscattering effects in the SM modeling.

Among the existing satellite missions, there are two dedicated specifically to the
measuring of SM: the Soil Moisture and Ocean Salinity (SMOS, [4]), launched by the
European Space Agency (ESA) in 2009, and the Soil Moisture Active Passive (SMAP, [10]),
launched by the US National Aeronautics and Space Administration (NASA) in 2015. They
both provide surface soil moisture (SSM) observations, characteristic to the first 5 cm of the
soil [4], at similar spatial resolutions: 40 km (SMOS), 36 km (SMAP). However, the soil
moisture information needed for most energy and water budgets pertains to a deeper
layer [11–13]. The SM characteristic to this layer is also known as root-zone soil moisture
(RZSM) and it is particularly relevant as it controls plant transpiration and hydraulic
redistribution [14].

RZSM estimates are particularly important in a range of different applications such
as: forecasting agricultural productivity [15], providing better representation of evapotran-
spiration for climate change projections [16], improving flood predictions [17], assisting in
predicting the severity of wildfires [18], and monitoring agricultural drought [19]. An ana-
lytical relationship between the SSM and the SM in the lower layers is therefore needed [20].

Remote sensing SSM observations have been assimilated or used as forcing into
different land surface models (LSM) and crop models, in order to derive RZSM, with the
model errors being partially reduced [21–26]. Nevertheless, the studies reported that using
SSM alone is limited by the disconnection between surface and subsurface dynamics,
which in turn leads to uncertainties in the root-zone model. Estimating RZSM from SSM
and integrating it into hydrological models impacts the water and weather forecasting
systems [27]. Current techniques of deriving RZSM from SSM include methodologies based
on field measurements [28–30], satellite observations [31–35] and data assimilation [36–38].

Data assimilation methods are widely used, due to their capability of providing
RZSM predictions, while accounting for uncertainties between observed data and model
outputs [27]. SSM is linked to RZSM through diffusion, which makes it possible to use
assimilation algorithms to derive RZSM from SSM data [39–44]. Data assimilation has been
widely used in recent years to derive RZSM estimates by integrating SSM measurements
into land surface models (LSM, [35,45–49]). It is generally regarded that the Ensemble
Kalman Filter is well suited for the estimation of profile SM [43], as it is an optimal
sequential method that has been extensively used. However, the main drawbacks to the
Ensemble Kalman Filter are the strong limitations in the case of nonlinear systems [50],
as well as its high computational demands. Overall, data assimilation methods are limited
by several factors, including the uncertainties linked to the physical description of the
energy and water balance, as well as the lack of high-quality information on the model
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parameters on a global scale [51]. In addition, the RZSM estimates provided by LSM are
model dependent, particularly because the estimation is highly linked to the soil texture
and vegetation coverage [41].

Regression approaches are used to bypass the computationally heavy aspect linked
with data assimilation within LSM [52]. Ref. [53] have proposed using an ensemble of
artificial neural networks for the derivation of RZSM from SSM, based on the notion that the
modeled relationship is derived from data, accounting for soil water transmission as well
as the impact of surface fluxes in a representative way for the unknown SM interactions.

An exponential filter was proposed [54] to derive the amount of water moving from
the surface into the root zone (also referred to as soil water index in the root-zone layer),
using satellite SSM observations. The filter takes into consideration an empirically derived
parameter, which can be regarded as a “pseudodiffusivity” constant that controls how much
of the SSM content infiltrates in the root-zone layer and for how long it stays there, the unit
being a period of days. The soil water index is considered instead of actual values of RZSM
due to the large variability of the soil characteristics within the satellite footprint, which
might not be represented in an accurate manner [51]. Therefore, the relative dynamic range
of the soil moisture in the root-zone is instead represented [55]. Several studies applied
the methodology to estimate RZSM and validate it with in situ measurements [56,57].
The exponential filter model has been previously used to derive RZSM from satellite
SSM observations [51,56,58–60], as well as from in situ SSM measurements or modeled
SSM [51,61]. An assumption made when using the exponential filter is that there is a
hydrologic equilibrium within the soil profile [62], which makes it possible to derive RZSM
estimates from SSM observations, provided that soil physical properties are known. This
implies a reduced sensitivity over prolonged dry periods, when the plant uptake is the main
driving force within RZSM movement [62]. Moreover, RZSM weakens with depth [63] for
most soil types, meaning that the sensitivity of the exponential filter weakens at deeper
layers [33], which in turn leads to the conclusion that the model provides relatively better
results under humid conditions [19,64].

An important thing to keep in mind when applying the exponential filter to derive
RZSM data is that the pseudodiffusivity parameter needs to be calibrated. Most stud-
ies [33,51,62,65] have calibrated this parameter by using either in situ data, modeled data,
or remote sensing data collected over the respective study sites. However, if one is to take
advantage of the global coverage of remote sensing data, without the need for site-specific
calibration, a global map of the pseudodiffusivity parameter is needed. One possible
step into achieving this is by calibrating the pseudodiffusivity parameter per land cover
type. Such a calibration is reasonable, given that different land cover types have different
root-zone layer depths, and hence might need a different pseudodiffusivity parameter to
properly describe the water content at their specific root depth.

One of our study’s main goals is to investigate the potential of such a calibration in
deriving reliable RZSM estimates. Another aspect our study aims to investigate is the
assessment of the potential this exponential filter has in deriving RZSM at different depths.
For example, Refs. [33,51] have implemented the exponential filter and compared the
RZSM estimates with in situ measurements at specified depths: 30 and 25 cm, respec-
tively. Our study aims at comparing the RZSM estimates with in situ measurements at
different depths, in order to assess the most likely depth at which the filter’s estimates are
most representative.

In this respect, the recursive formulation of the exponential filter in [66] is used to
derive 1 km RZSM from SMAP data. The recursive formulation is chosen for implementa-
tion because it offers the advantage of handling data more easily than the original version.
The horizontal discrepancy between the scale at which satellite observations are made
and the scale at which natural processes occur within the SM profile is handled by first
downscaling the SMAP data using the DISPATCH (DISaggregation based on a Physical
and Theoretical scale Change, [67]) methodology. In order to calibrate the pseudodif-
fusivity parameter associated with the filter per land cover type, an intermediate step
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is performed, and a value is derived by using ISBA-DIF (Interaction Soil-Atmosphere-
Biosphere-Diffusion scheme) SSM and RZSM. These values are then cross-referenced with
the land cover type present within the study area, and a general map is obtained by aver-
aging all the parameter values obtained previously that fall within each land cover type.
The obtained pseudodiffusivity parameter values are then used to derive 1 km RZSM
estimates over two areas in the NE of the Iberian Pensinsula, which are consequently
validated against in situ measurements located in rainfed and irrigated crops. The filter is
then tested over the same area, with different pseudodiffusivity parameter values, in order
to assess its influence on the depth at which the estimates are most representative of.

The article is structured as follows: a description of the study area and datasets used is
offered in Section 2, Section 3 explains the methodology behind the exponential filter model
and the pseudodiffusivity parameter calibration, while Section 4 offers a presentation of the
in situ validation, as well as a study on the influence of the parameter at different depths.

2. Data Description
2.1. Validation Sites and In Situ Data

The study area (40–43◦N, 0–4◦E) is in the North-East of the Iberian Peninsula, where
the approach to derive the 1 km resolution RZSM is applied. For validation purposes, we
focus our attention on two regions in particular: the Terres de l’Ebre region and the Algerri
Balguer irrigation district, both representative of Mediterranean climate, but with different
land-use practices and landforms. Figure 1 is a visual representation of the extended study
area, as well as the two validation sites.

Figure 1. The study area, delimited by a yellow square, located in the NE of the Iberian Peninsula.
The Algerri Balaguer and Terres de l’Ebre focus areas are presented in the bottom picture, along with
the in situ stations.

