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a b s t r a c t 

Soil moisture is widely recognized as an important land surface variable that provides a deeper knowl- 

edge of land-atmosphere interactions and climate change. Space-borne passive and active microwave sen- 

sors have become valuable and essential sources of soil moisture observations at global scales. Over the 

past four decades, several active and passive microwave sensors have been deployed, along with the re- 

cent launch of two fully dedicated missions (SMOS and SMAP). Signifying the four decades of microwave 

remote sensing of soil moisture, this Part 2 of the two-part review series aims to present an overview of 

how our knowledge in this field has improved in terms of the design of sensors and their accuracy for 

retrieving soil moisture. The first part discusses the developments made in active and passive microwave 

soil moisture retrieval algorithms. We assess the evolution of the products of various sensors over the 

last four decades, in terms of daily coverage, temporal performance , and spatial performance , by comparing 

the products of eight passive sensors (SMMR, SSM/I, TMI, AMSR-E, WindSAT, AMSR2, SMOS and SMAP), 

two active sensors (ERS-Scatterometer, MetOp-ASCAT), and one active/passive merged soil moisture prod- 

uct (ESA-CCI combined product) with the International Soil Moisture Network (ISMN) in-situ stations and 

the Variable Infiltration Capacity (VIC) land surface model simulations over the Contiguous United States 

(CONUS). In the process, the regional impacts of vegetation conditions on the spatial and temporal perfor- 

mance of soil moisture products are investigated. We also carried out inter-satellite comparisons to study 

the roles of sensor design and algorithms on the retrieval accuracy. We find that substantial improve- 

ments have been made over recent years in this field in terms of daily coverage, retrieval accuracy, and 

temporal dynamics. We conclude that the microwave soil moisture products have significantly evolved in 

the last four decades and will continue to make key contributions to the progress of hydro-meteorological 

and climate sciences. 

© 2017 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Soil moisture (SM) is a key state variable modulating energy

and water exchanges at the land and atmosphere interface. Bet-

ter assessment of soil moisture dynamics improves our knowl-

edge and monitoring capabilities of important land surface pro-

cesses. Soil moisture determines the amount of water available for

the evapotranspiration from land and thus plays a considerable

role in moisture circulation in the atmosphere ( Seneviratne et al.,

2010 ). It impacts various climate process drivers such as precip-

itation ( Guillod et al., 2015; Koster et al., 2004 ) and air tem-

perature ( Miralles et al., 2014 ), and controls the partitioning of
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recipitation into runoff and infiltration thereby affecting stream-

ow and ground water recharge in the hydrological cycle ( Botter

t al., 2007; Orth and Seneviratne 2013; Salvucci 2001 ). Due to its

ersistent memory, soil moisture helps improve the modeling of

eatwaves ( Miralles et al., 2014 ), droughts ( Luo and Wood 2007 ),

oods ( Massari et al., 2014; Parinussa et al., 2016 ), thunderstorms

 McColl et al., 2017 ), and crop yield ( Rosenzweig et al., 2002 ). It

lays a crucial role in managing the plant growth by which the

arbon cycle is regulated ( D’ odorico et al. 2003 ). Soil moisture

s deemed to be an essential variable to improve the accuracy of

ong term as well as seasonal scale numerical weather forecasts ( de

osnay et al. 2014; Dirmeyer and Halder 2016; Drusch 2007 ). Soil

oisture is also one of the best indicators for agricultural and eco-

ogical droughts ( Mo 2008; Sheffield and Wood 2007 ). In the era

f increased awareness towards climate change, information about
oil moisture is observed in several studies to influence the simula- 

http://dx.doi.org/10.1016/j.advwatres.2017.09.010
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ions of future projections of climate variables such as temperature

 Vogel et al., 2017 ), precipitation ( May et al., 2015 ) and evapotran-

piration ( Seneviratne et al., 2013 ). 

Observing soil moisture at large spatial scales has been a very

ifficult task for ground sensors given the highly heterogeneous

ature of soil moisture in both time and space (due to variability

n climate/weather, snow, topography, vegetation, land use, water

able depth and soil type). This variability may not allow us to gen-

ralize regional scale findings to global scales while geographical,

nancial and political constraints limit the development of dense

tation networks in many parts of the world ( Crow et al., 2005;

arthikeyan and Kumar 2016; Pan and Wood 2009; Prigent et al.,

005 ). With the advent of remote sensing, the retrieval of surface

oil moisture from microwave sensors has drawn the attention of

ydro-meteorologists, climate and agricultural scientists over the

ast four decades. Its global availability and increased temporal

nd spatial resolutions have resulted in increasing use of these

roducts for research and operational purposes. Microwave sensors

re categorized into passive sensors and active sensors . The passive

ensors detect the natural microwave radiations emitted from the

round in the form of brightness temperature measurements ( T B ).

he active sensors send radiation pulses towards the Earth surface

nd detect the reflected and scattered signals as backscatter coef-

cients ( σ o ). 

The passive and active microwave satellite sensors have been

roviding useful global scale surface soil moisture retrievals since

978 ( Colliander et al., 2017; Entekhabi et al., 2010a; Jackson 1997;

ackson et al., 2002; Kerr et al., 2016; Kerr et al., 2012; Kerr et al.,

001; Liu et al., 2012; McCabe et al., 2005; Njoku et al., 2003;

joku and Li 1999; Njoku et al., 1998; O’Neill et al., 2016b; Owe

t al., 2008; Pan et al., 2014; Parinussa et al., 2015; Piepmeier

t al., 2017; Wagner et al., 1999; Wagner et al., 2003; Wanders

t al., 2012 ). The series of passive microwave sensors contributing

o global scale soil moisture retrievals include the Scanning Mul-

ichannel Microwave Radiometer (SMMR), the Special Sensor Mi-

rowave - Imager (SSM/I), the microwave imager of Tropical Rain-

all Measuring Mission (TMI), the WindSAT mission, the Advanced

icrowave Scanning Radiometer – Earth Observing System (AMSR-

), the Advanced Microwave Scanning Radiometer 2 (AMSR2) mis-

ion, the Soil Moisture Ocean Salinity (SMOS) mission, and the

oil Moisture Active Passive (SMAP) mission. In case of active sen-

ors, the Scatterometers of the European Remote Sensing (ERS-1/2)

atellites and the Advanced Scatterometer (ASCAT) of the Meteo-

ological Operational satellite program (MetOp-A/B) (2007–2014)

rovide the global scale soil moisture retrievals. With this legacy

f soil moisture sensors, effort s have been directed towards merg-

ng the passive and the active microwave soil moisture products

nder the European Space Agency (ESA) Climate Change Initiative

CCI) program in an attempt to create a long term global scale soil

oisture record ( Liu et al., 2012; Liu et al., 2011 ). 

Given the indirect nature of soil moisture remote sensing, val-

dation is an important and also challenging aspect of satellite

oil moisture retrievals. The most direct form of validation is to

ompare the retrievals with in-situ station observations subject

o availability of data ( Al Bitar et al. 2012; Chan et al., 2016;

origo et al., 2015; Jackson et al., 2010; Wu et al., 2016 ). Cur-

ently, the International Soil Moisture Network (ISMN) provides

bservations of soil moisture and other ancillary variables on a

ublic platform corresponding to 2226 stations (as of 16 Febru-

ry 2017; Fig. 1 presents the spread of stations over the Contigu-

us United States) ( Dorigo et al., 2011 ). Furthermore, field cam-

aigns such as the campaign for validating the operation of SMOS

coSMOS) ( Delwart et al., 2008 ) and the SMAP Validation Experi-

ent 2016 (SMAPVEX16) ( Chan et al., 2016; Colliander et al., 2015 )

ave been implemented that support calibration and validation of

MOS and SMAP missions respectively. Since ground observations
re not available globally and are typically representative of dif-

erent spatial scales than satellite based retrievals, alternate vali-

ation techniques such as triple collocation ( Gruber et al., 2016;

an et al., 2016; Pan et al., 2015; Scipal et al., 2008 ), R value ( Crow

007; Crow et al., 2010; Crow and Zhan 2007 ) and mutual infor-

ation based approaches ( Karthikeyan and Kumar 2016; Tuttle and

alvucci 2014 ) have been developed. Furthermore, the soil mois-

ure output from land surface models (LSMs) – which simulate the

oil moisture ( Koster et al., 2009 ) state along with other states and

uxes using forcing and ancillary datasets – can be used to assess

he accuracy of the satellite soil moisture retrievals ( Fang et al.,

016; Pan et al., 2016 ). In fact, many efforts have been made to as-

imilate soil moisture retrievals into LSMs to improve the estimates

f soil moisture ( De Lannoy and Reichle 2016; Pan and Wood

010; Reichle et al., 2008; Reichle et al., 2016; Yan and Moradkhani

016 ), streamflow ( Alvarez-Garreton et al., 2016; Wanders et al.,

014a; Wanders et al., 2014b ) and precipitation ( Wanders et al.,

015; Zhan et al., 2015 ). 

In Part 1 ( Karthikeyan et al., 2017 ) of this two-part-review se-

ies, we looked at the development of passive and active mi-

rowave soil moisture retrieval algorithms over the last four

ecades. The study area is set to the Contiguous United States

CONUS) for all analyses. Here in Part 2, we provide a system-

tic overview of the evolution of microwave satellite sensors and

heir retrieval performance over the past four decades. The paper

s arranged in the following manner. Section 2 gives a summary of

he instrument features of passive and active sensors along with

he details regarding reference data used for comparison purposes.

ection 3 discusses how improvements have been made in terms

f daily coverage, spatial performance and temporal performance of

oil moisture products with an emphasis on regional validation and

nter-sensor comparisons. 

. Data and methods 

The present validation paper focuses on evaluating the mi-

rowave soil moisture products of eight passive, two active, and

ne combined active/passive sensors over the Contiguous United

tates (CONUS). SMMR, SSM/I, TMI, WindSAT, AMSR-E, AMSR2,

MOS, and SMAP are the passive sensors. ERS Wind Scatterom-

ter, hereafter referred to as “ERS” and MetOp ASCAT, hereafter

eferred to as “ASCAT”, are the active sensors. The combined

ctive/passive soil moisture product developed by the European

pace Agency (ESA) under their ‘Climate Change Initiative (CCI)’

s also validated in this work. The following sub-sections provide

 brief overview of the passive and active sensors’ configuration

nd their evolution over time. The soil moisture products cor-

esponding to these sensors are evaluated with respect to ISMN

tation data and VIC land surface model simulations. Hence, the

ubsequent sub-sections provide a description of these datasets

ollowed by a description of the methodology involved in the

nalyses. 

