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A B S T R A C T

An accurate temporal and spatial characterization of errors is required for the efficient processing, evaluation,
and assimilation of remotely-sensed surface soil moisture retrievals. However, empirical evidence exists that
passive microwave soil moisture retrievals are prone to periodic artifacts which may complicate their application
in data assimilation systems (which commonly treat observational errors as being temporally white). In this
paper, the link between such temporally-periodic errors and spatial land surface heterogeneity is examined. Both
the synthetic experiment and site-specified cases reveal that, when combined with strong spatial heterogeneity,
temporal periodicity in satellite sampling patterns (associated with exact repeat intervals of the polar-orbiting
satellites) can lead to spurious high frequency spectral peaks in soil moisture retrievals. In addition, the global
distribution of the most prominent and consistent 8-day spectral peak in the Advanced Microwave Scanning
Radiometer – Earth Observing System soil moisture retrievals is revealed via a peak detection method. Three
spatial heterogeneity indicators – based on microwave brightness temperature, land cover types, and long-term
averaged vegetation index – are proposed to characterize the degree to which the variability of land surface is
capable of inducing periodic error into satellite-based soil moisture retrievals. Regions demonstrating 8-day
periodic errors are generally consistent with those exhibiting relatively higher heterogeneity indicators. This
implies a causal relationship between spatial land surface heterogeneity and temporal periodic error in remotely-
sensed surface soil moisture retrievals.

1. Introduction

Within the past two decades, extensive efforts have been aimed at
enhancing remote estimation of surface soil moisture. Currently, several
global space-borne soil moisture products are available from a series of
satellite-based passive and/or active microwave sensors. The accurate
characterization of global satellite-derived soil moisture products is
crucial for multiple hydrological (Srivastava et al., 2013; Wagner et al.,
2007a), meteorological (Koster et al., 2004; Seneviratne et al., 2010),
agricultural (Bolten et al., 2010; Engman, 1991; Lakhankar et al.,
2009a), and natural hazardous (Lacava et al., 2005) applications.
Especially in hydrological data assimilation community, the inclusion
of satellite-based soil moisture observations has drawn great attention
for the purposes of catchment rainfall-runoff (Alvarez-Garreton et al.,

2014; Crow et al., 2009; Komma et al., 2008) and both continental
(Crow and Zhan, 2007; Walker and Houser, 2004) and global-scale
(Reichle and Koster, 2005; Reichle et al., 2004, 2007) land surface
modeling.

Recently, Su et al. (2013a, 2015) presented a spectrally-based ap-
proach for evaluating satellite-derived soil moisture retrievals which
builds upon a semi-empirical water balance model and operates in the
frequency domain. Based on this approach, they identified periodic
error components in passive microwave retrieved soil moisture Level 3
(gridded) retrieval products acquired from both the Advanced Micro-
wave Scanning Radiometer – Earth Observing System (AMSR-E) and the
Soil Moisture and Ocean Salinity (SMOS) missions, suggesting the need
to consider the presence of temporally-periodic errors when using and/
or evaluating such products. Most land data assimilation approaches
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are based on an assumption of temporally-white and Gaussian-dis-
tributed errors forms (Burgers et al., 1998). Therefore, a thorough ex-
amination of soil moisture retrieval error structure is crucial for not
only properly describing their error characteristics but also their po-
tential implementation within a land data assimilation system (Crow
and Van den Berg, 2010).

Gridded satellite-based soil moisture retrievals are based on the
sampling of adjacent footprints within the same orbital overpass. Three
commonly used interpolation algorithms are: drop-in-bucket, nearest
neighbor, and inverse-distance-squared methods (Chan et al., 2012).
The choice of interpolation algorithm affects the effective antenna
pattern of the spatial support associated with a particular grid box. For
the Soil Moisture Active Passive (SMAP) mission, the averaged half-
power beam-width field-of-view (FOV) size of the inverse-distance-
squared approach is about 40 km. In addition, radiation outside the
half-power beam-width can contribute to the signal – suggesting that
the gridded signal may include significant radiance contributions from
emitters outside the grid (Jackson et al., 2010). For polar-orbiting sa-
tellites with an exact repeat cycle there are periodic variations in the
spatial support of individual grids (due to day-to-day variations in the
exact footprint-averages underlying each grid cell). Over highly het-
erogeneous regions, the impact of this periodic sampling may become
more pronounced and periodic errors may arise which are related to the
periodicity of the sampling pattern.

Additionally, passive microwave observations are potentially con-
taminated by man-made radio frequency interference (RFI). RFI can
obscure (relatively weaker) geophysical emission associated with land
source variables like soil moisture (Daganzo-Eusebio et al., 2013; Njoku
et al., 2005). In addition to the spatial heterogeneity in natural land
surface signals, RFI sources observed over land areas are typically fixed
in space (Njoku et al., 2005) which may lead to periodic errors in sa-
tellite-based retrievals as these sources are re-sampled periodically.
From this point of view, a satellite-derived soil moisture product with
consideration of the contributing factor of RFI should be analyzed to
expose the origins of periodic errors.