The Terres de l’Ebre region presents hot summers and mild winters, with a mean yearly
temperature of 24 ◦C in summer and 6 ◦C in winter, and a mean yearly precipitation of
545 mm. The main crops cultivated in the area include rainfed crops (olive trees, vineyards,
almond trees), while the main irrigated crops include rice and fruit trees (peach trees in
particular). Five soil moisture stations were installed in the Terres de l’Ebre region in 2019,
in the rainfed vineyard fields, namely: one in Gandesa, one in Pobla de Massaluca, two
in Horta de Sant Joan and one in Batea. One soil moisture station was installed in 2018
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in Observatori de l’Ebre (Roquetes), in a small pine forest. The climate characteristic to
the Observatori de l’Ebre is very similar to the one in Terres de l’Ebre, albeit with slightly
warmer winters, with an average temperature of 9 ◦C. The Teros-10 and ECHO EC-5
sensors manufactured by Decagon Devices Inc. (now Meter Group) continuously measure
the soil moisture content every hour. The sensors at each location provide measurements
at nominal depths of 5 cm (one sensor), 10 cm (one sensor), 25 cm (one sensor), 50 cm (one
sensor) and 75 cm (100 cm in the case of Observatori de l’Ebre—one sensor). The validation
periods covering each location are as follows:

• Batea, Horta de Sant Joan and Poble de Massaluca: July 2019–June 2020
• Gandesa: July 2019–May 2020
• Observatori de l’Ebre: July 2018–June 2019

Hot summers and slightly colder winters are characteristic of the Algerri Balaguer
irrigation district, with a mean temperature of 23 ◦C in summer and 6 ◦C in winter, and a
mean yearly precipitation of 500 mm registered over the area. Various irrigated crops
are present within the region (wheat, barley, maize, alfalfa, apple and pear trees), as well
as legumes, fallow and pasture. Two soil moisture stations were installed in the Algerri
Balaguer irrigation district in 2017: AB3 and AB4. 5-TM and EC-5 sensors manufactured by
Decagon Devices Inc. (now Meter Group) continuously measure the soil moisture content
every 30 min. The sensors provide soil moisture measurements at different nominal depths:
5 cm (two sensors), 25 cm (one sensor) and 50 cm (one sensor). The data collected between
2017 and September 2020 are used for validation purposes. During these years, bi-annual
cereal crops (barley, followed by corn) are presents at each location, with the exception
of AB3 in 2020, where peas have been sown, followed by corn. Since the sensors at both
locations have been removed and then re-installed after each field work took place in the
corresponding field, the validation periods are split as follows:

• For AB3: March 2017–December 2017 (hereby referred to as AB3_2017), January
2018–December 2018 (hereby referred to as AB3_2018), February 2020–September 2020
(hereby referred to as AB3_2020)

• For AB4: June 2017–November 2017 (hereby referred to as AB4_2017), January 2018–
November 2018 (hereby referred to as AB4_2018), July 2019–December 2019 (hereby
referred to as AB4_2019)

Considering the locations of the in situ sensors, we will be validating our approach to
derive RZSM with a parameter based on land cover type over two main covers: rainfed
and irrigated crops. More details can be found in the Results section.

2.2. Remote Sensing Data

Soil moisture products from the SMAP mission were used in this study: the En-
hanced Level 3 Radiometer Global Daily 9 km EASE-Grid Soil Moisture, version 3 (cov-
ering the period until 26 August 2020) and version 4 (covering the period 27 August
2020–September 2020), downloaded from the NASA National Snow and Ice Data Cen-
ter Distributed Active Archive Center (NSIDC DAAC), through the EARTHDATA (
https://search.earthdata.nasa.gov/search) portal (accessed on 15 October 2020). SMAP SM
products were used as an input to a disaggregation algorithm, DISPATCH (DISaggregation
based on a Physical and Theoretical scale Change, [67]), in order to obtain near surface
soil moisture at 1 km resolution, which is then used to derive the 1 km RZSM products.
DISPATCH disaggregates low-resolution SSM to 1 km SSM by using a soil evaporative
efficiency (SEE) term at 1 km to model the spatial variability within a low-resolution pixel.
SEE, defined as the ratio of actual to potential evaporation, is derived using Land Surface
Temperature (LST) and Normalized Difference Vegetation Index (NDVI) data from MODIS
(MODerate resolution Imaging Spectroradiometer). The distribution of the high-resolution
SSM around the mean value of the low-resolution SSM products is possible through the
spatial link between the optical-derived SEE and SSM [68]. The MODIS version-6 LST
products onboard Terra (MOD11A1, [69]) and Aqua (MYD11A1, [70]) and NDVI product

https://search.earthdata.nasa.gov/search
https://search.earthdata.nasa.gov/search
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onboard Terra (MOD13A [71]) were used to derive the 1 km SEE fields. All MODIS prod-
ucts were downloaded through the Land Processes Distributed Active Archive Center (LP
DAAC) at the U. S. Geological Survey (USGS) EROS Data Center (EDC) (USGS EROS EDC
(https://e4ftl01.cr.usgs.gov/), accessed on 15 October 2020). DISPATCH also uses elevation
data extracted from the GTOPO30 digital elevation model (DEM, downloaded through
the USGS EROS (https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-
elevation-global-30-arc-second-elevation-gtopo30?qt-science_center_objects=0#qt-science_
center_objects), accessed on 15 October 2020) to correct the LST data for topographic effects.
A more detailed description of the disaggregation methodology can be found in [67].

2.3. Land Surface Model Data

This study uses surface and root-zone soil moisture simulations between 1979 and
2014 from the ISBA (Interaction Soil-Biosphere-Atmosphere, [72–74]) LSM as an interme-
diate calibration step (before the calibration per land cover type, see Section 3.2). More
specifically, data from the ISBA multi-layer diffusion version (ISBA-DIF), at 5 km resolution,
is used [75].

ISBA is a soil-vegetation-atmosphere (SVAT) scheme developed by CNRM (Centre
National de Recherches Météorologiques, Toulouse, France), in collaboration with various
research teams, and is one component of the SURFEX (SURFace EXternalisée) modeling
platform [74], being developed for both operational forecast and climate modeling. It
includes several modules simulating heat and water transfers in the soil, vegetation, snow
and surface hydrology (run-off). SM dynamics are modeled within a multi-layer model
with vegetation and soil parameters derived from a global database of soils and ecosystems
(ECOCLIMAP). The parameters provided by ECOCLIMAP are originally provided at 1 km
resolution and aggregated to the model resolution of 5 km. It also uses an atmospheric
forcing, i.e., SAFRAN (Systeme d’analyse fournissant des renseignements atmosphériques
pour la nivologie), which is a reanalysis dataset, initially developed to improve snowfall
and avalanche forecasting. More details about SAFRAN can be found in [76] for its
application in France and in [77,78] for its application in Spain.

The ISBA-DIF scheme used in our study solves the Richard’s equation, allowing
consideration of the vertical profile of the temperature, liquid water and ice content, over as
many layers as needed. In our case, 14 layers are used. This is done by solving the one-
dimensional Fourier law and the mixed form of the Richards equation [75,79,80]. The RZSM
estimates it provides are characteristic to the integrated profile.

