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2VanderSat B.V., Wilhelminastraat 43A, 2011 VK Haarlem, Netherlands

3Department of Earth and Environmental Sciences, KU Leuven, Heverlee, B-3001, Belgium
4Department of Geodesy and Geo-Information, Vienna University of Technology, 1040 Vienna, Austria

ABSTRACT

Measurements of soil moisture are needed for a better global
understanding of the land surface-climate feedbacks at both
the local and the global scale. Satellite sensors operating
in the low frequency microwave spectrum (from 1 to 10
GHz) have proven to be suitable for soil moisture retrievals.
These sensors now cover nearly 4 decades thus allowing for
global multi-mission climate data records. In this paper, we
assess the possibility of using L-band (SMOS) and C-band
(AMSR2, ASCAT) remotely sensed soil moisture time se-
ries for the global estimation of soil moisture persistence. A
multi-output Gaussian process regression model is applied
to ensure spatio-temporal coverage of the satellite data sets.
It allows a robust computation of temporal autocorrelation
and e-folding times. Results over a selection of catchments
reveals general agreement between the response of in-situ and
satellite microwave observations to hydrological processes.
The response of the uppermost-modeled soil moisture layer
of GLDAS-1-Noah agrees well with that of the observations,
whereas major differences are displayed by MERRA2 re-
analysis. The temporal dynamics of the three microwave
sensors are shown to be consistent, close to in-situ and to
GLDAS-1-Noah, which supports their combination for the
global estimation soil moisture persistence.

Index Terms— Soil moisture, microwave radiometry,
temporal autocorrelation, SMOS, AMSR2, ASCAT, Gaus-
sian processes (GPs), regression, gap-filling

1. INTRODUCTION

During the last decade, the interest in the protected microwave
L-band and technological advances in instrumentation and
space technology led to the two first space missions dedi-
cated to measuring soil moisture: ESA’s Soil Moisture and
Ocean Salinity (SMOS) and NASA’s Soil Moisture Active
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Passive (SMAP). Also, microwave satellite sensors operating
at higher frequencies with long technological heritage, e.g.
C-band ASCAT and AMSR2, that were initially devoted to
atmospheric and/or oceanic sensing have been proved suit-
able for soil moisture retrieval. In comparison to L-band, C-
band sensors have a shallower soil sensing depth (top 1 cm
vs. 5 cm) and a larger attenuation in presence of vegetation.
Nonetheless, higher frequency missions can complement re-
cent L-band missions and allow for multi-decadal soil mois-
ture observational data records partially covering the last 38
years (e.g. ESA CCI Soil Moisture [1]).

In this work, an autocorrelation analysis is presented to
capture the general temporal dynamics of soil moisture data
products from three satellites (SMOS, AMSR2, ASCAT), and
two state-of-the-art reanalysis (GLDAS-1-Noah, MERRA2).
Given the large gap rates, we propose a multi-output Gaus-
sian Process (GP) regression model to ensure spatio-temporal
coverage of the satellite data sets [2]. The method implic-
itly performs an information transfer across the three satellite
time series. It allows a robust computation of temporal au-
tocorrelation and e-folding times, as a measure of soil mois-
ture persistence. The study period covers six years, starting
in June 2010. The analysis is performed over a selection of
in-situ catchments from the International Soil Moisture Net-
work (https://ismn.geo.tuwien.ac.at). Based on the skills and
differences found between the different soil moisture prod-
ucts a methodology for the global estimation of soil moisture
persistence is proposed. It uses L and C-band satellite mi-
crowave observations and deals with the natural presence of
observational gaps in the time series.

The paper is organized as follows. In Section 2 we briefly
introduce the proposed methodological approach. Section 3
presents the experimental results, and we end up the work in
Section 4 with some remarks and future work.

2. PROPOSED APPROACH

We characterized the soil moisture persistence or “soil mem-
ory” in terms of temporal autocorrelation (lagged correlation)
of the different data records. Although modeled, satellite and
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in-situ observed soil moisture products capture processes oc-
curring at different spatial scales, therefore making their com-
parison challenging, they should generally agree in terms of
temporal dynamics (e.g. trend) and have a similar response to
rainfall if the rainfall was equally distributed [3].