In practice, a simple ad hoc low pass filter (i.e., a 5-day moving
average) adopted by Wagner et al. (2007b) and Draper et al. (2009) has
been shown to slightly improve the quality of satellite-based soil
moisture retrievals. Nonetheless, this empirical method is arbitrary and
only effective for dampening very short-term fluctuations (i.e., 2-day
periodic errors). Recent experimental studies have shown that ana-
lyzing the soil moisture time series in the frequency domain can provide
supplementary insights with regard to its conjugate time domain (Katul
et al., 2007). For example, Du (2012) used the high-pass Fourier filter to
keep small temporal scale soil moisture signals in the directly observed
emissivity time series, while filtering out the mixture signals of vege-
tation phenology in the low frequency component (Moody and
Johnson, 2001; Scharlemann et al., 2008) and long-term soil moisture
trends. However, such a method requires not only the accurate ex-
traction of high-frequency soil moisture signals from sensor direct ob-
servations, but also the availability of an accurate long-term clima-
tology from land surface models or existing satellite-based soil moisture
product. On the other hand, Su et al. (2013a) applied a band-stop filter
to remove the identifiable stochastic and systematic errors in high-
frequency regime and then a low-pass Wiener filter for preserving the
long-term temporal mean and variance. This approach is more physi-
cally realistic and based on the rationale that small time scale soil
moisture dynamics can be simplified into incoming precipitation and
water loss process with brown-like spectrum (Katul et al., 2007; Su
et al., 2013a).

However, the application of any filter comes at the risk of in-
formation loss. For example, when blindly applying the band-stop filter,
high-frequency signal components related to rapid soil moisture
changes following intense rainfall events can also be attenuated.
Therefore, the accurate a priori identification of land surface conditions
associated with spurious high frequency resonances is beneficial for

efficient and flexible application of the band-stop filter.
To examine the plausible reasons behind the existence of high-fre-

quency peaks and improve our understanding of errors in the satellite-
derived soil moisture time series, this study will focus primarily on the
most prominent and consistent periodicity (8-day) existing in an AMSR-
E soil moisture retrieval product. The spatial distribution of such a
periodic error will be inter-compared to measures of land surface spa-
tial heterogeneity. Section 2 presents the satellite-derived soil moisture
product from the passive microwave AMSR-E sensor via the Land
Parameter Retrieval Model (LPRM) retrieval algorithm, the spectral
analysis of soil moisture, and our peak detection method. Three
straightforward heterogeneity indicators, based on: microwave bright-
ness temperature, land cover types, and long-term averaged Normalized
Difference Vegetation Index (NDVI), are then proposed for character-
izing spatial variability along the land surface. Section 3 evaluates the
spectral characteristics of soil moisture retrievals and explains their
relationship with these heterogeneity indicators. Further discussion of
concerns and potential implications is provided in Section 4, and final
conclusions are presented in Section 5.

2. Materials and methods

A long-term soil moisture product is necessary in order to robustly
investigate periodic errors in satellite-derived soil moisture time series.
Among various microwave sensors and missions, the AMSR-E sensor
onboard the National Aeronautics and Space Administration (NASA)
Aqua provides the longest currently-available source of soil moisture
data (i.e., from June 2002 to October 2011) from a single sensor and is
therefore the primary focus of this study.

2.1. AMSR-E soil moisture product and LPRM retrieval model

2.1.1. AMSR-E basic information
The AMSR-E sensor was a six-frequency dual-polarized passive mi-

crowave radiometer, onboard the NASA Aqua satellite with a 16-day
exact repeat cycle. With a sun-synchronous orbit at an altitude of
705 km, AMSR-E scans the Earth's surface at 1:30 a.m. (descending)/
1:30 p.m. (ascending) local equator overpass time and an incidence
angle of 55°. AMSR-E provided a nearly nine-and-a-half-years long-term
measurement time series from June 2002 to October 2011. Among its
six microwave frequency bands, the spatial resolutions of footprint
measurements at 6.9 GHz (C-band), 10.7 GHz (X-band), and 36.5 GHz
(Ka-band) were 74 × 43 km, 51 × 30 km, and 14 × 8 km, respectively
(Njoku et al., 2003).

Several soil moisture retrieval algorithms have been developed for
AMSR-E brightness temperature (TB) data. Here, surface soil moisture
(~2 cm) and vegetation optical depth are retrieved simultaneously
from C-band TB via the LPRM (see below for further details). In areas
with significant RFI such as the contiguous United States (CONUS),
Japan, and India, LPRM switches to X-band. Fig. 1a and b shows the
distribution maps of bands that have been utilized for soil moisture
retrieval. Regardless of the band used, AMSR-E ascending and des-
cending half-orbits are separately re-sampled from their original foot-
print resolution to a regular quarter degree grid and then processed
through LPRM to retrieve soil moisture (see below).

2.1.2. Land parameter retrieval model
LPRM uses a forward modeling optimization procedure to solve a

radiative transfer equation without the need for parameter calibration
and other biophysical measurements. The physically-based LPRM (De
Jeu and Owe, 2003; Meesters et al., 2005; Owe et al., 2001) has been
successfully applied to retrieve surface soil moisture from space-borne
passive microwave observations including AMSR-E (Owe et al., 2008)
and SMOS (De Jeu et al., 2009; Van der Schalie et al., 2015; Van der
Schalie et al., 2016). Moreover, the AMSR-E LPRM product has been
well-validated with in situ campaigns (Brocca et al., 2011; De Jeu et al.,
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