3. Methodology
3.1. Filter Model

Given a simplified two-layer water balance model, in which the first layer represents
the observed layer, and the second layer—the “reservoir” below, one can derive RZSM by
using an exponential filter, through convolution with SSM [54]. The water balance equation
(Equation (1)) links the two layers, by assuming that the water flux between the two levels
is proportional to the difference in SM content between them:

D × dSM2(t)
dt

= C × [SM1(t)− SM2(t)] (1)

where D is the constant depth of the second layer, SM1 the observed surface SM, SM2
the target SM (corresponding to the reservoir), t the time, and C a diffusivity properties
constant, specific to the study area. Equation (1) can be re-written as:

SM2(t) =
1
τ
×

∫ t

−∞
SM1(x)e−

t−x
τ dx (2)

https://e4ftl01.cr.usgs.gov/
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation-gtopo30?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation-gtopo30?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation-gtopo30?qt-science_center_objects=0#qt-science_center_objects
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where τ = D
C and is a characteristic time scale of soil moisture variations (units of day, [56]),

and t is considered to be a proxy for the processes affecting SM from a time-wise perspective
(run-off, evaporation, texture, density, thickness, soil hydraulic properties).

The recursive and discrete (due to remote sensing data being available at irregular
time intervals) formulation in [66] is implemented in this study:

SM2(n) = SM2(n − 1) + K(n)× [SM1(n)− SM2(n − 1)] (3)

where SM1(n) is the surface soil moisture at time instance n, SM2(n) the root-zone soil
moisture estimate at time instance n, SM2(n − 1) the root-zone soil moisture estimate at
time instance n − 1, and K(n) the gain at time n. The range of the gain is between 0 and 1.
The gain at time n is given by:

K(n) =
K(n − 1)

K(n − 1) + e−
t(n)−t(n−1)

τ

(4)

where K(n − 1) is the gain at time instance n − 1, and t(n) −t(n − 1) is the time interval
between two consecutive observations.

The filter is initialized with the following values: K(1) = 1, and SM2(1) = SM1(1).
The reason the recursive discrete formulation given by [66] is chosen in this study is given by
its ability to handle data with more ease than the original exponential filter in Equation (1),
eliminating the need for defining an integration interval and storing past time series; in
order to calculate SM2(n), it only requires new SM1 observations at time n, the previous
stored K(n − 1) and SM2(n − 1), and the time interval since the last observation.

In our study, we have used the SMAP SSM data (disaggregated to 1 km resolution
through DISPATCH, using MODIS LST and NDVI, as well as DEM data) as an input to
the exponential filter, in order to derive 1 km RZSM data. Prior to applying the filter to
the 1 km resolution SMAP SSM, the τ parameter was calibrated using the historical ISBA
dataset, as explained in Section 3.2.

3.2. Calibration of τ

One of the main goals of this study is to obtain a map of the τ parameter, calibrated
per land cover type (hereby referred to as τLC), values which can then be used regardless
of the validation site, provided the land cover type is known. To do so, τ values are first
obtained by calibrating it with ISBA-DIF data, hereby referred to as τISBA. The steps are
detailed below, while a schematic can be found in Figure 2.

As a first step, the ISBA surface soil moisture simulations spanning 1979–2014 are
used as an input to the filter model, with different τ parameter values in the range [1; 40].
Since the output of the filter is a measure of the water index rather than the volumetric
water content, the ISBA simulations were scaled between [0; 1] prior to using them as
input. Root-zone soil moisture estimates are hence obtained for all τ parameter values
considered. These estimates are then compared with the ISBA RZSM simulations, and the
τ value corresponding to the highest Nash–Sutcliffe (NS) efficiency coefficient obtained is
then chosen. The Nash–Sutcliffe efficiency was chosen to evaluate the prediction accuracy.
It is defined as one minus the ratio of the error variance of the estimated time series,
divided by the variance of the observed time series. NS is equal to 1 in the case of a perfect
match between estimations and observations. A value of 0 implies that the estimation
error variance is equal to the variance of the observations, while a negative value implies
that the estimation error variance is significantly larger than the observation variance.
Therefore, values of NS closer to 1 suggest a model with more predictive skill. As the
ISBA resolution is 5 km, a table of calibrated τ values was obtained at this resolution.
For validation purposes at 1 km resolution, these values were later interpolated to 1 km
using a linear interpolation.
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Figure 2. The two-step calibration scheme of τ: (1) τISBA and (2) τLC .

The final step consists of obtaining the τLC values. In order to do so, the τISBA values
(at the ISBA native resolution) are used. The values are then grouped depending on the
land cover types found within the area, and a mean τ value is then obtained per land cover
type, by performing a simple average of the values within the respective class. The land
cover types within the study area have been simplified from the ECOCLIMAP dataset
(at the ISBA 5 km resolution) into the following six categories: bare areas, urban areas,
forests, grass and shrubs, rainfed crops and irrigated crops. A table of τLC values is hence
obtained at the ISBA resolution (5 km).

To apply the exponential filter to 1 km-derived SMAP data, a τ map at 1 km has been
created by assigning the corresponding τ value when cross-referenced with a 1 km-derived
ESA CCI Land Cover map. Since the original CCI land cover (v2.1.1 2018) is available at a
300 m resolution, the original data has been upscaled to 1 km by using the “mode” method.
This method selects the value which appears most often within the selected pixels for the
interpolation, which in our opinion, reduces the introduction of further uncertainty at 1 km
compared to results obtained if another interpolation method were used.

Figure 3 presents a 1 km resolution map of the reduced ESA CCI land cover, alongside
the 1 km resolution map of the τLC values obtained, within the extended study area.

The following τ values (and corresponding standard deviation) were obtained ac-
cording to the six land cover types considered: 3.08 (1.13) for urban areas, 6.48 (1.36) for
grass and shrubs, 6.64 (1.26) for rainfed crops, 6.89 (1.14) for irrigated crops, 7.08 (1.44) for
bare areas and 7.09 (1.77) for forests. Figure 4 presents boxplots of the τLC values. For the
application of the filter over the study area, only rounded values (i.e., in terms of days) of
the τ parameter have been considered, i.e.: 3 (urban areas), 6 (grass and shrubs), 7 (rainfed
crops, irrigated crops, bare areas and forests).
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Figure 3. (a) 1 km resolution map of ESA CCI reduced land cover, (b) 1 km resolution map of
τLC values.

Figure 4. Boxplots of τLC values.

4. Results

In this section, the calibration strategy is first validated, by comparing 1 km SMAP-
derived RZSM against in situ measurements over the Terres de l’Ebre and the Algerri
Balaguer sites. We focus our attention on the τLC calibration, as it is one of the goals of this
study. Nevertheless, for comparison purposes and to assess the adequacy of this calibration,
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results obtained from the τISBA calibration are also presented (in terms of statistics only).
Second, an investigation is carried out on the adequacy of the exponential filter to derive
RZSM estimates at different depths, by tuning the τ parameter.

4.1. Validation of τ Calibration

Following the calibration strategy described in Section 3.2, the τLC values were used
when applying the exponential filter to 1 km SMAP-derived SSM to obtain 1 km RZSM
estimates over the entire Spanish study area. The recursive form of the exponential filter in
Equation (3) was applied to scaled 1 km SSM between [0; 1]. Since the RZSM estimated
by the exponential filter is a measure of the water index more than the volumetric water
content, the in situ data have also been scaled prior to comparison, in order to ensure that
the error assessment is based solely on the co-variance of the datasets [33].

Figure 5 represents the reduced 1 km ESA CCI land cover over the validation areas,
along with the validation sites. The sites located in Terres de l’Ebre are all identified as
rainfed crops, with monitoring stations located at each of the following sites: Batea (BA),
Gandesa (GA), Pobla de Massaluca (PM) and Horta de Sant Joan (HA1 and HA2). In the
case of the Observatori de l’Ebre, the values recorded by the sole existing station are hereby
referred to as OE. Even though, as mentioned in Section 2.1, the location of the sensor in
OE is within a small pine forest, the dominant land cover type at the 1 km scale is rainfed
crops. In fact, the small pine forest grew on top of old carob trees, and the surrounding land
covers that are dominant within the area are shrubs and almond and olive trees. In Algerri
Balaguer, the two sites AB3 and AB4 are identified as irrigated crops.