Table 1 summarizes configuration of passive and active mi-

rowave sensors described in the sections below. 

.1. Passive microwave sensors 

.1.1. Scanning multichannel microwave radiometer (SMMR) 

The Scanning Multichannel Microwave Radiometer (SMMR), 

aunched onboard the National Aeronautics and Space Administra-

ion’s (NASA) Nimbus-7 satellite in 1978, was the first passive mi-

rowave satellite sensor that had the capability of retrieving sur-

ace soil moisture. Primarily, it was launched for obtaining Sea Sur-

ace Temperature (SST), surface wind speed, water vapor, and cloud
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Fig. 1. (a) Spatial spread of ISMN stations with their length of record in days plotted over mean vegetation water content (kg/m 

2 ) map; (b) Time evolution of number of 

ISMN stations over the CONUS. Notice the decrease in wintertime due to snow and frozen ground. The two red lines in the spatial map are −105 °N and −95 °N longitudes 

which divide the CONUS into three ( western, central and eastern ) regions to evaluate the regional performance of soil moisture products in Section 3 . 

Table 1 

Summary of passive and active microwave sensors. 

Instrument Satellite Duration Frequency 

(GHz) 

Footprint size 

(km) 

Incidence angle at 

earth surface ( °) 
Temporal resolution 

(Days) 

Coverage 

SMMR Nimbus 7 Oct 1978 - Aug 1987 6.6 148 × 95 50.2 2 Global 

10.7 91 × 59 

SSM/I DMSP Aug 1987 - Dec 2007 19.3 70 × 45 53.1 1 Global 

TMI TRMM Dec 1997 - Apr 2015 10.7 59 × 36 35 1 N40 ° to S40 °
AMSR-E Aqua Jun 2002 - Sep 2011 6.9 76 × 44 55 1 Global 

10.7 49 ×28 

WindSAT Coriolis Feb 2003 - Jul 2012 6.8 60 × 40 53.5 1 Global 

10.7 38 × 25 49.9 

AMSR2 GCOM-W Jul 2012 - Present 6.9 62 × 35 55 1 Global 

10.7 42 × 24 

MIRAS SMOS Jan 2010 - Present 1.4 35–50 0–55 1–3 Global 

SMAP SMAP Mar 2015 - Present 1.4 47 × 39 40 1–3 85.044 °N - 

85.044 °S 
ERS ERS-1/2 July 1991–Sep 2011 5.3 50 × 50 16–50 2–7 Global 

ASCAT MetOp-A/B Jan 2007–Present 5.225 25 × 25 25–65 1–2 Global 

ESA-CCI-COMBI Various Oct 1978-Dec 2014 Various 25 × 25 Various 1 Global 
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liquid water content information. The five dual polarized frequen-

cies from 6.6 to 37 GHz provided brightness temperatures every

other day (due to power limitations) ( Gloersen and Hardis 1978 ).

SMMR global repeat coverage was up to six days. Since there is

no publicly available soil moisture product pertaining to SMMR

sensor, we obtained corresponding data from ESA-CCI passive soil

moisture ( Liu et al., 2012; Liu et al., 2011 ) product, which retrieved

soil moisture using the X-band brightness temperature data (hav-

ing a penetration depth of ∼0.3–1 cm) using the LPRM algorithm.

Note that the penetration depth of passive microwave signals is on

the order of one tenth of the wavelength but can become deeper

for dryer soil and due to surface roughness ( Ulaby et al. 1986 ). 
.1.2. Special sensor microwave imager (SSM/I) 

The Special Sensor Microwave Imager (SSM/I) of the Defense

eteorological Satellite Program (DMSP)-F08 satellite continued

he legacy of SMMR since its launch in 1987. It had onboard seven

hannels with frequencies ranging from 19.3 GHz to 85.5 GHz. Its

urpose was to obtain ocean wind speed, atmospheric water vapor,

loud liquid water, and rain rate information. With an improved

wath width (1400 km) and reduced power consumption, SSM/I

chieved global coverage almost daily ( Noll et al., 1994 ). Due to ad-

ancements in antenna characteristics and data preprocessing, the

erformance of SSM/I was improved over its predecessors. SSM/I

ontinued to provide data until June 2002. Even in this case, we
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ould not obtain an official soil moisture product. Hence, the soil

oisture retrievals made exclusively with the SSM/I sensor data

using 19.3 GHz horizontal and vertical frequency channels; having

 penetration depth of ∼0.15–0.5 cm) under the ESA-CCI passive

oil moisture product (using LPRM retrieval algorithm) ( Liu et al.,

012; Liu et al., 2011 ) are used in our analysis. 

.1.3. Tropical rainfall measuring mission (TRMM) – microwave 

mager (TMI) 

The Tropical Rainfall Measuring Mission (TRMM)’s Microwave

mager (TMI) was one of the three sensors onboard the TRMM

atellite launched in 1997 jointly by NASA and National Space De-

elopment Agency (NASDA) of Japan. The satellite was launched

rimarily for measuring rainfall and energy exchange in the trop-

cal and subtropical regions ( Bindlish et al., 2003 ). Launched as

 successor to SSM/I, the TMI had dual polarized frequencies of

0.65, 19.4, 21.3, 37, and 85.5 GHz. The TMI made two daily passes

ascending and descending) at a location with a near-equatorial or-

it. The TMI had a higher spatial resolution than that of SSM/I due

o its larger antenna and lower orbital altitude. In 2001, an orbital

aneuver boost of TRMM (increase in orbital altitude) increased

he instrument lifetime and swath width which consequentially re-

uced the spatial resolution (from 50 km to 51 km for X-band) of

he sensor. The soil moisture retrievals used in this analysis are ob-

ained from the LPRM retrieval algorithm (using X-band brightness

emperature data) created by Vrije Universiteit Amsterdam (VUA)

nd NASA Goddard Space Flight Center (GSFC) ( De Jeu 2012a, b;

we et al., 2008 ). 

.1.4. Advanced microwave scanning radiometer for the earth 

bserving system (ASMR-E) 

The Advanced Microwave Scanning Radiometer for the Earth

bserving System (ASMR-E) onboard NASA’s Aqua satellite (dedi-

ated for remote sensing of climate and hydrology) was developed

ointly by Japan’s Aerospace Exploration Agency (JAXA) and NASA.

t was launched in 2002 ( Kawanishi et al., 2003 ). AMSR-E provided

upport to EOS mission objectives of Aqua satellite by primarily

easuring precipitation rate, cloud water, water vapor, sea surface

inds, sea surface temperature, sea ice concentration, snow wa-

er equivalent, and soil moisture variables. The sensor had six fre-

uencies (6.92, 10.65, 18.7, 23.8, 36.5, and 89.0 GHz) in horizon-

al and vertical polarizations. The polar orbiting AMRE-E achieved

lobal coverage within two days separately for ascending and de-

cending passes (except for a few polar regions). The spatial reso-

ution of AMSR-E improved significantly over SMMR (from 150 km

o 50 km for C-band radiometer) while also containing all chan-

els of the previous sensors (SMMR, SSM/I and TMI). The sensor

topped operating in 2011 due to an antenna failure. Given its long

ata record ( ∼10 years) across 12 channels, AMSR-E created new

pportunities towards the development of the soil moisture re-

rieval algorithms. In this regard, we considered two soil moisture

roducts (using X-band radiometer, having a penetration depth of

0.3–1 cm), which are produced with two different retrieval algo-

ithms LSMEM ( Pan et al., 2014 ) and LPRM ( De Jeu 2011a, b; Owe

t al., 2008 ). 

.1.5. WindSAT 

The WindSAT sensor was the first fully polarimetric (consist-

ng of horizontal, vertical, linear and circular polarizations) mi-

rowave radiometer, launched in 2003 on the Coriolis satellite de-

eloped by the Naval Research Laboratory Remote Sensing Division,

he Naval Center for Space Technology for the U.S. Navy and the

ational Polar-orbiting Operational Environmental Satellite System

NPOESS) Integrated Program Office (IPO) ( Gaiser et al., 2004 ). The

olar orbiting WindSAT had 5 frequencies (6.8, 10.7, 18.7, 23.8 and

7 GHz) all of them fully polarimetric except 6.8 and 23.8 GHz
hannels, with a revisit time of one day. WindSAT was intended

or weather forecasts and warnings, nowcasting, climatology, and

ceanography studies. It provides data related to sea surface wind

peed and sea surface wind direction, column integrated cloud liq-

id water, column integrated precipitable water, and sea surface

emperature ( Gaiser et al., 2004 ). The WindSAT was a successor to

SMR-E with spatial resolution (38 km for X-band radiometer) and

olarimetric capabilities. Here, we use the soil moisture product

eveloped using X-band radiometer observations (having a pene-

ration depth of ∼0.3–1 cm) and the LPRM retrieval algorithm for

he analysis given in Section 3 ( De Jeu 2012a, b; Owe et al., 2008 ).

.1.6. Advanced microwave scanning radiometer 2 (AMSR2) 

The Advanced Microwave Scanning Radiometer 2 (AMSR2) de-

eloped jointly by NASA and JAXA was launched in 2012 onboard

he JAXA’s Global Change Observation Mission - Water “SHIZUKU”

GCOM-W), as a continuation mission to AMSR-E. It has all the fre-

uency channels and similar sensor configuration as that of AMSR-

 with an additional C-band (7.3 GHz) dual polarization frequency

o improve the mitigation of the Radio Frequency Interference

RFI). It was launched for the retrieval of integrated water vapor,

ntegrated cloud liquid content, precipitation, sea surface temper-

ture, sea surface wind speed, sea ice concentration, snow depth

nd soil moisture. The satellite has a revisit time of one day. The

nstrument has a higher spatial resolution due to the presence of a

arger main antenna reflector. The AMSR2 is an operational sensor

ith the ability to obtain near-real time soil moisture retrievals.

e used the official soil moisture product of GCOM-W Version 2 ,

hich uses the JAXA retrieval algorithm at X-band (having a pen-

tration depth of ∼0.3–1 cm) for the present analysis ( Koike et al.,

004; Maeda and Taniguchi 2013 ). 