The autocorrelation analysis is a powerful tool to describe
the direct soil moisture response to hydrological processes
[4, 5]. Yet, a major obstacle for its applicability to observa-
tional time series is the presence of missing data that prevents
a robust computation in many regions of the planet. In this
study, a multi-output GP regression technique [2] is applied
to the satellite data to ensure enough spatio-temporal cov-
erage of the data sets in snow-free continental areas. The
method takes into account the relationships among SMOS,
ASCAT and AMSR2 soil moisture time series and builds a
cross-domain kernel function able to transfer information be-
tween time series. The learned relations are exploited to do
inferences on regions where no data (gaps) are available and
provides a reconstructed prediction for each data set.

Typically, the temporal autocorrelation is applied to
anomaly time series to prevent correlations of the time series
with the seasonal cycle. Here, a stable seasonal component at
the daily scale has been obtained from monthly means, using
cubic splines. Soil moisture persistence is then characterized
by the autocorrelation curve and the characteristic time lag or
e-folding time (the time at which the autocorrelation drops to
1/e) [4].

The robustness of the approach is evaluated at three in-
situ soil moisture networks: REMEDHUS in Spain (17 sta-
tions [6]), HOBE in Denmark (31 stations [7]) and DAHRA
in Senegal (1 station [8]). In terms of temporal coverage,
they are representative of best-case (REMEDHUS), average-
case (HOBE) and wort-case (DAHRA) scenarios, with SMOS
providing a coverage during the study period of 96, 65 and
45%, respectively. Autocorrelation curves and characteristic
lags have been obtained for in-situ, satellite (original and re-
constructed) and uppermost-modeled soil moisture layers of
GLDAS and MERRA reanalysis.

3. RESULTS

3.1. Gap filling with multi-output Gaussian Processes

The spatio-temporal coverage of microwave observations for
the study period is shown in Fig.1. It shows that combining
the three satellite observations most continental pixels have
more than 80% temporal coverage, whereas with SMOS alone
the mean coverage is about 50% (Fig. 1a). Not surprisingly,
coverage is still limited at high latitudes (due to snow masking
microwave observations) and areas of dense tropical forests
and complex topography where soil moisture retrievals have
a high uncertainty (Fig 1b).

A multi-output GP regression is applied here to com-
bine the complementary information captured by the three
microwave sensors and provide continuous time series for a
robust assessment of soil moisture persistence metrics. The

Fig. 1. Temporal coverage for the 6-year the study period
[%]. Top: probability density function of temporal coverage
considering all continental pixels, for different combinations
of satellite data. Bottom: map of temporal coverage resulting
from the combination of SMOS, AMSR2 and ASCAT data.

interested reader can find details on this particular model
in [2, 9], and more details will be given at the time of the
conference. Results of the application of the proposed GP
over REMEDHUS, HOBE and DAHRA networks are shown
in Fig. 2, together with the original satellite time series
and the in-situ data as a benchmark. For REMEDHUS and
HOBE, it can be seen that reconstructed soil moisture time
series follow closely the original time series, capturing the
wetting-up and drying-down events and filling the missing in-
formation (e.g. see in HOBE the dry-down in February 2014
which was captured only by AMSR2 and is reproduced by
the three reconstructed time series). Pearson correlation and
root-mean-squared errors with respect to in-situ data in these
two networks are not affected by the reconstruction. The
reconstructed signals at DAHRA, however, are too smooth
and not representative (high frequency changes are lost). This
is due to the fact that, in this region, satellites barely overlap
and the combined coverage is very poor, probably due to its
proximity to the coast. These results suggest that a minimum
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Fig. 2. Time series of in-situ, satellite-based (SMOS, ASCAT, AMSR2), and reconstructed soil moisture [m3m−3] at the
REMEDHUS catchment during the 6-year study period. Reconstructed satellite time series obtained from the multi-output
Gaussian Process regression are also shown.

number of combined observations (around 50-60% of tem-
poral coverage) is required to provide consistent predictions
using the proposed GP model.