Figure 5. 1 km resolution ESA CCI reduced land cover zoomed over the validation areas: (a) Terres de l’Ebre and (b) Algerri
Balaguer. The location of the validation sites are represented by circles.

Figure 6 presents the comparison between the time series of the scaled in situ mea-
surements with the SMAP-derived RZSM time series for the sites located in Terres de
l’Ebre. In the same manner, Figure 7 presents the same comparison, for AB3 and AB4,
for each of the three validation periods considered per site. For visualization purposes,
the SMAP-derived SSM is also shown.

In each case, the predicted RZSM was compared with the scaled in situ SM registered
by the various sensors located at all the depths: 5, 10, 25, 50 and 70 cm/100 cm (Terres
de l’Ebre), and 5, 25 and 50 cm (Algerri Balaguer). For each site, only common days with
registered data at all depths have been taken into account, in order to properly compare
the datasets at the specified depths.



Remote Sens. 2021, 13, 1112 11 of 27

Figure 6. Time series of scaled in situ and SMAP-derived 1km resolution RZSM and SSM estimates. The images refer to
data collected over the Terres de l’Ebre region in the following order: BA, GA, HA1, HA2, PM and OE.

In both cases, one can see that the estimated RZSM presents a smoothened dynamics as
opposed to the remote sensing SSM from which it was derived. Over Terres de l’Ebre, in general,
the predicted RZSM can capture general episodes of wetting and drying, albeit with some
delays in certain cases. For example, in the case of OE, there seems to be a delay in the response
of the RZSM estimates and the observations at 100 cm, in November 2018. Nevertheless, this
overlaps quite well with the measurements at other depths. For BA, in November 2019, there is
a delay in the response of the predicted RZSM and the scaled in situ SM at 5 and 50 cm, but it
overlaps with scaled measurements at the other depths. In the same manner, the same can be
said for HA1, where there is a clear delay in the predicted RZSM and scaled measurements at
all depths except 70 cm, in December 2019. An example of this delay with respect to all depths,
albeit less for 70 cm, is also present for HA2 in February 2020. For PM, in November 2019,
for example, the predicted RZSM presents a delay with respect to scaled in situ measurements
at 5, 10 and 25 cm, but it overlaps well with the 50 cm depth. All this can be an indication that
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the predicted RZSM is able, in some cases, to capture some of the delay characteristic to the
flow of water content to deeper layers. In the case of Algerri Balaguer, even if the predicted
RZSM can capture some episodes of wetting and drying, there is still a rather large difference
between the predictions and the measurements. Nevertheless, it seems that the estimated RZSM
adjusts more to the in situ observations during rain events. By looking at the time series, one
can see that there is a relative difference between the RZSM estimates and the scaled in situ
measurements in terms of amplitude: the satellite-derived RZSM have a smaller range of values
than the in situ observations. One must keep in mind that the in situ observations have been
normalized to be compared to the outputs of the exponential filter (hence ranging between
0 and 1). On the other hand, the exponential filter uses satellite SSM which has been scaled
to derive RZSM estimates. This does not imply that the estimated RZSM must have a range
between 0 and 1. Moreover, the predicted RZSM series present a higher variability than the in
situ observations. A possible explanation for the high variability comes from the high variability
of the satellite-derived 1 km SSM used to estimate the RZSM, which themselves present a higher
variability than the in situ data.

Figure 7. Time series of scaled in situ and SMAP-derived 1km resolution RZSM and SSM estimates. The images refer to
data collected over the Algerri Balaguer region in the following order: AB3_2017, AB3_2018, AB3_2020, AB4_2017, AB4_2018,
AB4_2019.
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Statistical results in terms of correlation coefficient, root mean square error (RMSE),
bias, slope of the linear regression and the NS efficiency score between predicted RZSM
(derived with τLC and τISBA) and scaled in situ measurements are offered in Table 1 for
Terres de l’Ebre, and in Table 2 for Algerri Balaguer.

Table 1. Correlation coefficient (R), root mean square error (RMSE), bias, slope of the linear regression
and Nash–Sutcliffe efficiency score between SMAP-derived 1 km RZSM (with τLC) and scaled in situ
measurements over Terres de l’Ebre. In parentheses, for comparison purposes, the same statistical
results are presented, but taking into account τISBA.

Site Depth (cm) R RMSE Bias Slope NS

BA

70 0.64 0.33 0.119 0.17 0.16
(0.64) (0.33) (0.119) (0.17) (0.16)

50 0.65 0.26 0.016 0.20 0.31
(0.65) (0.26) (0.016) (0.20) (0.31)

25 0.71 0.21 0.001 0.26 0.39
(0.71) (0.20) (0.001) (0.26) (0.39)

10 0.76 0.16 −0.058 0.35 0.41
(0.76) (0.16) (−0.058) (0.35) (0.41)

5 0.77 0.17 −0.047 0.34 0.44
(0.75) (0.17) (−0.047) (0.34) (0.44)

GA

70 0.54 0.28 −0.112 0.25 0.16
(0.54) (0.28) (−0.112) (0.25) (0.16)

50 0.75 0.28 0.001 0.31 0.45
(0.75) (0.28) (0.001) (0.31) (0.45)

25 0.84 0.25 0.063 0.37 0.51
(0.84) (0.25) (0.063) (0.37) (0.51)

10 0.79 0.18 −0.114 0.52 0.33
(0.79) (0.18) (−0.114) (0.52) (0.33)

5 0.83 0.18 −0.125 0.53 0.35
(0.83) (0.18) (−0.125) (0.53) (0.35)

HA1

70 0.64 0.29 0.046 0.28 0.36
(0.64) (0.29) (0.046) (0.28) (0.36)

50 0.71 0.24 0.025 0.35 0.45
(0.71) (0.24) (0.025) (0.35) (0.45)

25 0.71 0.24 0.051 0.35 0.43
(0.71) (0.24) (0.051) (0.35) (0.43)

10 0.80 0.19 0.061 0.44 0.54
(0.80) (0.19) (0.061) (0.44) (0.54)

5 0.80 0.19 0.076 0.47 0.52
(0.80) (0.19) (0.076) (0.47) (0.52)



Remote Sens. 2021, 13, 1112 14 of 27

Table 1. Cont.

Site Depth (cm) R RMSE Bias Slope NS

HA2

70 0.62 0.32 −0.024 0.25 0.34
(0.62) (0.32) (−0.024) (0.25) (0.34)

50 0.71 0.26 −0.094 0.35 0.37
(0.71) (0.26) (−0.094) (0.35) (0.37)

25 0.79 0.21 −0.111 0.45 0.42
(0.79) (0.21) (−0.111) (0.45) (0.42)

10 0.81 0.17 −0.092 0.54 0.49
(0.81) (0.17) (−0.092) (0.54) (0.49)

5 0.84 0.17 −0.006 0.48 0.63
(0.84) (0.17) (−0.006) (0.48) (0.63)

PM

70 0.38 0.27 −0.120 0.20 −0.08
(0.39) (0.27) (−0.072) (0.20) (−0.06)

50 0.70 0.18 −0.048 0.38 0.42
(0.71) (0.18) (−0.048) (0.38) (0.43)

25 0.82 0.18 0.029 0.41 0.56
(0.83) (0.18) (0.029) (0.41) (0.56)

10 0.83 0.17 0.002 0.42 0.58
(0.83) (0.17) (0.003) (0.42) (0.59)

5 0.84 0.15 −0.010 0.46 0.62
(0.85) (0.15) (−0.010) (0.45) (0.62)

OE

100 0.57 0.28 −0.003 0.30 0.33
(0.55) (0.28) (−0.003) (0.29) (0.30)

50 0.85 0.19 −0.090 0.52 0.57
(0.84) (0.19) (−0.090) (0.52) (0.56)

