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Abstract

Soil Moisture and Ocean Salinity (SMOS) data validation has been widely
performed worldwide since the product became available. However, there are few
studies for Brazil. This study focused on the validation of a new version of SMOS
product developed by the Institut National de la Recherche Agronomique (INRA) and
Center d'Etudes Spatiales de la BIOsphere (CESBIO). One of the advantages of SMOS-
INRA-CESBIO (SMOS-IC) is that the product is as independent as possible from
auxiliary data. The validation was performed at 7 stations located in a semi-arid
mesoregion of Pernambuco State, Northeast Brazil, for the year 2016. Bias, root mean
square difference (RMSD), unbiased RMSD and the Pearson correlation coefficient (R)
were computed between the SMOS-IC data and in situ measurements, considering only
the ascending orbit (6 am local time). The results were consistent with those found in
several studies, including error metrics. The correlation coefficient (r) ranged from 0.53
to 0.86 (mean 0.68) and the sensor was able to respond adequately to rainfall events.
The results of this study are useful to demonstrate the need to continue validating soil
moisture data obtained by remote sensors throughout the state, especially in more rainy
locations.

1 Introduction

Soil moisture is a key variable in water and energy cycles on a global scale. Your knowledge, with
high quality measurements, is required for a large number of applications, including short-term
weather forecasting, hydrological modeling, agricultural production estimation, drought monitoring
and climate change studies [1].

In the last two decades, several studies have shown that soil moisture can be obtained by a wide
variety of orbital sensors, including optical, thermal and active/passive microwave instruments. In this
sense, Soil Moisture and Ocean Salinity (SMOS), launched in November 2009, was the first satellite
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dedicated specifically to monitor soil moisture, operating in the L band (1.4 GHz), with a revisit time
of 1 to 3 days and accuracy of 0.04 m* m3[2].

Although SMOS has been extensively calibrated and validated in different locations since its
launch [3], there are still few studies for Brazil, especially in the semi-arid region, characterized by
low rainfall. This type of study is essential to assess sensor accuracy when compared to in situ
measurements and to analyze the sensitivity of its response to rain events, which occur less frequently
in the region.

The objective of this study was to compare soil moisture data obtained by SMOS-INRA-CESBIO
(SMOS-IC) product, which is a new and improved version of the operational SMOS Level 3
(SMOSL3), with seven stations located in the S8o Francisco mesoregion, in the semi-arid of
Pernambuco State (Northeast Brazil) for a period of one year, using different error metrics to evaluate
the sensor performance.

2 Material and methods

The S&o Francisco mesoregion is part of the semi-arid of Pernambuco State (Figure 1), located in
the Northeast region of Brazil. With an area of 24,532 km?, this is the mesoregion with the lowest
rainfall rates in the state, with an annual average ranging from 400 to 800 mm, while in the state coast
these values range from 1000 to 2265 mm [4].
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Figure 1: Location of the Sdo Francisco mesoregion in the state of Pernambuco with the stations used in the
study (red circles).

The soil moisture monitoring network in the mesoregion is composed by 9 stations of the National
Center for Natural Disaster Monitoring and Alerts (CEMADEN), which began collecting data in
2015. Two stations were not considered, since the SMOS-IC data corresponding to these points are
not recommended for validations, according to the 'Quality Flag' index provided by the product.

The product used in this study was SMOS-IC, developed by the Institut National de la Recherche
Agronomique (INRA) and Center d'Etudes Spatiales de la BlOsphére (CESBIO). The data were
provided by INRA/CESBIO. SMOS-IC has emerged as an alternative to the SMOSL3 product
provided by the Center for the Treatment of SMOS (CATDS) and differs from the operational
SMOSL3 mainly because it is more independent from ancillary data. Furthermore, it does not take
into consideration pixel land use and assumes the pixel to be homogeneous. SMOS-IC is based in the
original SMOS algorithm, developed by the L-band Microwave Emission of the Biosphere (L-MEB)
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model inversion [5]. Preliminary results were promising and demonstrated their greatest accuracy
worldwide in relation to SMOSL3 [6].

Soil moisture data were extracted from the corresponding ground station pixels and then
compared. Before the comparisons of the data measured in situ with those estimated by the satellite,
an analysis was carried out focusing on the distribution of the spatial patterns of the data in the seven
stations of the mesoregion.

To evaluate the performance of the SMOS-IC against in situ stations, the Pearson correlation (r),
bias, root mean squared difference (RMSD) and unbiased RMSD (ubRMSD) were calculated. These
are the recommended metrics for validation studies of soil moisture data obtained by remote sensors,
according to [7]. Only ascending orbit data were considered due to their better performance relative to
the descending orbit in several studies [8].