.1.7. Soil moisture ocean salinity (SMOS) 

The Soil Moisture Ocean Salinity (SMOS) is the first dedicated

atellite mission intended for global scale soil moisture and ocean

alinity retrievals. Launched in 2009, the Microwave Imaging Ra-

iometer with Aperture Synthesis (MIRAS) instrument, onboard

he SMOS satellite was developed by Centre d’Etudes Spatiales

e la Biosphère (CESBIO) with support from the European Space

gency (ESA), the Centre National d’ Etudes Spatiales (CNES), and

he Centro Para el Desarrollo Tecnologico Industrial (CDTI). This

ission marked the first use of dual polarized L-band (1.4 GHz)

-D passive interferometer radiometer. Measuring long wavelength

icrowave radiations requires a bigger antenna, which is achieved

ith a novel ‘Y’ shaped design embedded with 69 smaller an-

ennas (called LICEFs), each measuring the Earth’s surface emis-

ions at L-band. SMOS is a sun-synchronous polar orbiting satel-

ite and achieves global coverage every three days. The project tar-

et is to retrieve soil moisture with 0.04 m 

3 /m 

3 accuracy. The us-

ge of longer wavelength results in an ability to retrieve soil mois-

ure from greater depth ( ∼5 cm). Another unique feature of SMOS

ies in its ability to measure brightness temperatures at multiple

ncidence angles in the range 0–50 ° With six years of success-

ul operation, SMOS provides a processed (level 3) soil moisture

roduct (through Centre Aval de Traitement des Données SMOS –

ATDS, using the ‘SMOS Soil Moisture Retrieval Algorithm’ Version

00 ( Kerr et al., 2012 )) at one week lag, which is used in our anal-

sis. 

.1.8. Soil moisture active passive (SMAP) 

The Soil Moisture Active Passive (SMAP) satellite mission is the

ost recent microwave sensor dedicated to obtaining surface soil

oisture observations. It was launched in 2015 by NASA, with the

bjective of generating global fields of soil moisture and landscape

reeze/thaw state ( Entekhabi et al., 2014 ). The mission concept was

o utilize the respective advantages offered by using both passive
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and active sensors in retrieving soil moisture and to obtain accu-

rate soil moisture observations with high spatial and temporal res-

olutions. In this regard, SMAP has two components: an active syn-

thetic aperture radar (1.2 GHz with VV, HH , and HV polarizations)

and a passive radiometer at L-band frequency (1.41 GHz with, V, H,

the third and the fourth Stokes’ parameters), and achieves global

coverage every 2–3 days. Since the SMOS satellite has a domi-

nant effect of RFI, the SMAP mission has incorporated stringent RFI

filtering for both radiometer and radar sensors ( Colliander et al.,

2017 ). Unfortunately, after 11 weeks of operation, the radar instru-

ment encountered a failure, although the radiometer continues its

operations. The instrument is equipped with 6 m rotating conical

scanning mesh reflector antenna revolving in a sun-synchronous

near-polar orbit at an altitude of 685 km. The target accuracy of

SMAP mission is 0.04 m 

3 /m 

3 . It has to be noted that this tar-

get accuracy corresponds to the unbiased Root Mean Square Error

(ubRMSE), which is computed using data subject to a number of

conditions, including – but not limited to – the vegetation water

content threshold (of 5 kg/m 

2 ). Other parameters are the presence

of frozen soil, urban areas, active precipitation, etc. The SMAP soil

moisture product in our analysis is the Level 3 Version 4 dataset

obtained as a composite of the Level 2 retrievals produced with

the baseline V -polarization Single Channel Algorithm (V-SCA) ( O’

Neill et al. 2016a ). 

2.2. Active microwave sensors 

2.2.1. Active microwave instrument – wind scatterometer (ERS) 

The Active Microwave Instrument – Wind Scatterometer (ERS)

was the first active sensor that is capable of retrieving soil mois-

ture observations. Primarily intended for wind monitoring, the first

ERS was launched onboard European Remote Sensing (ERS-1) satel-

lite in 1991, which discontinued operation in 20 0 0. The second

instrument with the same configuration as its predecessor was

launched onboard ERS-2 in 1995. The instrument was designed

with fan-beam geometry with antennas oriented at 45 °, 90 °, and

135 ° with respect to satellite track. The ERS is a C-band (5.3 GHz)

scatterometer (having a penetration depth of ∼1–3 cm) with three

vertically polarized antennas and a swath width of 500 km. The

ERS had a revisit time of 2–7 days. The ERS signal was used to cre-

ate the ESA-CCI active soil moisture product (which is used in the

current work) by implementing the TU-Wien change detection al-

gorithm within the Soil Water Retrieval Package (WARP). Due to an

instrument fault, the sensor produced data discontinuously since

2001 until its end of the mission in 2010, hence, after the launch

of the ASCAT sensor (onboard MetOp-A) in 2006, the usage of ERS

has been discontinued ( Crapolicchio and Lecomte 2004; Liu et al.,

2012 ) (although soil moisture data are in principle available un-

til the end of the mission) resulting in an ERS-based soil moisture

product from 1991–2006. 

2.2.2. Advanced scatterometer (ASCAT) 

The Advanced Scatterometer (ASCAT) missions are active radar

sensors which are successors to ERS. The first ASCAT was launched

in 2006 onboard ESA’s European Organization for the Exploita-

tion of Meteorological Satellites (EUMETSAT) meteorological oper-

ational satellite (MetOp-A) ( Bartalis et al., 2007 ). It started oper-

ating in 2007. Later, the second ASCAT instrument was deployed

in 2012 onboard the MetOp-B satellite. The third ASCAT sensor

is scheduled for launch in 2018. The primary objective of ASCAT

is to obtain global ocean wind vectors, although it can also be

used to monitor soil moisture, freeze/thaw states and sea ice ( Figa-

Saldaña et al., 2002 ). The ASCAT is a C-band (5.225 GHz) real aper-

ture radar (having a penetration depth of ∼1–3 cm) with three

vertically polarized antennas. The ASCAT had an improved sen-

sor configuration compared to its predecessors in terms of having
ual swaths that improved the spatial coverage and improved the

n-board calibration concept. Being a dedicated instrument (which

esults in no operational sharing time), the ASCAT had improved

he revisit time to 1–2 days and attained the spatial resolution

f 25 km. The instrument achieves global coverage in about 1.5

ays. Apart from mission objectives, the ASCAT is also used for re-

rieving information about polar ice, soil moisture, and vegetation.

he ASCAT soil moisture retrievals, even here, are obtained from

he ESA-CCI active soil moisture product. In the case of multiple

oil moisture retrievals in a day, the product averages these values

 Liu et al., 2012 ). 

.3. ESA-CCI merged soil moisture 

ESA under the Climate Change Initiative (CCI) has developed a

uarter degree resolution global scale daily long term soil mois-

ure record (Version 2.2) by systematically combining the retrievals

rom active and passive microwave soil moisture sensors. Pas-

ive microwave observations from SMMR, SSM/I, TMI, AMSR-E,

nd AMSR-2 have been combined with active microwave observa-

ions from ERS and ASCAT. The LPRM v5 and the change detec-

ion method TU Wien WARP v5.5 are utilized for producing soil

oisture retrievals from passive and active microwave sensors re-

pectively. The merging is carried out using a CDF based approach

 Liu et al., 2012 ). The time period of the combined active and pas-

ive microwave sensors’ product (referred as ESA-CCI-COMBI here-

fter) is from 1978 to 2014 ( Liu et al., 2012; Liu et al., 2011 ). 

.4. In-situ observations 

The performance of active and passive soil moisture products

s assessed by comparing them with station data procured from

he International Soil Moisture Network (ISMN) Dorigo et al., 2011 ).

SMN is a publicly available global in-situ database intended for

alidation of satellite soil moisture observations as well as land

urface model simulations. Data pertaining to 1058 stations over

he CONUS were extracted from the ISMN. These stations are from

 variety of networks; namely, ARM (29), COSMOS (2), FLUXNET-

MERIFLUX (2), iRON (6), PBO 

–H2O (138), SCAN (215), SNOTEL

425), SOILSCAPE (127), USCRN (110), and USDA-ARS (4). The num-

ers in parenthesis after each network indicate the total number

f stations from the network that are in the ISMN. The soil mois-

ure observations are corrected for quality using the flags provided

y ISMN ( Dorigo et al., 2013 ). The quality control resulted in dis-

arding ∼13% of the observations. Not shown here, applying the

uality flags improved the results of comparison. Several of the

tations report sub-daily scale measurements, in which case they

re averaged to obtain a time series of daily average values. Addi-

ionally, only stations that have soil moisture observations for the

op 5 cm soil layer are used since this is the sensitive region for

atellite soil moisture retrievals. Fig. 1 (a) presents the spatial dis-

ribution of stations, along with their record length (in days), over-

aid on a mean vegetation water content map (derived from MODIS

eaf Area Index (LAI) product MOD15A2 ( Myneni et al., 2002 ); the

etails of vegetation water content calculation procedure can be

ound in Wood et al. (2009) ), and Fig. 1 (b) shows a plot of the evo-

ution of number of stations over the CONUS. It can be observed

rom Fig. 1 (a) that stations with longer record lengths are mostly

ituated in the central CONUS with grassland/cropped land cover.

lso, several new stations have been set-up in the western CONUS,

owever, very few stations exist in the eastern CONUS, which is

ue to the presence of dense forests. Fig. 1 (b) shows that there is

o available station data in the ISMN prior to 1996. Also, note the

trong seasonality of available data that is related to snow cover

nd frozen ground. Further processing of the station observations

s presented in Section 2.6 . 
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.5. VIC land surface model simulations (VIC-SM) 

The Variable Infiltration Capacity (VIC) model ( Liang et al.,

994; Liang et al., 1996 ) version 4.0.5 was used to simulate the

urface hydrology from 1979 to present at 0.125 ° resolution and

ourly time step over the CONUS area. VIC model calculates the

xchanges of moisture and energy between the atmosphere and

and surface, and between different soil layers. The infiltration pa-

ameterization is based on the concept of a statistically distributed

oil water holding capacity for an upper soil moisture store, and

he vertical movement of soil moisture among a 0.10 m surface

ayer, an upper and lower soil moisture stores. The upper and

ower stores are calibrated ( Troy et al., 2008 ). For the analysis here,

IC is forced with the surface meteorological fields from the Na-

ional Land Data Assimilation System phase 2 (NLDAS-2) project

 Xia et al., 2012 ), which combines both in-situ observations (rain

auges), rain radar, and numerical weather model reanalysis. VIC

odel has been widely used, calibrated and validated over differ-

nt regions and the NLDAS-2 is also considered one of the most

eliable sources of surface meteorological forcings. In the current

ork, the surface layer (0.10 m) soil moisture (VIC-SM) was used

or the analysis. 