25 0.90 0.19 −0.155 0.66 0.37
(0.89) (0.19) (−0.155) (0.66) (0.37)

10 0.91 0.19 −0.149 0.65 0.42
(0.91) (0.19) (−0.149) (0.66) (0.43)

5 0.88 0.16 −0.106 0.63 0.57
(0.88) (0.16) (−0.106) (0.63) (0.58)

First, when looking into the statistics obtained when using τLC as opposed to τISBA,
one can see that they are very similar (or the same), which validates our approach of
calibrating per land cover. The τLC values are 7 for all the sites (corresponding to values of
both irrigated and rainfed crops). In contrast, the τISBA values are: 6 (OE, AB4), 7 (BA, GA,
HA1, HA2 and AB4), 8 (PM). This entails that the only differences are recorded for AB4,
OE and PM. The RMSE and bias remain virtually unchanged, while the correlation, slope
and NS score differ in some cases by a difference up to 0.02, which from a statistical point
of view, is not very representative. In all three cases, the difference in the τ values is only
one day, which for AB4 and PM entails slightly better results with τISBA, while for OE, it
impacts the NS scores at shallower depth (better by 0.01 in the case of τISBA), correlation
and NS at 50 cm and 100 cm (better by up to 0.02 and 0.03 respectively with τLC). This
indicates that the τLC seems to be a better fit for OE at deeper layers.

One must keep in mind two aspects when trying to interpret the results obtained
with the τLC calibration as opposed to the τISBA calibration: (i) even if the sensor is located
in a specific cover type, if this cover type is representative at the 1 km scale and (ii) the
uncertainty introduced at 1 km when upscaling the reduced original 300 m resolution
product. A validation should be carried out in the other land cover types (grass and shrubs,
bare areas and forests) to fully assess the potential of the calibration. Unfortunately, we do
not have sensors installed in locations representative of these land covers. Nevertheless,
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referring strictly to the calibration strategy and considering the very subtle difference in
statistics, one can conclude that the calibration per land cover type is a viable and adequate
method of calibration.

Focusing solely on the results obtained when using τLC, for Terres de l’Ebre, high
values of the NS scores have been registered over the areas, at 10, 25 and 50 cm: 0.51 (25 cm
GA) and 0.54 (10 cm HA1) and 0.57 (50 cm OE). In the case of BA, HA2 and PM, however,
the highest NS score was registered at 5 cm: 0.44, 0.63 and 0.62, respectively. For BA and PM,
there is little difference with the second highest score obtained, at 10 cm: 0.41 (a difference of
0.03) and 0.58 (a difference of 0.04), respectively. However, for HA2, the second highest NS
score obtained (at 10 cm), is of 0.49, with a rather significant difference of 0.14. In general, it
seems that the lowest NS scores are obtained at the deepest layer, 70 or 100 cm, respectively.
This can be an indication of a decoupling occurring at deeper levels. An important thing to
note however, is that for all the sites except GA, the RZSM estimates presents the highest
correlation with observations at shallower depths of 5 and 10 cm (ranging from 0.77 to 0.88
and from 0.76 to 0.91, respectively), indicating a strong relationship between the surface
and the layer immediately below. In general, the RMSE is below 0.20 at 5 and 10 cm for all
the sites, and it increases with depth. In terms of bias, BA, GA, HA1 and OE registered the
lowest values at deeper layers: 0.001 (BA, 25 cm), 0.001 (GA, 50 cm), 0.025 (HA1, 50 cm),
−0.003 (OE, 100 cm). HA2 registers the lowest bias at 5 cm, −0.006, while PM at 10 cm,
0.002. The slope of the linear regression can provide complimentary information on the
efficiency of the predictions, as compared to observations [81]. The slope presents higher
values at shallower depths of 5 and 10 cm (except OE). Values of 0.35 and 0.54 have been
registered at 10 cm (BA, HA2, respectively), 0.53, 0.47 and 0.46 at 10 cm (GA, HA1 and PM,
respectively). This is again an indication of the strong relationship between the surface and
layers immediately adjacent. For OE, the highest value of the slope has been registered at
25 cm: 0.66.

In the case of Algerri Balaguer, results are contrasting depending on the time period
considered. For example, in the case of AB3, the period which yields the best NS scores is
2017, with the highest NS score (0.16) registered at 25 cm. Overall, for 2017, the best statistics
are registered at this depth, with a correlation of 0.48, RMSE of 0.20, low bias (0.040), and a
slope equal to 0.14. The NS scores registered at all depths for AB3_2018 and AB3_2020 are
negative, with the best results obtained at 50 cm in 2018 (NS = −0.39) and at 5 cm in 2020
(NS = −1.31). However, in contrast, the highest correlations at all depths were obtained
for 2018, ranging between [0.47; 0.54], as opposed to [0.21; 0.48] for 2017, and [−0.16; 0.33]
for 2020. The range of the RMSE is rather high regardless of the depth, ranging between
0.20–0.38 (AB3_2017), 0.30–0.37 (AB3_2018) and 0.26–0.37 (AB3_2020). The bias is rather
high as well, regardless of the period, ranging overall between 0.196 and 0.327 (except
for 0.040, the lowest value, obtained for AB3_2017 at 25 cm). Very low values of the slope
have also been obtained, with the best results obtained at 25 cm (AB3_2017, slope = 0.14)
and 50 cm (AB3_2018, slope = 0.18, AB3_2020, slope = 0.11). As a general conclusion, it
seems that the 25 cm yields the best results for AB3_2017, 50 cm for AB3_2018, and while
the best NS score for AB3_2020 is obtained at 5 cm, the rest of the statistics are better at 50
cm as well.

In the case of AB4, some of the same contrasting results can be observed. However,
in contrast, it seems 2017 is the worst period for this location, with negative values obtained
for NS (the highest being −0.26 at 50 cm), for the correlation (the highest being −0.02 at
50 cm) and the slope (the highest being −0.00 at 50 cm). For AB4_2018 however, results
improve in terms of correlation and NS (although the NS scores remain low). A strong
dependence is observed between the predicted RZSM and the surface layer, with the
highest correlation, slope and NS scores obtained at 5 cm: 0.48, 0.17 and 0.13, respectively.
In the case of AB4_2019, it seems that the lower depths provide a better correspondence
in terms of correlation (0.28 at 25 cm), slope (0.07 at 25 cm), and NS score (0.06 at 50 cm).
The RMSE for AB4, remains, in general, high, ranging overall between 0.19 and 0.34, while
the bias is ranges overall between −0.137 and 0.148.
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Table 2. Same as Table 1, but for Algerri Balaguer.

Site Depth (cm) R RMSE Bias Slope NS

AB3_2017

50 0.21 0.31 0.196 0.05 −0.59
(0.21) (0.31) (0.196) (0.05) (−0.59)

25 0.48 0.20 0.040 0.14 0.16
(0.48) (0.20) (0.040) (0.14) (0.16)

5 0.48 0.38 0.327 0.14 −2.13
(0.48) (0.38) (0.327) (0.14) (−2.13)

AB3_2018

50 0.54 0.30 0.203 0.18 −0.39
(0.54) (0.30) (0.203) (0.18) (−0.39)

25 0.47 0.32 0.208 0.15 −0.41
(0.47) (0.32) (0.208) (0.15) (−0.41)

5 0.54 0.37 0.287 0.17 −0.86
(0.54) (0.37) (0.287) (0.17) (−0.86)

AB3_2020

50 0.33 0.26 0.217 0.11 −1.93
(0.33) (0.26) (0.217) (0.11) (−1.93)

25 −0.16 0.37 0.301 −0.04 −2.57
(−0.16) (0.37) (0.301) (−0.04) (−2.57)

5 −0.01 0.35 0.259 −0.00 −1.31
(−0.01) (0.35) (0.259) (−0.00) (−1.31)