3 Results and discussion

At the beginning of 2016, which coincides with part of the rainy season in the Sdo Francisco
mesoregion, the highest rainfall indices were recorded in all stations. Considering that the mesoregion
is part of the semiarid region of the state, characterized by low rainfall indices combined with high
evapotranspiration rates, this type of event, when it occurs, naturally leads to soil moisture peaks that
can be easily visualized in box plots, in the form of outliers (Figure 2). The station of Itacuruba
presented the highest values of soil moisture, although the distribution of rainfall was quite similar to
that recorded in the other stations.
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Figure 2: Box plots of mean soil moisture for all stations. The box shows the first and third quartile and the
center line shows the median. The mean is represented by red point and its value is shown beside the box.

According to [9,10], in addition to precipitation, the spatial distribution of soil moisture is directly
linked to several other factors, such as soil characteristics, climate, topography, vegetation and solar
radiation. In particular, soil cover may have a significant effect on water distribution [11]. Thus, the
station of Itacuruba is possibly located in an area that favors the wetting of the soil more quickly and
withholds rainwater for longer. [12] reinforce that the state of Pernambuco presents a great diversity
of soils, with variation of granulometric fractions. It is known that soil texture is a determining factor
in the dynamics of water movement, distribution and storage.

The correlation coefficient (r) expresses the relation between two stations (a total of 21 pairs was
analyzed). Most of the correlations presented values higher than 0.5, all significant at p<0.05, (Table
1). The correlation matrix is important for analyzing the data and inferring about its spatial pattern. In
the S&o Francisco mesoregion, precipitation has a similar spatial distribution [4], which justifies high
values in most correlations, even if located in different cities, since the tendency of soil moisture
fluctuation is mainly conditioned by the presence of rainfall and its dynamics.
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Table 1: Correlation coefficients of the mean soil moisture between all the stations.

Dormentes  Floresta  ltacuruba Orocé Petrolinal  Petrolina2 Terra Nova

Dormentes 0.555 0.695 0.654 0.870 0.816 0.345
Floresta 0.555 0.687 0.645 0.476 0.425 0.224
Itacuruba 0.695 0.687 0.500 0.622 0.602 0.192
Oroco 0.654 0.645 0.500 0.751 0.664 0.515
Petrolina 1 0.870 0.476 0.622 0.751 0.883 0.479
Petrolina 2 0.816 0.425 0.602 0.664 0.883 0.494
Terra Nova 0.345 0.224 0.192 0.515 0.479 0.494

However, as already mentioned, the spatial variation of soil moisture is normal and expected,
considering its high dependence by other factors besides rainfall. [13], analyzing spatial patterns of
soil moisture also in 7 stations before performing comparisons with SMOS, have identified similar r
values, above 0.5 in most cases. In this case, all the stations were closer, considering that it is an
agricultural area. The results found by the authors show the high soil moisture variability, even in
reduced spatial scale.

The temporal distribution of soil moisture data obtained by SMOS-IC product followed the trend
of in situ data. Although the mesoregion is marked by very low rainfall indices, which makes it
difficult to see this pattern clearly, it is noted that SMOS-IC responds to rainfall events, especially
those occurring in the first weeks of the year.

Most of the studies carried out with SMOS occur in regions with higher rainfall indices, which
allows to analyze and discuss more accurately the uncertainties of the satellite during rainfall events
[14], even in South America [15]. However, it is interesting to note that the product can follow a trend
quite similar to the in situ data, even in a prolonged dry period.

Figure 3 shows the validations performed in four stations. Peaks in the SMOS-IC data are
common when there are more intense rainfall, generating a soil moisture signature superior to that
recorded by the in situ stations, which shows the high sensitivity of the sensor and its rapid response
to increase in the surface soil moisture during periods of rainfall. In fact, it is common for SMOS to
present more pronounced peaks than the in situ data in the presence of rainfall. This same pattern has
already been widely identified in several studies around the world [13,6].
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Figure 3: Temporal evolution of SMOS-IC soil moisture compared to the in situ observations at 4 stations.
(A) Petrolina-1, (B) Oroco, (C) Floresta and (D) Terra Nova. SM - Soil Moisture.
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It is important to note that SMOS-IC is an alternative and improved version of the operational
SMOSL3 [5]. Thus, much of the data that is outside the satellite's accuracy range is automatically
filtered during reprocessing. Preliminary tests performed with SMOSL3, which were not presented in
this study, show that the latter product tends to present higher peaks than SMOS-IC. These peaks are
usually associated with high values of Data Quality Index (DQX) and Radio Frequency Interference
(RFI), which are indices used to evaluate the quality of the data and represents the uncertainty of the
retrieval [16]. When this occurs, data filtering is recommended to avoid validation uncertainties.