.6. Data processing 

In order to carry out a comparative analysis between satellite

roducts, station data, and land surface model simulations, it is

mportant to bring these datasets to a consistent spatio-temporal

ramework. We used the Level 3 products developed under the re-

pective soil moisture sensors (both active and passive). Except for

MOS and SMAP, the soil moisture products are available at quar-

er degree (0.25 ° × 0.25 °) resolution on equal distance cylindri-

al projection grids. Thus, this projection and resolution are se-

ected as the reference for our analysis. SMOS data is available

n the Equal-Area Scalable Earth Grid – EASE (version 2) cylin-

rical projection grid system ( Brodzik et al., 2012 ) at a 25 km

patial resolution ( https://earth.esa.int/documents/10174/1854456/

MOS- Data- Products- Brochure ). SMAP radiometer soil moisture

roduct SM_L3_P is provided at a 36 km spatial resolution in

he EASE (version 2) cylindrical projection grid system. These two

roducts are re-gridded to the reference grid system (quarter de-

ree) using inverse distance weighting average method. The aver-

ge value of ascending and descending pass retrievals is consid-

red as representative soil moisture value of that day at a particu-

ar location. The ISMN data are matched with the reference grid

ystem. In the case of multiple stations within a grid, we used

n unweighted arithmetic mean to represent the grid value. The

058 stations resulted in 736 grid cells with station data over the

ONUS. 

There are systematic differences among the soil moisture data

ets (8 from passive radiometer retrievals, 2 from active radar re-

rievals, 1 combined active/passive data, 1 VIC land surface model

stimate and 1 up-scaled in-situ) due to (1) time of measurement,

2) scale mismatch among the products, (3) uncertainty and rep-

esentativeness of the up-scaled station data, (4) uncertainty in

he VIC-SM simulations due to process representation and param-

ter values, and (5) satellite measurement and retrieval algorithms

hat also include reporting radiometer products in volumetric units

m 

3 /m 

3 ) and active products in degree of saturation (%). In order

o minimize the impact of these differences and allow for a fair

omparison of the product performance, we have applied cumu-

ative density function (CDF) matching for all products using the

p-scaled in-situ data as the reference. This ensures that the per-

ormance measures computed across the products are comparable.

t has to be noted that the CDF matching is performed indepen-

ently at each grid location. Although bias correcting the satellite
roducts at locations with shorter record lengths might require ad-

itional treatment in terms of spatial sampling ( Reichle and Koster

004 ), such an analysis is beyond the scope of the current work. 

We have evaluated the soil moisture products in three aspects:

overage, temporal performance , and spatial performance . Coverage

or a particular product at daily scale is calculated as a fractional

rea over the CONUS with successful soil moisture retrievals (ex-

ressed in %) made in a day ( t ) ( Eq. 1 ). 

ov erag e t = 

( Area of succes f ul retrie v als ) t 
Are a CONUS 

× 100 (1) 

In order to indicate the coverage achieved when all the prod-

cts are combined i.e., to check the fractional area with successful

etrievals from any of the products, a joint coverage time series

as created. It has to be noted that the joint coverage doesn’t in-

lude the AMSR2 product due to a low level of quality control and

ltering in its retrievals. Root Mean Square Error ( RMSE ) and cor-

elation ( R ) are used to compare the satellite soil moisture prod-

cts ( m 

sat 
v ) with station data ( m 

obs 
v ) and with the VIC-SM ( m 

V IC 
v ).

emporal performance is assessed by computing RMSE temporal and

 

temporal at grids ( N i – length of record of i th station) containing sta-

ion data (see Eq. 2 ). Apart from these metrics, the temporal per-

ormance is further assessed using bias ( B temporal ) ( Eq. 3 ), scale er-

or ( S temporal ) ( Eq. 4 ), anomaly RMSE ( A − RMSE temporal ), and anomaly

 ( A − R temporal ) (see Eq. 5 ) which are computed using the original

oil moisture products (denoted by ˜ m 

sat 
v ). The spatial performance

f soil moisture products is evaluated by computing RMSE spatial and

 

spatial for each day ( t ) across all the grids where stations ( φ –

umber of stations) are located (see Eq. 6 ). In the process of car-

ying out temporal and spatial validation, only locations and days

ith more than 20 observations are considered in order to remove

he effect of undersampling. In order to understand the effect of

egetation conditions on the quality of retrievals, the performance

f soil moisture products is evaluated at regional scale by split-

ing the CONUS into three regions, the western CONUS (the area to

he left of −105 °N longitude; containing stations at 510 grid cells),

he central CONUS (the area between −105 °N and −95 °N longi-

udes; containing stations at 96 grid cells), and the eastern CONUS

the area to the right of −95 °N longitude; containing stations at

30 grid cells). Corresponding to this analysis, the median values

f temporal and spatial performance metrics, are presented as the

ummary statistics for the three regions and the CONUS. An RMSE

f 0.04 m 

3 /m 

3 is considered as the target accuracy in our analysis.

inally, median values of temporal cross correlations (computed as

he median value of temporal cross correlations obtained across all

ossible grid locations) between m 

sat 
v , m 

obs 
v and m 

V IC 
v are also com-

uted over the CONUS to assess the amount of similarity offered

y the products during their overlap period. 

MSE temporal 
i 

= 

√ ∑ N i 
t=1 

([
m 

sat 
v ,t 

]
i 
−

[
m 

obs 
v ,t 

]
i 

)2 

N i 

 

temporal 
i 

= 

cov 
(
m 

sat 
v , m 

obs 
v 

)
σm 

sat 
v 
σm 

obs 
v 

, 

{
cov − covariance 
σ − standard deviation 

(2) 

 

temporal 
i 

= 

∑ N i 
t=1 

(
˜ m 

sat 
v ,t − m 

obs 
v ,t 

)
∑ N i 

t=1 
m 

obs 
v ,t 

∗ 100 (3) 

 

temporal 
i 

= 

var 
(

˜ m 

sat 
v 

)
var 

(
m 

obs 
v 

) , var − variance (4) 

https://earth.esa.int/documents/10174/1854456/SMOS-Data-Products-Brochure
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Fig. 2. Time evolution of the daily coverage of passive and active soil moisture products along with their joint coverage. It is observed that the coverage reached maximum 

( > 99%) during 2007–2011, the time period when TMI, AMSR-E, WindSAT, ASCAT, ESA-CCI-COMBI and SMOS (in the later period) have soil moisture retrievals. SMAP along 

with SMOS is able to cover 85% of the CONUS region during non-winter months. 
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i  

t  
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c  

s  

t  

A  
A − RMSE temporal 
i 

= 

√ ∑ N i 
t=1 

([
˜ m 

sat 
v ,t − ¯̃

 m 

sat 
v ,t 

]
i 
−

[
m 

obs 
v ,t − m̄ 

obs 
v ,t 

]
i 

)2 

N i 

, 

{ 

m̄ 

d 
v ,t = 

1 

w 

∑ t+ ( w −1 / 2 ) 

i = t−( w −1 / 2 ) 
m 

d 
v ,i 

} d= { obs,sat } 

t=1: N i 

A − R 

temporal 
i 

= 

cov 
(

˜ m 

sat 
v − ¯̃

 m 

sat 
v , m 

obs 
v − m̄ 

obs 
v 

)
σ ˜ m 

sat 
v − ¯̃

 m 

sat 
v 
σm 

obs 
v −m̄ 

obs 
v 

(5)

where, w is the width of the moving window. The anomaly time

series is computed by removing the seasonal component (com-

puted as a moving average with ‘ w ’ as two months i.e., 61 days

period) from the actual time series. 

RMSE spatial 
t = 

√ ∑ φ
i =1 

([
m 

sat 
v ,i 

]
t 
−

[
m 

obs 
v ,i 

]
t 

)2 

φ

R spatial 
t = 

∑ φ
i =1 

([
m 

sat 
v ,i 

]
t 
−

[
m 

sat 
v ,mean 

]
t 

)([
m 

obs 
v ,i 

]
t 
−

[
m 

obs 
v ,mean 

]
t 

)
√ ∑ φ

i =1 

([
m 

sat 
v ,i 

]
t 
−

[
m 

sat 
v ,mean 

]
t 

)2 ∑ φ
i =1 

([
m 

obs 
v ,i 

]
t 
−

[
m 

obs 
v ,mean 

]
t 

)2 
(6)

3. Results and discussion 

3.1. Coverage 

Over the past four decades, the daily coverage of microwave

sensors has improved significantly over the CONUS ( Fig. 2 ) re-

gion. There is an improvement in daily coverage from 30% (during

SMMR) to almost 88% (during AMSR-2). The joint coverage follows

this pattern, with a peak value greater than 99% during 2007–2011

due to the coexistence of multiple sensors (TMI, AMSR-E, Wind-

SAT, ASCAT and SMOS). SSM/I provided relatively low coverage due

to the fact that its retrievals are obtained from a higher frequency

(19.3 GHz) that has significant vegetation and atmospheric atten-

uation. This highlights the importance of having microwave mea-

surements in a low frequency channel for soil moisture retrievals.