AB4_2017

50 −0.02 0.32 0.118 −0.00 −0.26
(−0.01) (0.32) (0.117) (0.00) (−0.24)

25 −0.56 0.34 0.101 −0.16 −0.54
(−0.52) (0.34) (0.100) (−0.16) (−0.54)

5 −0.53 0.33 0.098 −0.16 −0.53
(−0.50) (0.33) (0.096) (−0.16) (−0.52)

AB4_2018

50 0.46 0.28 0.148 0.15 −0.13
(0.47) (0.27) (0.147) (0.16) (−0.12)

25 0.37 0.19 −0.069 0.16 0.01
(0.39) (0.19) (−0.070) (0.17) (0.01)

5 0.48 0.21 0.069 0.17 0.13
(0.51) (0.21) (0.068) (0.19) (0.15)

AB4_2019

50 0.27 0.21 −0.025 0.06 0.06
(0.29) (0.21) (−0.026) (0.08) (0.07)

25 0.28 0.24 −0.137 0.07 −0.35
(0.30) (0.24) (−0.137) (0.08) (−0.34)

5 0.19 0.27 0.008 0.03 0.03
(0.20) (0.27) (0.007) (0.04) (0.04)

The results are poorer for Algerri Balaguer, especially when looking at the NS scores
overall, and the correlation in some cases. In order to try and find a possible explanation
to these varying and contrasting results, we have taken a look at the main crops present
within the Algerri Balaguer area, as seen in Figure 8. The map was downloaded from the
Catalan Geographical Information System of Agricultural Parcels (Sistema de Información
Geográfica de Parcelas Agrícolas, SIGPAC (http://sig.gencat.cat/visors/Cultius_DUN_
SIGPAC.html), accessed on 3 January 2021) and presents, at parcel scale, the main crops
found within the entire Catalonia. As can be seen, there is a very high heterogeneity
present within the area. This can be a possible explanation for the poor results obtained for
Algerri Balaguer, coupled with different irrigation practices present within the 1 km pixel.
Therefore, the RZSM present in the area is actually rather “non-homogeneous”, so when
compared to an estimated RZSM assumed homogeneous at the 1 km scale, discrepancies

http://sig.gencat.cat/visors/Cultius_DUN_SIGPAC.html
http://sig.gencat.cat/visors/Cultius_DUN_SIGPAC.html
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appear, as reflected in our results. This effect is not visible when precipitation takes place
though, where, as seen from the time series, the estimated RZSM adjusts more to the in situ
observations. This implies conditions over the area become homogeneous at the 1 km scale,
and, as seen from Terres de l’Ebre, it translates into a better correspondence being obtained.

Figure 8. Map of land use over the Algerri Balaguer area.

4.2. τ—Depth Sensitivity Study

A study regarding the filter’s sensitivity to the τ parameter has been carried out,
by varying the parameter to take values between [10; 90], with a time-step of 10 days.
The main motivation behind this study was generated by a mismatch between the depth of
the SSM used to initially calibrate τ (before averaging the values per land cover type) and
the sensing depth of the SMAP sensor. More specifically, the remote-sensing-derived SSM
might have a shallower depth than the SSM estimated by the ISBA-DIF land surface model.
This would implicate than when deriving the RZSM estimates from remote sensing, these
could be representative of “shallower” depths. This seems to be corroborated by almost
all the sites (especially the ones in Terres de l’Ebre) providing the best correlation and NS
score at 10 and 5 cm. Therefore, the main insight this sensitivity study aims to provide is
whether the RZSM estimates would correlate better with in situ observations at deeper
level, as well as if the NS score increases with τ for deeper layers. Each τ value in the
interval was used as input to the exponential filter, and RZSM estimates were obtained by
using the SMAP-derived 1 km SSM.

Figures 9 and 10 present the evolution of the NS score and correlation at different
depths, with respect to the evolution of τ, for the sites located in Terres de l’Ebre.

When looking at the influence of τ on the two statistics for Terres de l’Ebre, several
general comments can be made. The NS score increases with τ at deeper levels (70/100 cm
and 50 cm) for all the validation sites, up to a value, and then it starts decreasing, while the
correlation at the same levels also increases with τ up to a certain value, but then it tends
to stabilize. It seems (at the root-zone layers) that there is an optimal value for τ at which
the NS reaches a highest score, after which there is a decoupling, with the same not being
true for the correlation, as it constantly increases.
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More specifically, in the case of BA, the NS score at all depths constantly increases
until τ = 40(50), and then it slowly decreases. The best NS registered at BA is always found
at 5 cm, regardless of the variation of τ, followed by 10 and 25 cm respectively, which show
very little difference.

Figure 9. Evolution of the NS score at different depths with respect to τ values for Terres de l’Ebre.

In the case of GA, the best NS is registered at 25 cm for τ between 10 and 20, after which
the best NS scores are found for the 50 cm depth. For the 5, 10 and 50 cm depths, it seems
the optimal τ is around 40, while for the 70 cm depth, an optimal value of 70 is found.

HA1 and HA2 present strong dependence with the shallower depths, which, even
though they possess a NS value which decreases with τ, still provide the best NS scores
overall. For HA1, there is a shift from 10 cm (best NS score until τ = 30) to 50 cm (best NS
scores from τ = 40). A similar shift is observed for HA2, with the 5 cm providing the best
NS scores until τ = 40, after which the 25 cm depth yields the best results (from τ = 60).

The same trend is observed at PM, where the shift occurs from τ > 20, switching from
5 cm to 50 cm. BA, HA2 and PM have been previously identified as sites where there is a
strong dependence observed with the surface layers, dependence which seems to be valid
up to large values of τ.
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OE (alongside GA) is a good example where a strong dependence is found from the
start at lower layers (50 and 25 cm, respectively). The NS score at all depths except 100 cm
decrease with τ, while for 100 cm, the optimal τ is 40. The best NS values for OE are found
at 50 cm for τ < 30, after which a switch is made to 100 cm.

In conclusion, in order to obtain a strong dependence with the root-zone layers (except
BA), the optimal τ values for each site are: 30 (GA, 50 cm), 40 (HA1, 50 cm), 60 (HA2,
25 cm) and 40 (PM, 50 cm).

Correlation-wise, for all the sites in Terres de l’Ebre at shallower depths (5, 10 cm),
it either increases up until a value of τ and then decreases, or decreases from the start.
Hence, correlation for GA, OE and PM decrease with τ at these depths, while for BA, HA1
and HA2, it increases up to τ = 30, after which it decreases. At 25 cm, for OE, correlation
decreases with τ, while at PM and GA it increases only up to 30. At 50 and 70 cm, for all
sites except OE (where this effect is observed only at 100 cm), correlation steadily increase,
regardless of the τ value. Therefore, even if it seems, correlation-wise, the higher the τ,
the better with respect to the correspondence at lower layers, there is a trade-off with the
NS score which must be taken into consideration (NS decreasing after a certain threshold).

Figure 10. Evolution of the correlation at different depths with respect to τ values for Terres de l’Ebre.
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The same analysis (not shown) was done over the sites in Algerri Balaguer; however,
regardless of the τ variation, the high heterogeneity present in the study area cannot
be accounted for, and poor results were still predominant. This is to be expected, since
the 1 km SSM used to derive the RZSM is not able to capture said heterogeneity. The
NS score was predominantly negative, the only exception being AB3_2017 (for the 25 cm
depth), where it varied very little with τ, and with low values around 0.03–0.14. In terms
of correlation, the analysis showed that in general, it decreased with τ, with a notable
exception being AB3_2017 (for the 50 cm depth), where it increased with τ, from 0.23 to 0.63.
Nevertheless, it seems difficult to draw a common conclusion with respect to the influence
of the τ parameter on the evolution of the correlation and NS score for Algerri Balaguer,
which can partly, as explained before, be due to the very high heterogeneity present within
the area, and also to the in situ observations not being representative of the 1 km scale of
the estimated RZSM.