3.2. Temporal autocorrelation

Autocorrelation graphs of the different soil moisture data
records over the REMEDHUS and HOBE networks are
shown in Fig. 3. It illustrates that, in these sites, the temporal
response of the uppermost-modeled soil moisture layers to
hydrological processes is generally different for GLDAS and
MERRA, with GLDAS showing a characteristic curve much
closer to both in-situ and satellite observations. Comparing
satellite estimates, it can be seen that ASCAT and AMSR2
generally display lower persistence than SMOS (lower auto-
correlation values for most time lags). This is in agreement
with the theory, since a shallower layer of the soil contributes
to surface emissivity at C-band than at L-band (1 cm vs. 5
cm) and therefore should lead to lower memory. The distinct
properties shown by AMSR2 and ASCAT can (in part) be due
to their operating mode (passive vs. active sensing). Despite
some differences, it is remarkable that the temporal response
of the three satellite data sets are consistent.

It should be noted that autocorrelation estimates are unre-
liable when the data has a high number of missing values (as
a rule of thumb, when more that 1/3 of data is missing). This

is the case of AMSR2 in REMEDHUS and the three satellite
time series in HOBE, as evidenced in their noisy autocorrela-
tions (see Fig.3). Characteristic curves of reconstructed satel-
lite time series are similar to the one of in-situ, with e-folding
times of 9-11 days over REMEDHUS vs. 16 for in-situ and
6-8 days over HOBE vs. 10 for in-situ. GLDAS e-folding
times lie between satellite and in-situ values (15 for REMED-
HUS, 10 for HOBE). MERRA, in turn, results in unrealistic e-
folding times (30 days for REMEDHUS and 164 for HOBE).

4. DISCUSSION AND CONCLUSION

An autocorrelation analysis has been performed to charac-
terize the soil moisture temporal dynamics displayed by in-
situ measurements, satellite microwave observations (SMOS,
AMSR2, ASCAT), and state of the art reanalysis (GLDAS-1-
Noah and MERRA2). A multi-output GP regression has been
applied to intrinsically exploit the relationships among the
three microwave sensors and deal with the natural presence of
missing data in observational time series. Results have been
presented over three catchments: REMEDHUS, HOBE and
DAHRA, with a satellite coverage during the study period of
96, 65 and 45%, respectively.

Reconstructed time series using the proposed GP model
allow the analysis of autocorrelation curves and e-folding
times over the REMEDHUS and HOBE catchments. Cov-
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Fig. 3. Autocorrelation graphs of SMOS, AMSR2, ASCAT,
GLDAS-1-Noah, MERRA2 and in-situ (average of available
stations) soil moisture anomalies over REMEDHUS (top) and
HOBE (bottom). The black dashed horizontal line indicates
where the autocorrelation equals 1/e, corresponding to the
characteristic lag-time at the x-axis.

erage over DAHRA is too limited to provide a robust re-
construction using GPs alone. Further work will be directed
towards the combined use of autoregressive models and GPs
to allow reconstruction in pixels with less than 50-60% cov-
erage. Also, the use of Gaussian or exponential kernels for
smoother/sharper approximations of the signals and its im-
pact in the autocorrelation function needs to be evaluated.

Despite some differences, the temporal response of the
three microwave sensors are consistent. Characteristic curves
of reconstructed time series are similar to the one of in-situ
with slightly lower e-folding times (9-11 days vs. 16 over
REMEDHUS, 6-8 days vs. 10 over HOBE). GLDAS char-
acteristic curve agrees well with that of satellite data and in-
situ, whereas MERRA displays unrealistic e-folding times.

This analysis should be extended to a higher number of catch-
ments to ensure representativity of results. A dedicated study
should be performed over irrigated regions, which are nat-
urally captured by the satellite instruments but not included
in the models. Results show that the proposed approach al-
lows the estimation of global soil moisture persistence pat-
terns captured by L and C-band microwave sensors. Regional
maps of e-folding times will be shown at the time of the con-
ference to reveal the soil moisture persistence patterns cap-
tured by the microwave sensors and how they differ from the
ones obtained with GLDAS and MERRA reanalysis.
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