An increase in coverage by about 3% can be observed from TMI

retrievals during 2001 which is due to the satellite orbital boost

maneuver made then. In case of active sensors, the ERS satellites

have provided limited coverage ( < 40%) till 2006 which is almost

same as that of SMMR. With the launch of ASCAT, which has a
ual swath configuration, the coverage almost doubled over ERS.

he advent of AMSR-E and WindSAT sensors – that attained global

overage with two overpasses in a day – resulted in an increase in

overage to as high as 82%. AMSR-2 has achieved the highest cov-

rage due to the fact that the associated retrieval algorithm does

ot filter unreliable retrievals in periods of frozen soil, snow and

eavy rainfall conditions. In case of the ESA-CCI-COMBI product, it

s found that the process of merging (particularly during the period

992–2014) does not envelope the coverage of individual products

nvolved in the merging process (contrary to what has been ob-

erved in the joint coverage plot). When it comes to dedicated soil

oisture missions SMOS and SMAP, the retrievals are carried out

sing L-band radiometer that varies in their revisit time from 1–3

ays, which result in a slight dip in coverage. However, this de-

rease in coverage comes with an increase in soil and vegetation

mission depth, increasing the representative volume of the obser-

ations. Furthermore, it can be seen that the coverage time series

f all the product follow a seasonal pattern, due to the impact of

now cover and frozen ground over the CONUS. Since the SMAP

rocessor employs a stringent snow cover and frozen ground fil-

ering, the dip in its coverage during the winter of 2016 is much

rominent. It can be noticed that the SMAP satellite has lesser

aily coverage compared to the coverage of the SMOS satellite. This

s due to the fact that there is not much improvement in the daily

overage due to the new inclusion of the ascending pass soil mois-

ure retrievals in the Level 3 Version 4 SMAP product (result not

hown here). Hence, the coverage of the SMAP retrievals presented

ere mostly correspond to a single (descending) pass, which is not

he case with the SMOS retrievals. 

.2. Validation with ISMN station data ( m 

obs 
v ) 

.2.1. Temporal validation 

Since soil moisture retrievals are made with different sensors

nvolving different algorithms, it is important to assess their re-

rievals against reference soil moisture dataset – i.e. up-scaled sta-

ion values. Fig. 3 shows the boxplots of RMSE temporal and R temporal 

omputed across all the stations for locations with more than 20

imultaneous satellite and in-situ observations. Table 2 presents

he median values of RMSE temporal , R temporal , B temporal , S temporal ,

 − RMSE temporal and A − R temporal computed over the CONUS and its



L. Karthikeyan et al. / Advances in Water Resources 109 (2017) 236–252 243 

Fig. 3. (a) Temporal RMSE ( RMSE temporal ) and (b) Temporal correlation ( R temporal ), of passive and active soil moisture products with respect to m 

obs 
v . Retrieval Validation ratios 

are provided in the x -axis labels and indicate the ratio between the number of retrievals used for validation and total number of retrievals made during the sensor’s lifetime. 

Table 2 

Summary of temporal validation of soil moisture products with m 

obs 
v . Note that the western CONUS, the central CONUS, and the eastern CONUS regions are validated at 510, 

96 and 130 grid cells respectively. 

Product CONUS Western CONUS 

RMSE R Bias Scale A-RMSE A-R RMSE R Bias Scale A-RMSE A-R 

Temporal Validation 

with ISMN Soil 

Moisture 

SMMR – – – – – – – – – – – –

SSM/I 0.066 0.41 18.2 2.23 0.112 0.42 0.097 0.39 46.2 1.36 0.094 0.43 

TMI 0.072 0.43 41.7 1.41 0.072 0.24 0.078 0.31 40.9 1.19 0.068 0.23 

WindSAT 0.077 0.42 92.3 1.18 0.070 0.28 0.086 0.33 96.9 1.01 0.067 0.27 

AMSRE-LSMEM 0.079 0.47 −12.9 1.22 0.065 0.33 0.085 0.41 −17.9 1.06 0.067 0.28 

AMSRE-LPRM 0.078 0.43 56.1 1.28 0.069 0.29 0.085 0.36 57.6 1.09 0.066 0.27 

AMSR2 0.095 0.19 −56.4 0.28 0.045 0.29 0.1 0.1 −57.1 0.2 0.041 0.29 

SMOS 0.079 0.45 −30.7 1.02 0.063 0.40 0.087 0.38 −36.3 0.96 0.062 0.37 

SMAP 0.061 0.67 −13.8 0.67 0.044 0.62 0.065 0.62 −23.9 0.61 0.045 0.58 

ERS 0.092 0.38 ∗ ∗ ∗ 0.38 0.102 0.34 ∗ ∗ ∗ 0.36 

ASCAT 0.081 0.4 ∗ ∗ ∗ 0.39 0.085 0.36 ∗ ∗ ∗ 0.35 

ESA-CCI-COMBI 0.082 0.44 6.2 0.74 0.055 0.39 0.084 0.41 12.6 0.76 0.060 0.34 

Product Central CONUS Eastern CONUS 

RMSE R Bias Scale A-RMSE A-R RMSE R Bias Scale A-RMSE A-R 

SMMR – – – – – – – – – – – –

SSM/I 0.041 0.44 −10 5.07 0.114 0.47 0.081 0.42 113.2 2.7 0.116 0.42 

TMI 0.055 0.51 18.8 1.44 0.061 0.38 0.078 0.51 61.4 1.97 0.087 0.21 

WindSAT 0.058 0.51 55.3 1.21 0.061 0.34 0.079 0.52 106.8 1.76 0.088 0.26 

AMSRE-LSMEM 0.057 0.55 −22.3 1.69 0.063 0.51 0.078 0.56 5.3 1.84 0.064 0.40 

AMSRE-LPRM 0.057 0.54 24 1.39 0.063 0.41 0.074 0.54 72.6 2.12 0.086 0.28 

AMSR2 0.082 0.33 −55.6 0.53 0.045 0.41 0.09 0.27 −54.7 0.8 0.067 0.22 

SMOS 0.057 0.67 −21.4 1.1 0.054 0.59 0.075 0.53 −17.6 1.27 0.079 0.35 

SMAP 0.051 0.75 −22.7 0.86 0.043 0.74 0.053 0.77 15 0.82 0.044 0.70 

ERS 0.047 0.52 ∗ ∗ ∗ 0.53 0.083 0.41 ∗ ∗ ∗ 0.41 

ASCAT 0.062 0.51 ∗ ∗ ∗ 0.52 0.08 0.41 ∗ ∗ ∗ 0.44 

ESA-CCI-COMBI 0.058 0.54 −8.6 0.76 0.043 0.53 0.084 0.4 0 0.65 0.050 0.42 

∗ The performance metrics could not be computed due to difference in the measurement units of active and reference soil moisture datasets. 
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three sub-regions (the western CONUS, the central CONUS, and the

eastern CONUS ). Due to the filtering of stations with low record

lengths, SMMR retrievals could not be validated. The results are

observed to be influenced chiefly by two important factors, 1) sen-

sor characteristics and retrieval algorithm; and 2) number of sta-

tions and the associated total number of observations used for

computing the performance metrics. The summary statistics in the

table indicate that in general, the central CONUS has better soil

moisture retrievals which is expected due to the low vegetation in

this region. The western and eastern regions, which are either heav-

ily vegetated or have complex topography show a lower temporal

accuracy. It should be noted that the western CONUS is validated

at a larger number of grid cells (510) compared to the other two

regions (96 and 130 for the eastern CONUS and western CONUS re-

spectively). The effect of record length is quantified for each prod-

uct by computing the Retrieval Validation ratio ( RV ratio ) between

the number of retrievals compared to station data and the total

number of retrievals produced by that product during its life time

(at locations where station data is available). A higher value of

RV ratio indicates a larger number of retrievals available for the val-

idation, which means that one can have more confidence over the

computed performance metrics, and vice versa. 

Results from the boxplots indicate that SSM/I product has been

validated with the lowest number of observations (low RV ratio ),

which makes its result less reliable compared to the performance

of other products. If we look at the performance of TMI, Wind-

SAT, and AMSRE-LPRM, the RV ratio values are comparable when

the retrievals are made using the LPRM algorithm. Thus, all ob-

served differences in their performance are attributable to the re-

spective sensor configurations. The bias ( B temporal ) values of these

three products indicate that in general, the LPRM produces wet

bias in its soil moisture retrievals. The effect of the change in

retrieval algorithm is evident from the results of AMSRE-LSMEM,

which resulted in dry bias (contrary to what has been observed

in the LPRM results). This bias could have resulted due to changes

in the parameterizations, estimation of ancillary surface tempera-

ture and vegetation optical depth variables, and the inherent as-

sumptions involved in the two retrieval algorithms. The over esti-

mation of soil moisture made by LPRM is also reported in other

studies ( Champagne et al., 2010; Peng et al., 2015 ). Considering

scaling errors, it is found that except AMSR2 and SMAP, all the pas-

sive products have produced the retrievals with greater variability

than that of the station data. The A − R temporal values are lesser than

the R temporal for all the products across the CONUS and its regions.

This shows that all the products have greater ability in estimating

the seasonal variations of soil moisture than its daily variability.

In general, lower A − RMSE temporal values are obtained in the cen-

tral CONUS compared to eastern and western regions. This could

be due to the reduced effect of vegetation, which improves (by

reducing the effect of canopy) the soil response to instantaneous

rainfall in this region. In case of the active products, the retrieval

accuracy of ERS is lower (and the metrics are also less reliable be-

cause of low RV ratio ), which could be due to the coarser temporal

and spatial resolutions of the sensor. Since these aspects have been

addressed by the ASCAT sensor, it should have boosted the sen-

sor’s temporal performance when compared to the ERS product,

in terms of an improvement in the median values of RMSE temporal 

from 0.092 m 

3 /m 

3 to 0.081 m 

3 /m 

3 and R temporal from 0.38 to 0.4

( Table 2 ) over the CONUS. Due to an increased attention towards

soil moisture studies and with the launch of SMOS, AMSR2, and

SMAP, the number of stations has increased drastically that im-

proved the RV ratio for these products, which made their validation

metrics much more reliable. The weaker performance of AMSR2

in terms of RMSE temporal and R temporal could be more likely due

to lack of filtering in the winter periods, since Parinussa et al.