This sensitivity study has shown that the filter is rather sensitive to changes in the τ
parameter, and that in general, the NS score and correlation increase at lower depths with
the increase of τ over homogeneous sites, such as Terres de l’Ebre. Three sites in particular
show a very strong relationship with the 5 and 10 cm layers, until τ switches to high values
(>30). Even though these sites have been classified as rainfed crops, the same as two other
sites where this dependence is not seen, there seems to be an indication that there might be
other factors that influence rather strongly the filter model. Moreover, there seems to be an
optimal τ value at which the estimated RZSM shows strong NS scores with the root-zone
layers, after which there seems to be a decoupling. Therefore, even though the τ derived
from ISBA (and then averaged per land cover type) seems to correspond largely to the
surface layer, there is evidence (over the rainfed fields at least) that a larger τ (30–40) is
needed to obtain better correspondence in the root zone.

5. General Discussion

This study provides several insights into the exponential filter methodology [54] of
deriving RZSM from downscaled SMAP SSM data. The main goal is to assess the validity
of a calibration per land cover type, which would be a powerful asset in calibrating the
filter independently of the SSM given at the filter input (whether it might be in situ, model
or satellite-derived). The calibration has yielded values of 3 (corresponding to urban areas),
6 (corresponding to grass and shrubs) and 7 (corresponding to rainfed crops, irrigated
crops, forests and bare areas). The methodology was validated in rainfed (Terres de l’Ebre)
and irrigated crops (Algerri Balaguer). This latter value is consistent to the average τ values
found in other studies: 6 [51], 8 and 9 [33].

Previous studies [33,51,61,82] reported good correspondence between the predicted
RZSM and the root-zone observations at 30 cm, which is mostly corroborated by our study
as well (when comparing at 25 cm). The correlation coefficient (at 25 cm) retrieved over
the sites in Terres de l’Ebre ranges between 0.71 and 0.90. For Algerri Balaguer, the corre-
lation coefficient at 25 cm ranges between 0.28 and 0.48 (excluding two negative values
of −0.56 and −0.16). For example, [51] found a correlation coefficient between estimated
RZSM (from in situ data corresponding to SMOSMANIA and SMOSREX datasets) and
observations at a 30 cm depth between 0.49 and 0.97 over the South of France. The high
correlations obtained by [51] could be explained by the fact that they used the in situ
SSM to derive the RZSM over their study sites. In our case, we used the SMAP SSM,
downscaled at 1 km through DISPATCH [67], in order to derive 1 km resolution RZSM
estimates, which were subsequently compared to the in situ observations in the root zone.
This results in a bigger difference between the estimations and the observations, due to the
already inherent difference between the remote sensing SSM and in situ SSM observations.
Moreover, our retrieved RZSM presents higher variability than the in situ observations,
which is explained by the high variability present in the remote sensing SSM products.
A possible explanation for the poor results obtained in Algerri Balaguer is the very high
heterogeneity found within the area (within the 1 km pixels), as opposed to the more
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homogeneous sites located in Terres de l’Ebre. This effect seems to be toned down during
large-scale homogeneous events such as rainfall, where a better adjustment is obtained
between estimations and observations. This could prove an interesting point, and would
serve to evaluate the effective precipitation.

On the other hand, [33] have found correlation coefficients between 0.57 and 0.24 when
comparing their estimates with the observations of two stations located in the United States.
In the case of [33], they have used SMOS SSM at its native resolution (40 km) to derive
RZSM estimates. The coarse resolution of the native SSM product can explain the poorer
results in terms of correlation, since there is a large-scale mismatch between the SMOS
observations and the in situ data. In our study, we have showed that using downscaled
1 km resolution SMAP SSM is more representative of the study area, and subsequently
yields better correlations than by using the native SMAP resolution. Since the current
remote sensing products have a resolution that proves too coarse for agricultural and
hydrological applications, using a downscaling methodology before deriving RZSM from
satellite SSM can significantly improve the results.

However, an important aspect to point out in our study is the strong correlation found
with the surface layers (5 and 10 cm, for BA, HA1, HA2 and PM, with τ calibrated per
land cover). The correlation at 5 cm ranged between 0.77 and 0.84, while the correlation at
10 cm between 0.76 and 0.83. This is an indication of the very strong coupling between the
surface represented by the satellite-derived product and the layers immediately adjacent
to it. The same observation is made by [62], who have done a performance evaluation
of the exponential filter and of an entropy-based model at different depths (10, 20, 50
and 100 cm), and have found that the highest correlation for the exponential filter is at
10 cm. As the depth increases, the correlation decreases, indicating the limitations of
the model to estimate RZSM solely from surface observations. This is consistent with
literature [63,83], which stated that the surface and root zone get decoupled and exhibit
very weak relationships.

In terms of the NS score, we have obtained adequate and good values at 25 cm for
Terres de l’Ebre, ranging between 0.39 and 0.56. Ref. [33] have reported values (at 20 cm)
ranging between 0.45 and 0.91 and between −1.82 and 0.60, for their two study areas,
while [51] have reported values (at 30 cm) between 0.56 and 0.93, and between 0.37 and
0.88 (with some negative values also recorded), for their respective study areas. Ref. [62]
have registered poorer results in terms of the NS score at a 20 cm depth, ranging between
−0.42 and 0.73 over their respective study sites. Nevertheless, they have found better
NS scores at shallower depths (10 cm), ranging between 0.04 and 0.91. This supports
our findings as well, with a higher registered NS score at 10 cm depth (as compared to
25 cm) for four sites in Terres de l’Ebre, ranging between 0.41 and 0.58. Moreover, we have
found an even stronger coupling with the surface (5 cm) for these sites, with NS ranging
between 0.44 and 0.63. For the Algerri Balaguer sites, poor NS scores have been obtained,
ranging between −2.57 and 0.16, with mostly negative values, regardless of the site and
time period considered.

In the case of the stations located in Terres de l’Ebre, there is a constant overesti-
mation observed in summertime 2019, which, depending on the site, can last until Jan-
uary/February 2020. Ref. [65] have also reported large overestimations when comparing
their RZSM estimates (from ERS-scat) with ISBA data over the SW of France, in summer-
time, which corroborated part of our findings. Ref. [62] have also noted poor performance
of the filter in summertime, which they explained as the filter model being directly related
to surface soil evaporation; at lower layers, the relationship should take into consideration
the vegetation evapotranspiration as well, a fact which it is not able to capture well. This
translates into summertime drying events (little rainfall and a strong evapotranspiration)
decoupling the surface and lower layers, with the filter model failing to distribute the
moisture properly.

All things considered, the strategy of calibrating per land cover type has proven
adequate, as it was able, in general, to capture the dynamics and provide high NS scores
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and good correlations at 10 and 25 cm, respectively, when validating over rainfed crops.
Even though poorer statistics have been observed over the irrigated sites, due to the
high heterogeneity present, in general, the highest correlations and NS score have been
obtained at 25 and 50 cm, indicating that the filter is able to estimate a RZSM value which
corresponds better to deeper layers for irrigated fields as well. When interpreting the
results, one must also keep in mind that τLC was obtained from τISBA, by averaging
those values per vegetation cover type at the native (5 km) ISBA resolution. On the one
hand, calibrating τ with ISBA-DIF data is highly dependent on the accuracy of the LSM
estimations, as these τ values were later averaged per land cover type. On the other hand,
these averaged values were later assigned to 1 km pixels of a derived ESA CCI land cover
product at a 1 km resolution. In order to obtain this land cover map at 1 km, the original
300 m resolution ESA CCI land cover product was upscaled by selecting at the 1 km scale
the dominant land cover present at the original scale. This also represents a source of
uncertainty, albeit we have chosen an upscaling method which reduced the uncertainties
when upscaling to 1 km.