The mean value of bias for the 7 stations was 0.022 m® m (Figure 4), indicating that SMOS-IC
underestimated the soil moisture data when compared to the in situ measurements, as also observed
by [5,17], although the inverse occurred during precipitation peaks in most cases. The values of
RMSD and ubRMSD ranged from 0.031-0.092 m® m? and 0.0298-0.0545 m® m=3, respectively,
similar to those found by [9] in China using SMOSL3 product. The stations of Dormentes and
Itacuruba presented the highest RMSD and bias values. In both cases, the in situ soil moisture data
were higher than those recorded by SMOS-IC. These were the stations that presented the highest soil
moisture means in the mesoregion, being superior to the others.
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Figure 4: Bar plots of the comparison results between SMOS-IC soil moisture and in situ measurements at
each station.

The RMSD, according to [7], tends to be larger than ubRMSD, since the RMSD is affected by the
presence of bias or the amplitude of fluctuation of the satellite retrieval. Therefore, in studies of
validation of orbital sensor data from in situ measurements, ubRMSD is used as a complement.

The cumulative probability of soil moisture from the satellite and in situ data, in the four stations
shown above, is represented in Figure 5. The stations of Petrolina-1 (A) and Floresta (B) presented
similar distribution for the two series (in situ and SMOS-IC), which is expected, since the bias values
were lower. At the stations of Oroc6 (C) and Terra Nova (D), where the errors were more expressive,
there is a greater distance from the accumulated data observed and estimated by SMOS-IC. The
highest peaks of soil moisture recorded by SMOS-IC during the rainfalls (Figure 3) naturally
increased the bias in these stations, which led to this behavior. In the case of Oroco station, there is
also the fact that the satellite has overestimated the soil moisture. In the Terra Nova station, there was
the opposite, especially in the driest period.
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Some authors [18,19,20] have already successfully used techniques based on the cumulative
distribution function matching (CDFm) to reduce bias between soil moisture data collected in situ and
estimated by remote sensors. Thus, it is possible to rescale the satellite time series to match with in
situ observations. Among these techniques, the piecewise linear interpolation and fitted polynomials
are widely used, especially when there are large number of errors between the two series.

Figure 6 shows the soil moisture distribution maps based on SMOS-IC data for the wettest
(January) and the driest (September) months, as well as the Normalized Difference Vegetation Index
(NDVI), obtained from the product MODI13A3 of the Moderate Resolution Imaging
Spectroradiometer (MODIS) sensor, aboard the TERRA satellite, with resolution of 1 km?. As there
was no large temporal variation of soil moisture in the mesoregion throughout the year, we chose to
display the maps only of these two periods. It's worth noting that the soil moisture maps have the
same color scale for the two months.
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Figure 6: Spatial distribution of soil moisture and NDV1 obtained from SMOS and MODIS, respectively.

In January, the mean soil moisture content in the S3o Francisco mesoregion was 0.164 m® m=3,
while in September the mean value was 0.032 m® m=. In general, it is possible to notice that the most
of the locations that presented higher soil moisture in the wetter month tended to maintain similar
pattern in the driest month, considering the large time scale between the two images.

NDVI maps, as well as precipitation, confirm the coherence of the spatial distribution of soil
moisture with greater intensity in the month of January. Higher vegetation index was detected in this
period compared to the driest month of the year, throughout the mesoregion. It is important to
consider that the S&o Francisco mesoregion is the driest of the state. Thus, even in rainy season,
vegetation vigor is lower and late when compared to other mesoregions. As it is a product derived
from the operational SMOSL3, SMOS-IC has grid with a 625 km? sampling. As MOD13A3 has a
higher resolution (1 km?), the direct comparison of the spatial distribution of soil moisture as a
function of NDVI is limited to this scale. However, the correlation between vegetation indices such as
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NDVI and soil moisture data derived from SMOS has already been proven in some studies, which
allowed, through the use of diverse techniques, to downscale the native spatial resolution of SMOS
[21,22].

4 Conclusions

Most of the studies with SMOS and other satellites are carried out in areas with higher rainfall
diversity, which allows to differentiate more clearly the sensor response patterns to the soil moisture
variation. Despite the low incidence of rainfall in the validated stations, the similarity of SMOS-IC
data with in field measurements over time is noticed, which points out the need to validate the sensor
data for other mesoregions of the state, since there is a great variation of rainfall rates in the state and
it is perceived that the SMOS-IC responds well to these events. The results presented in this study,
however, are important, since they show that SMOS-IC maintains the same tendency of the in situ
data, even in the absence of expressive rainfall.
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