(2015) have concluded that the sensor has comparable accuracy
ith that of AMSR-E when their soil moisture products are re-

rieved using LPRM algorithm (that has filtered the effects frozen

round and snow). Furthermore, the low A − RMSE temporal achieved

y AMSR2 could be related to the reduced variability of the soil

oisture retrievals compared to the in-situ observations, which is

lso supported by the product’s low correlation skill and scaling

rror in the CONUS and its regions. The temporal performance of

SA-CCI-COMBI product is found to be comparable to other prod-

cts. 

Fig. 4 presents the temporal cross correlations between m 

sat 
v ,

 

obs 
v and m 

V IC 
v . The cross correlations between any two datasets are

omputed as the median value of temporal cross correlations ob-

ained across all possible grid locations. It is observed that TMI,

indSAT and AMSR-E-LPRM have high cross-correlations among

hem. This could be due to a) the same frequency (X-band) used

or soil moisture retrievals, b) use of the same retrieval algo-

ithm (LPRM) in case of TMI, WindSAT, and AMSRE-LPRM prod-

cts, and c) long overlap time ( ∼10 years). The low coverage of

he TMI product ( Fig. 2 ) is found to have not affected the cross

orrelations with other products. In the context of these three

roducts (TMI, WindSAT, and AMSRE-LPRM), the anomaly errors

which quantify the level of agreement between high frequencies

cross the two datasets) could correspond to the changes occur-

ing in the brightness temperature information due to differences

n the sensor configurations, since the retrieval algorithm being

sed among these products remains the same. Barring few ex-

eptions, the AMSRE-LPRM retrievals have low A − RMSE temporal and

igh A − R temporal over the CONUS and its sub-regions, which indi-

ates that the AMSR-E’s sensor observations are more suitable for

he soil moisture retrieval process compared to the sensor obser-

ations of TMI and WindSAT, over the CONUS. Despite the use of

PRM algorithm, the results from SSM/I cannot be evaluated along

ith the aforementioned products. Since, the SSM/I retrievals – de-

eloped using 18.7 GHz channel brightness temperature data – are

xtracted from the ESA-CCI combined passive soil moisture prod-

ct, there could be effects of channel frequency, and procedure of

erging on the retrievals (the SSM/I data is generated as a sum-

ation of AMSR-E seasonality and SSM/I anomalies, which are CDF

atched with AMSR-E anomalies ( Liu et al., 2012 )), due to which

he anomaly errors may not exclusively correspond to the effect

f sensor configuration as was the case with TMI, WindSAT, and

MSRE-LPRM retrievals. 

The cross correlation computed between AMSRE-LSMEM and

MSRE-LPRM (the datasets that are derived from same sensor data

ut different retrieval algorithms) is high. Given this outcome, we

an speculate that the low frequency (seasonal) information in

he soil moisture retrieval is being more influenced by the in-

trument configuration and the higher frequencies (daily) are be-

ng more influenced by the formulation of the retrieval algorithm.

ence, AMSRE-LSMEM’s retrievals producing better A − R temporal 

ver AMSRE-LPRM is an indication that it could better capture the

ast component of the soil moisture dynamics over the CONUS re-

ion. These results indicate that the noticeable effect of switch-

ng between the retrieval algorithms using the same sensor is

nly observed in terms of bias and anomaly errors (as seen in

ig. 3 and Table 2 ). SMAP and SMOS, due to the usage of same

-band radiometer based data, are well correlated with each other.

nterestingly, though AMSR2 is not well correlated with the ISMN

ata, it has a reasonable correlation (0.52) with the SMAP prod-

ct. This clearly indicates that the quality of the soil moisture re-

rievals is affected by not implementing the filter for the frozen

round and the snow conditions during the winter periods (given

hat the SMAP processor applied stringent filtering on these con-

itions). Since SMMR and SSM/I are obtained from the ESA-CCI

assive product and, ERS and ASCAT are derived from the ESA-

CI active product, they are found to be highly correlated with
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Fig. 4. Cross-correlation between remote sensing products, ISMN data, and VIC-SM. Note that the grey boxes indicate situations when the cross-correlation could not be 

computed due to non-overlapping sensor operation periods. The cross-correlations are computed with raw data that is not bias corrected, hence, the values could deviate 

slightly from the other temporal correlation results shown in this paper. 
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SA-CCI-COMBI dataset. Interestingly, despite the use of LPRM al-

orithm, ESA-CCI-COMBI is found to have lesser correlations with

MI, WindSAT and AMSRE-LPRM products. This again signifies the

mpact of the merging algorithm implemented in this product to

btain long term soil moisture information. 

If we look at the performance of the dedicated operational soil

oisture missions, it can be noted that SMAP yielded better accu-

acy, and SMOS resulted in a slightly lower accuracy, which is com-

arable to AMSR-E and ASCAT. It can be said that the SMAP mis-

ion has improved its instrument design based on the experience

ained from the SMOS mission regarding its issues with RFI and

nterferometer design, which could have resulted in an improved

ccuracy. In addition, the retrieval algorithms used in these prod-

cts may have also contributed to the difference. Although SMAP

as achieved its target accuracy of 0.04 m 

3 /m 

3 at core validation

ites spread across the world ( Colliander et al., 2017 ), in the cur-

ent analysis that is heavily weighted towards sparse networks (i.e.

resence of single station per retrieval grid) and stringent filter-

ng of poor quality stations, we find that the retrievals, which have

n overall RMSE of 0.061 m 

3 /m 

3 , have acceptable accuracy. It has

een reported that the validation of satellite soil moisture using

pare networks indeed inflates the error calculation (due to the

ap in spatial representativeness between grid and probes) com-

ared to validation using dense networks i.e. core validation sites

 Chen et al., 2016 ). Compared to SMOS, SMAP’s temporal corre-

ations are much closer to each other across the three regions

 Table 2 ). This could mean that SMAP has lesser impact of vegeta-

ion dynamics over the CONUS. Also, SMAP is mostly found to have

he highest values of R temporal and A − R temporal , indicating it is able

o capture seasonal as well as daily (high frequency) soil moisture

ariations accurately. Furthermore, the performance improvement

under increased coverage and RV ratio , which implies an increased

obustness in the validation of retrievals pertaining to dedicated

oil moisture missions) depicts the success of the community in

earning from early missions to improve sensor capabilities as well

s retrieval algorithms. 

.2.2. Spatial validation 

The evolution of RMSE spatial and R spatial of soil moisture met-

ics is presented in Fig. 5 . Table 3 presents the summary statis-

ics of spatial validation with m 

obs 
v in the three sub-regions
nd the CONUS. Since the cases of low number of observa-

ions/retrievals ( < 20) are screened, the spatial validation of the

MMR and the SSM/I products could not be carried out. The spa-

ial performance indicates a seasonal cycle with a drop in RMSE

nd an increase in correlation during many of the winter periods.

ince the products, including the ESA-CCI-COMBI product, are fil-

ered for frozen soils and snow, the number of uncertain retrievals

re reduced, which leaves out the regions of low vegetation during

his period, resulting in the reduction of both, the spatial variabil-

ty of soil moisture and retrieval errors. Moreover, the thin veg-

tation during the winter months could also contribute (by cre-

ting ideal conditions for the soil moisture retrieval) to the bet-

er performance of the products in these periods. The strong sea-

onal cycle is supported by the high correlations ( > 0.7 over the

ONUS) observed in Table 3 . This situation is reversed in the case

f AMSR2 i.e., higher errors during some of the winter months (for

xample starting of 2016 in the figure). This could be because the

MSR2 processor does not filter for the effects of snow and frozen

round conditions. Nonetheless, all the soil moisture products have

etrievals with reasonable accuracy given that none of the stations

sed for the analysis have been filtered – leading to the evaluation

or all weather, vegetation, soil properties and topographic condi-

ions. However, it is important to look at these plots in conjunction

ith Fig. 1 (b) that shows the growth in station numbers over time.

t is always desirable for a product to perform well across a large

umber of stations. It is noted that the RMSE spatial on a particular

ay is inherently dependent on the number of available in-situ val-

es. So, a reduction in the number of stations, could by chance re-

ult in smaller errors. This is evident from the performance of TMI,

RS and ESA-CCI-COMBI products, which have smaller RMSE spatial 

nd R spatial for retrievals made prior to 2003, a period that has a

ower number of ground observations available for validation (see

ig 1 b). Furthermore, The TMI product has reasonably high R spatial 

hroughout its history, which indicates that the product’s seasonal

ynamics agree well with the ISMN data. 

The R spatial of soil moisture products ( Table 3 ) is found to be

reater than the products’ temporal correlation ( Table 2 ). This

ould mean that all of the products, despite their variations in

ensor configurations and retrieval algorithms, are able to produce

easonably accurate spatial patterns of soil moisture. The spatial

erformance of the products in recent years indicates a slight de-
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Fig. 5. (a) Spatial RMSE ( RMSE spatial ) and (b) Spatial correlation ( R spatial ), of passive and active soil moisture products with respect to the ISMN data ( m 

obs 
v ). 

Table 3 

Summary of spatial validation of soil moisture products with ISMN soil moisture ( m 

obs 
v ). Note that the western CONUS, the central CONUS, and the eastern CONUS regions 

are validated at 510, 96 and 130 grid cells respectively. SMMR and SSM/I could not be validated due to low availability of observations/retrievals (fewer than 20) for 

validation. 

Product Spatial validation with ISMN soil moisture 

CONUS Western CONUS Central CONUS Eastern CONUS 

RMSE R RMSE R RMSE R RMSE R 

SMMR – – – – – – – –

SSM/I – – – – – – – –

TMI 0.076 0.80 0.09 0.64 0.051 0.90 0.073 0.82 

WindSAT 0.084 0.72 0.101 0.59 0.056 0.87 0.079 0.73 

AMSRE-LSMEM 0.086 0.72 0.094 0.61 0.051 0.90 0.081 0.74 

AMSRE-LPRM 0.086 0.72 0.098 0.61 0.051 0.90 0.073 0.79 

AMSR2 0.099 0.67 0.103 0.59 0.08 0.74 0.09 0.72 

SMOS 0.079 0.75 0.082 0.68 0.057 0.83 0.078 0.73 

SMAP 0.064 0.82 0.067 0.77 0.053 0.87 0.056 0.84 

ERS 0.077 0.77 0.098 0.57 0.048 0.90 0.082 0.71 

ASCAT 0.086 0.71 0.091 0.63 0.063 0.82 0.081 0.76 

ESA-CCI-COMBI 0.086 0.71 0.093 0.60 0.064 0.81 0.084 0.73 
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terioration in the results. This could be due to the fact that since

2010, out of 334 grid locations where new stations have been

setup over the CONUS, 255 grid cells lie in the western CONUS

region, whose complex topography and presence of dense forests

might have affected the overall spatial performance assessment of

the products (except SMAP) since 2010. This is evident from the

lower accuracy of products in the western CONUS region ( Table 3 ).