In addition to the main goal of assessing the adequacy of calibrating τLC, a sensitivity
study was performed, by tuning the τ parameter. This was prompted by a possible
mismatch in the depth of the SSM estimated by ISBA-DIF and the SSM measured through
remote sensing. This is important as the τ parameter was calibrated with ISBA-DIF data
prior to averaging values per land cover type. Therefore, the τ thus obtained might not be
the same when using remote sensing SSM data as input to the filter. The remote sensing
data is representative of a shallower depth than the LSM data, which would mean that
using the τ calibrated (at an intermediary step) with LSM data might yield RZSM estimates
corresponding to shallower depths. Hence, the τ parameter increased with a 10-day time-
step between [10; 90] to assess its influence on the RZSM estimates at different depths.
Results are consistent over all sites in Terres de l’Ebre, in that as τ increases, so does the
correlation and NS score at deeper levels (70/100 cm and 50 cm), while decreasing at the
surface level. This is an indication that the filter presents certain sensitivity to τ, and a
better coupling can be obtained at deeper levels for higher values of τ. However, for three
of the study sites in Terres de l’Ebre, the overall best results in terms of NS score were still
obtained for surface depths (5 cm and 10 cm respectively), which would suggest these
locations in particular, the coupling is very strong with the surface and the filter is not
able to overcome this effect. However, two other sites in Terres de l’Ebre sites, in contrast,
constantly obtain the best results at lower depths (25 and 50 cm) with the increase of τ.
In particular, for OE, there is a very strong coupling with the 50 and 25 cm layer, even for
τLC. Even though the assigned land cover at 1 km is rainfed crops, the sensor is in a small
pine forest. The τ value obtained for forest and rainfed crops is the same (7); however,
the estimated RZSM has a stronger link with the in situ data from forest rather than the
in situ data from cropland. Hence, it would seem that a “real” validation (as in more
representative of the actual conditions in the field), yields better results at deeper layers in
forests rather than in croplands.

6. Conclusions

This paper assesses the adequacy of a pseudodiffusivity parameter τ calibrated per
land cover type in the use of the recursive form [66] of an exponential filter [54] to retrieve
scaled RZSM estimates from 1 km downscaled SMAP SSM data. The recursive form is
chosen due to its capability of lowering computational time.

The “pseudodiffusivity” parameter τ of the filter is calibrated over an area in Catalonia,
Spain, by land cover type. First of all, the ISBA-DIF scaled SSM simulations are used as
an input to the filter, for τ values ranging between 1 and 40. The resulted RZSM is then
compared to the ISBA-DIF RZSM simulations, and the τ value which yields the best
Nash–Sutcliffe score is then kept, resulting in a map over the entire study area at the native
ISBA resolution (5 km). The second step of the calibration strategy consists of averaging
the τ values obtained previously per different land cover types, using the ECOCLIMAP
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map at the ISBA resolution, reduced to six main classes: rainfed crops, irrigated crops,
forests, grass and shrubs, bare areas, urban areas. Once these values have been computed
for each land cover type considered, a map is created at 1 km resolution, by assigning the τ
value corresponding to the 1 km ESA CCI-derived land cover. This map is obtained from
the original 300 m resolution product, by upscaling it to 1 km.

The SMAP SSM is downscaled to 1 km by using the DISPATCH [67] methodology
prior to using it as input to the filter. The estimated RZSM is then compared to scaled
in situ observations, at different depths, over two areas: Terres de l’Ebre (five sites–BA,
GA, HA1, HA2, PM and OE, corresponding to rainfed crops) and Algerrri Balaguer (two
sites–AB3 and AB4, corresponding to irrigated crops). Good results are obtained at 10
and 25 cm (50 cm for OE) in terms of the Nash–Sutcliffe score for Terres de l’Ebre: 0.41 (10
cm BA), 0.51 (25 cm GA), 0.54 (10 cm HA1), 0.49 (10 cm HA2), 0.58 (10 cm, PM) and 0.57
(50 cm, OE). For Algerri Balaguer, the NS scores obtained are poorer, with the best reported
values being 0.16 (AB3_2017, 25 cm) and 0.13 (AB4_2018, 5 cm). Strong correlations have
been observed in general over all sites at the shallower depths of 5 and 10 cm, indicative of
a strong coupling of the surface to the layers adjacent. Moreover, for BA, HA2 and PM the
best NS value is obtained at 5 cm: 0.44, 0.63 and 0.62, respectively.

To assess the adequacy of the calibration strategy, RZSM estimates obtained with τLC
have been compared against estimates obtained with τISBA. No significant differences in
terms of statistics have been registered, leading to the conclusion that the calibration per
land cover type is an adequate calibration strategy.

Given the strong dependence found at 10 (and 5) cm, a sensitivity study was carried
out, by varying τ values between 10 and 90, with a 10-day time-step. It has been found
that in general, with increasing τ, the NS score and correlation increases with the depth,
for Terres de l’Ebre. Except three sites in particular, which show very strong correspondence
to the 5 and 10 cm layers, the study has shown that the correspondence shifts to a deeper
layer once τ reaches a certain high value.

This study underlines the potential of the recursive formulation of the exponential fil-
ter to retrieve high-resolution RZSM estimates from downscaled SMAP SSM data. Satellite
measurements of SM are valuable presently especially due to their global spatial coverage,
which makes the application of the exponential filter easier at any given location, as op-
posed to using in situ observations. However, their coarse resolution means a large-scale
mismatch is present when the application domain is agriculture or hydrological, where SM
is needed at high-resolution. By using DISPATCH to downscale SMAP SSM, and using it as
an input to the filter, we address this scale mismatch, obtaining RZSM estimates which are
more representative of the study domain. Moreover, in order to fully take advantage of the
global coverage of satellite data and eliminate the need for site-specific calibration, an inde-
pendent calibration, per land cover type, proves a useful resource. The adequate results
that are obtained provide confidence in the applied approach. Nevertheless, there are some
things to be kept in mind when interpreting said results. First, as an intermediate step, τ is
calibrated from ISBA-DIF data, meaning τ is calibrated with RZSM simulations which are
integrated over the entire profile (and it introduces a model dependency), and at the ISBA
resolution. The best results were obtained when comparing the estimated RZSM with the
5 cm, 10 cm and 25 cm scaled in situ observations, with the results then decreasing with
depth. This is an indication that the obtained τ is better suited for that depth, with larger
values being needed to obtain better correlations and NS scores at lower depths. Another
aspect to be taken into consideration is related to the second step of the calibration strategy,
which attributes τ values per land cover type at the original ISBA resolution. In order to
obtain a map of τ at the 1 km resolution need for our study, we have derived a 1 km land
cover map from the original 300m ESA CCI land cover product, by upscaling it, which can
introduce some uncertainty with respect to the actual land cover type present.

This study shows the potential of retrieving high-resolution RZSM estimates from
remote sensing data, with a calibration depending solely on the land cover type present
within the area. As for potential future studies, the application and validation of the
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methodology over other land cover types and in other climatic zones than the ones pre-
sented in this study can be investigated. Moreover, the influence of the soil texture in
the calibration of the filter can be a further potential perspective worth considering. Ad-
ditionally, one can investigate the use of a global τ map with the values obtained in the
present study, which would facilitate the application of the exponential filter regardless
of the study area. Furthermore, the 1 km resolution can sometimes be too “coarse” if
the actual validation sites are in a highly heterogeneous area (as in the case of Algerri
Balaguer). Future research can investigate using higher resolution (e.g., several hundreds
of meters) remote-sensing-derived SSM, coupled with a corresponding higher resolution
land cover map to estimate high-resolution RZSM that can be more representative of these
heterogeneous areas.
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