However, SMAP, even here, is found to be less affected by these ef-

fects compared to other products. This signifies the advancements

that the sensor underwent with the knowledge learned from SMOS

as well as the other past missions. Despite discontinuities due to

low temporal resolution along with coarse spatial resolution, the

RMSE spatial and R spatial of the ERS retrievals are better than that of

ASCAT, which is contrary to what has been found in the case of

temporal analysis. There seems to be a minimal effect of the re-

trieval algorithm on the spatial characteristics of AMSRE-LSMEM

and AMSRE-LPRM. The soil moisture satellites SMOS and SMAP

have performed exceptionally well in maintaining RMSE s in the

ranges of 0.07–0.09 and 0.06–0.07 m 

3 /m 

3 respectively during non-
 i  
inter periods using ∼10 0 0 in-situ stations. The effect of filtering

or frozen soils and snow is much prominent in the SMAP perfor-

ance (the low coverage ( < 20%) during 2016 period of SMAP can

e seen in Fig. 2 ). 

.3. Validation with the VIC land surface model soil moisture ( m 

V IC 
v ) 

.3.1. Temporal validation 

Since the above validation study is constrained to locations

here the ISMN data are available, we compared the soil mois-

ure products with simulations from the VIC-SM ( m 

V IC 
v ). The model

imulations are available for the period 1979-present, which makes

t possible to compute spatial and temporal performance metrics

cross all grid cells over the CONUS. Prior to this comparison, the

odel was compared with the ISMN data where it performed with

easonable accuracy. Results are presented in supplementary ma-

erial S1. Table 4 presents the summary statistics of temporal per-

ormance of the soil moisture products. The scale errors ( S temporal )

ndicate that the VIC-SM produces soil moisture simulations with
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Table 4 

Summary statistics of temporal validation of soil moisture products with m 

V IC 
v . 

Product CONUS Western CONUS 

RMSE R Bias Scale A-RMSE A-R RMSE R Bias Scale A-RMSE A-R 

Temporal validation 

with VIC soil moisture 

SMMR 0.034 0.31 6.9 3.93 0.110 0.30 0.032 0.53 6.9 3.93 0.085 0.53 

SSM/I 0.034 0.29 −7.3 3.57 0.086 0.30 0.035 0.40 6.5 4.07 0.072 0.40 

TMI 0.033 0.32 4.6 3.41 0.066 0.31 0.030 0.53 9.3 4.18 0.051 0.42 

WindSAT 0.033 0.32 33.1 3.28 0.066 0.35 0.030 0.53 16.4 3.74 0.047 0.45 

AMSRE-LSMEM 0.035 0.39 −25.2 3.97 0.061 0.49 0.030 0.57 −7.9 3.82 0.054 0.54 

AMSRE-LPRM 0.032 0.35 13.3 3.66 0.066 0.41 0.030 0.57 8.3 3.80 0.047 0.50 

AMSR2 0.033 0.30 −69.9 1.37 0.034 0.36 0.037 0.30 −14.2 3.46 0.019 0.43 

SMOS 0.031 0.44 −50.7 2.84 0.062 0.42 0.035 0.46 −12.7 3.56 0.053 0.48 

SMAP 0.026 0.65 −32.5 1.92 0.037 0.64 0.026 0.72 −5.6 3.48 0.030 0.67 

ERS 0.030 0.45 ∗ ∗ ∗ 0.48 0.039 0.41 ∗ ∗ ∗ 0.48 

ASCAT 0.031 0.44 ∗ ∗ ∗ 0.44 0.040 0.41 ∗ ∗ ∗ 0.43 

ESA-CCI-COMBI 0.031 0.45 −25.0 1.80 0.043 0.45 0.034 0.50 −5.3 3.44 0.044 0.49 

Product Central CONUS Eastern CONUS 

RMSE R Bias Scale A-RMSE A-R RMSE R Bias Scale A-RMSE A-R 

SMMR 0.030 0.33 −10.5 3.72 0.095 0.30 0.036 0.16 53.7 6.02 0.165 0.17 

SSM/I 0.031 0.26 −8.1 3.90 0.086 0.26 0.035 0.22 22.8 5.23 0.121 0.22 

TMI 0.031 0.36 −22.0 3.18 0.057 0.42 0.036 0.19 44.1 6.08 0.095 0.15 

WindSAT 0.030 0.32 15.1 3.09 0.057 0.38 0.036 0.19 90.1 5.61 0.095 0.18 

AMSRE-LSMEM 0.030 0.37 −33.9 4.19 0.064 0.54 0.047 0.23 −6.9 5.80 0.063 0.29 

AMSRE-LPRM 0.030 0.33 −2.6 3.47 0.059 0.45 0.035 0.19 51.9 6.52 0.093 0.21 

AMSR2 0.027 0.42 −70.5 1.37 0.029 0.39 0.033 0.26 −64.0 2.14 0.051 0.27 

SMOS 0.026 0.52 −46.6 2.85 0.057 0.49 0.031 0.29 −36.0 3.72 0.083 0.20 

SMAP 0.021 0.65 −43.5 2.30 0.043 0.67 0.027 0.53 9.1 2.09 0.040 0.54 

ERS 0.026 0.50 ∗ ∗ ∗ 0.50 0.028 0.45 ∗ ∗ ∗ 0.45 

ASCAT 0.028 0.46 ∗ ∗ ∗ 0.47 0.029 0.45 ∗ ∗ ∗ 0.45 

ESA-CCI-COMBI 0.028 0.43 −33.4 1.86 0.039 0.46 0.030 0.41 −12.4 1.84 0.043 0.40 

∗ The performance metrics could not be computed due to difference in the measurement units of active and reference soil moisture datasets. 
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ower variability than the station soil moisture, resulting in sig-

ificant scaling differences. This occurs due to two reasons (re-

ated to the model parameterizations), 1) the top soil layer loses

oisture only through gravity drainage and such drainage basically

tops around half saturation; and 2) no under-canopy (or between-

lant) soil evaporation is parameterized to further dry down the

oil when gravity drainage stops ( Pan et al., 2014 ). The RMSE temporal 

omputed between the soil moisture products and m 

V IC 
v is found to

e better than that of the ISMN data ( Table 2 ) for all the products

n the CONUS and its regions. Such low values of RMSE temporal are

xpected due to the low temporal variability of the VIC-SM, whose

edian value of standard deviations over the CONUS is found to

e 0.028 m 

3 /m 

3 (for reference, a histogram plot of standard devia-

ions over the CONUS is presented in supplementary material S2).

ntekhabi et al. (2010b) have deduced that RMSE values less than

he target RMSE can be achieved, given the standard deviation of

he reference soil moisture to be less than the target RMSE value,

hich has happened in the current case (all RMSE temporal values are

ess than the desired target of 0.04 m 

3 /m 

3 ). In this regard, the cor-

elation metric shall provide the true strength of the relationship

etween satellite data and the VIC-SM. Interestingly, the products

ave obtained lower R temporal values during the VIC model based

alidation, compared to the R temporal values of the ISMN based val-

dation (see Table 2 ). This could indicate that the satellite products

ave produced better soil moisture retrievals than the model sim-

lations over the CONUS. In the case of anomaly errors, the VIC

odel based validation mostly produced better A − R temporal val-

es. This means that there is good agreement between the daily

ariabilities of satellite and the VIC model soil moisture in these

egions. This could be due to the fact that the VIC model esti-

ates the soil moisture (as a state variable) using the forcing data

t daily scale (along with other variables), thus being sensitive to

he high frequency variability of precipitation. In addition, both VIC

odel and the retrieval algorithms of most sensors use soil data
erived from common soil products that could impact the simula-

ion of the soil moisture dynamics. Even under this validation, the

nomaly errors indicate that, in case of sensors, AMSR-E produced

ccurate brightness temperatures compared to TMI and WindSAT,

nd in case of retrieval algorithm, AMSRE-LSMEM produced accu-

ate soil moisture retrievals when compared with AMSRE-LPRM.

he accuracy of retrievals from ESA-CCI-COMBI product is found to

e at par with other products, but with a negative B temporal . Since

he merging process involves bias correcting (CDF matching) the

ctive and passive soil moisture products with Noah land surface

odel soil moisture simulations, the values of which are found

o be lower than the VIC-SM over the CONUS ( Liu et al., 2012 ),

t would have resulted in the negative bias. 

The maps of R temporal and RMSE temporal of the soil moisture mis-

ions SMOS and SMAP are presented in Fig. 6 (a, b) and Fig. 6 (c, d)

espectively. Results for the other sensors are available in the sup-

lementary material S3. SMOS and SMAP have retrieved soil mois-

ure with median RMSE temporal of 0.031 m 

3 /m 

3 and 0.026 m 

3 /m 

3 

nd R temporal of 0.44 and 0.65 respectively. The error pattern of

MOS is more aligned with vegetation and topography of the

ONUS, for example, higher errors are found in the dense forests

nd topographically complex terrains of the Sierra Nevada and por-

ions of the Rocky Mountains. Such effects are less prominent in

ase of SMAP. The difference could be due to the fact that the

MOS processor separately addresses the effect of forests in its re-

rieval algorithm, which is not the case with SMAP resulting in

dentifiable spatial features in the error maps of SMOS. Moreover,

he improved instrument design of SMAP could have limited its

equirement to a simpler algorithm (Single Channel Algorithm) to

etrieve soil moisture under all land cover conditions. Remarkably,

oth the products have produced low RMSE temporal with the VIC-

M in the forested regions of the eastern CONUS (also seen from

able 4 ) which are considered challenging due to the attenuation

f vegetation. Interestingly, it can be seen from Fig. 4 that ASCAT



248 L. Karthikeyan et al. / Advances in Water Resources 109 (2017) 236–252 

Fig. 6. Maps of (a) Temporal RMSE ( RMSE temporal ) of SMOS; (b) Temporal correlation ( R temporal ) of SMOS; (c) Temporal RMSE ( RMSE temporal ) of SMAP; (d) Temporal correlation 

( R temporal ) of SMAP. These metrics are computed with m 

V IC 
v as reference over the CONUS. 

Fig. 7. (a) Spatial RMSE ( RMSE spatial ) and (b) Spatial correlation ( R spatial ), of passive and active soil moisture products with respect to the VIC-SM ( m 

V IC 
v ). 
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t  
has reasonably high correlation (0.52) with the SMOS product de-

spite the contrasting differences in sensor type and retrieval algo-

rithm. If we look at this result in tandem with the temporal per-

formance of these products, it can be said that the ASCAT retrieved

soil moisture with similar accuracy as that of the SMOS product.

This result is in agreement with study carried out by Al-Yaari et al.,

(2014) in comparing the two products with a land surface model. 

3.3.2. Spatial validation 

The RMSE spatial and R spatial time series for soil moisture products

with m 

V IC 
v are presented in Fig. 7 . Table 5 presents the summary
tatistics of spatial validation of all the products with model sim-

lations. The results indicate that in general, all the products have

MSE s below 0.05 m 

3 /m 

3 and correlations above 0.7 across all the

egions of the CONUS. The products are noted to have high spa-

ial performance ( Table 5 ) compared to the temporal performance.

his observation is consistent with the observation made using the

SMN data based analysis ( Section 3.2 ). From this, it can be said

hat all the soil moisture products can reproduce the expected

patial dynamics of soil moisture over the CONUS. Furthermore,

he spatial performance in the figure indicates a seasonal pattern

hough it is slightly different from what has been observed in case
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Table 5 

Summary statistics of spatial validation of soil moisture products with m 

V IC 
v . 

Product Spatial validation with VIC soil moisture 

CONUS Western CONUS Central CONUS Eastern CONUS 

RMSE R RMSE R RMSE R RMSE R 

SMMR 0.034 0.84 0.036 0.77 0.029 0.89 0.036 0.82 

SSM/I 0.035 0.87 0.035 0.84 0.029 0.88 0.037 0.82 

TMI 0.034 0.90 0.032 0.87 0.03 0.92 0.036 0.90 

WindSAT 0.037 0.85 0.036 0.80 0.03 0.90 0.039 0.84 

AMSRE-LSMEM 0.040 0.84 0.036 0.82 0.032 0.90 0.046 0.79 

AMSRE-LPRM 0.035 0.87 0.033 0.84 0.031 0.90 0.038 0.86 

AMSR2 0.038 0.83 0.044 0.77 0.03 0.88 0.035 0.86 

SMOS 0.033 0.86 0.036 0.81 0.029 0.88 0.032 0.86 

SMAP 0.033 0.87 0.030 0.86 0.026 0.91 0.036 0.82 

ERS 0.034 0.87 0.038 0.79 0.029 0.89 0.031 0.88 

ASCAT 0.035 0.86 0.041 0.79 0.03 0.88 0.03 0.89 

ESA-CCI-COMBI 0.033 0.87 0.035 0.82 0.029 0.89 0.033 0.87 
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f ISMN based validation ( Fig. 5 ). Here, the spatial errors are higher

uring the winter and lower during spring followed by a rise in

ummer. It is difficult to provide a physical interpretation for this

attern as the spatial errors are computed across all the land cover

nd climatology regimes of the CONUS. Fig. 7 indicates that the

ime series of SMAP, and to some extent SMOS, have low ampli-

ude compared to other products. This indicates that despite the

easonal changes, SMOS and SMAP have produced consistent spa-

ial performance throughout the year. In case of AMSR-E, the effect

f the two retrieval algorithms is more prominent with AMSRE-

PRM performing better than AMSRE-LSMEM. Even here the spa-

ial performance of ERS product is better than the ASCAT product.

owever, the performance of ERS and ASCAT retrievals are com-

arable to that of contemporary passive products. This indicates

hat the change detection algorithm might have successfully dealt

ith the impact of roughness on active microwave soil moisture

etrievals. The RMSE spatial of all the products – across all the re-

ions, barring few exceptions – are mostly below the desired level

f 0.04 m 

3 /m 

3 . The spatial performance of soil moisture products

hen validated with the VIC-SM is found to be better in compar-

son with the spatial validation using the ISMN data. This could

ean that both model simulations and satellite retrievals behaved

n similar fashion when it comes to dealing with different biomes

nd topography conditions. It is important to recognize that satel-

ite soil moisture products have successfully captured the true dy-

amics of soil moisture, at least over the CONUS. 

. Summary and conclusions 

The present work aims to provide a review of what has been

chieved over past four decades of satellite microwave remote

ensing of soil moisture in terms of sensor performance over the

ontiguous United States (CONUS) region. In this process, we eval-

ated eight passive and two active microwave sensors with respect

o the International Soil Moisture Network (ISMN) in-situ measure-

ents and soil moisture simulations derived from the Variable In-

ltration Capacity (VIC) model. 

Initially, the passive microwave instruments were intended

ostly for meteorological applications. Due to the presence of low

requency channels in those instruments, it was possible to retrieve

oil moisture thus leading to the development of approximately

our decades of global scale soil moisture information. Early mis-

ions like SMMR and SSM/I had low spatial and temporal coverage

ue to power limitations. The launch of AMSE-E and WindSAT sig-

ificantly improved global coverage. With SMOS and SMAP, the in-

trument design aimed to achieve good spatial and temporal res-

lutions along with the use of an L-band radiometer. The active

icrowave instrument ERS-1 scatterometer started retrieving soil
oisture at global scale two decades after the launch of SMMR.

ue to sensor limitations, the retrievals were made at low spatial

nd temporal resolutions. This was improved upon in the succeed-

ng ASCAT missions launched with the MetOp satellites. For any

ensor and satellite platform, there is always a trade-off between

ajor design factors like operating frequency (lower frequency for

etter penetration depth), antenna size (longer wave length re-

uires a larger aperture for the same resolution), payload (cost),

rbit height, swath width, and revisit time. Dedicated missions are

ble to better optimize their configurations, and thus offer a better

alue for soil moisture related applications. 

Our analysis of passive and active microwave soil moisture

roducts over the CONUS region infer the following points: 

• The daily coverage of both passive and active sensors has sig-

nificantly improved in the last four decades. All the products

except AMSR2 exhibit seasonal effect with lower number of

retrievals made during winter periods, due to filtering of re-

trievals over frozen ground and snow covered parts of the land

surface. ASCAT mission doubled the active microwave retrievals

compared to its predecessor. In the overlapping period of TMI,

WindSAT, AMSR-E, ASCAT, SMOS, and ESA-CCI-COMBI (2007–

2011), a daily coverage of almost 100% could be achieved. The

daily coverage has increased from 30% during 1980s to approx-

imately 85% (during non-winter months) with the launch of

dedicated operational soil moisture missions SMOS and SMAP. 
• The temporal validation of passive and active soil moisture

products with the ISMN data place the range of median RMSE

as 0.06–0.10 m 

3 /m 

3 and median correlation as 0.20–0.68. De-

spite the absence of filtering for topography and weather con-

ditions, the soil moisture products show a medium to good ac-

curacy in reproducing in-situ soil moisture dynamics observed

from the ISMN. The ASCAT product shows a significant im-

provement during the temporal validation of retrievals com-

pared to its predecessor ERS, thanks to enhanced sensor con-

figuration. 
• In terms of comparison of sensors, when TMI, AMSR-E, and

WindSAT are evaluated, the AMSR-E sensor is found to have

produced the brightness temperatures with better quality, given

that these sensors are paired with same retrieval algorithm

(LPRM). 
• The low performance of AMSR2 in winter signifies the impor-

tance of filtering the retrievals for frozen ground and snow con-

ditions. This is supported by the high-correlation of AMSR2 and

SMAP which shows that an additional filtering could signifi-

cantly boost the performance of AMSR2. 
• The SMAP mission, through its improved sensor design and RFI

handling, shows a high retrieval accuracy under all-topography
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conditions. Although the retrievals from the SMOS mission are

affected by issues such as RFI, the accuracy is still comparable

to or better than that of AMSR-E and ASCAT sensors. 
• With the knowledge gained from SMOS, SMAP’s design resulted

in accuracy that is less impacted by the vegetation conditions

and topography over the CONUS. 
• All soil moisture products have indicated better agreement with

the ISMN data than the VIC-SM, which indicate that they pro-

duce soil moisture with better accuracy than the VIC-SM over

the CONUS. 

5. Future challenges 

Based on the results and conclusions obtained through this

analysis, we have highlighted below some of the remaining chal-

lenges in microwave soil moisture estimates for validation, calibra-

tion, and applications: 

• Establishing more local dense sensor networks (like SMAP core

validation sites), especially in regions with low observation

density. This will provide valuable benchmark data for the vali-

dation of retrieval algorithms and improvements to sensors and

retrieval algorithms. 
• Develop robust alternate validation techniques using land sur-

face model derived soil moisture, which can improve our un-

derstanding of soil moisture retrieval quality in regions with-

out the need for ground observations. This development can be

supported by the use of hyper-resolution land surface models

that are able to capture the spatial heterogeneity of the soil

moisture at sub-satellite grid resolution ( Cai et al., 2017 ). 
• Improve our ability to retrieve soil moisture over densely veg-

etated regions. In this regard, the possibility of deploying ded-

icated soil moisture P-band (0.25–0.50 GHz) sensors should be

explored. 
• Given the four decades of remotely sensed soil moisture ob-

servations, the focus should be directed towards creating a har-

monized ensemble, multi-algorithm global soil moisture record,

which is free from the influences of instrument characteristics

and the sensor frequency. This would provide a next step to

the current CDF-matching algorithm used to create the ESA-CCI

long-term soil moisture record ( Liu et al., 2012 ). 
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