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Field experiment data sets that include coincident
ABSTRACT remote sensing measurements and in situ samplithdpani
valuable in the development and validation of SM#dH
i o _ . moisture retrieval algorithms. Several candidateldfi
sensing measurements and in situ sampling willdbeable o heriment campaigns were carried out in the Urfitiedes
in the development and validation of the soil mast onyeen 1999 and 2008 using the airborne Passide an
algorithms of the NASA's future SMAP (Soil Moisture active |- and S-band (PALS) instrumerfp]. These
Active and Passive) mission. This paper presents af.juded SGP99 in Oklahoma in 1999; SMEX02 in
overview of the field experiment data collected nmro |54 in 2002 [4: CLASIC in Oklahoma in 2007, and
SGP99, SMEX02, CLASIC and SMAPVEXO08 campaigns.syapvEX08 in Maryland in 2008. The PALS instrument
Common in these campaigns were observations of the 5 simylator for SMAP in that it includes bottspire and
airborne  PALS (Passive and Active L- and S-band}cive |-band sensors viewing at 40-degree incidenc
instrument, which was developed to acquire radal angngie  The field campaign data sets include eitens
radiometer measurements at low frequencies. Thg,mpiing of ground conditions, including soil mais, soil

combined set of the PALS measurements and grownld tr yonerature, vegetation parameters and surfacdinesg
obtained from all these campaigns was under stitlg. 5 5nq with soil texture, land cover and crop cfisiion.
investigation shows that the data set containsge af soil Previous papers have presented analyses of these

moingre values cqllected under a limited number ofq 4 campaign data (e.gs] and [6] on SGP99,7] on
conditions. The quality of both PALS and groundhrdata SMEX02, [8] and [9] on CLASIC and [10] on
meets the needs of the SMAP algorithm developmadt a g\ ApvEX08), but the data from all experiments have
validation. The data set has already made significa peen analyzed and intercompared as a combinedrssaif

impact on the science behind SMAP mission. The saregyqisyre retrieval algorithm development. In thisdy the
where complementing of the data would be most b&BEf o era) statistics of the experiment data and gdoun

are also discussed. conditions of the abovementioned campaigns areepted.

Furthermore, the consistency and characteristitiseotiata
is evaluated. Finally, the value and impact of daga for
'SMAP algorithm validation is assessed and futuresef
field experiments in light of these data are diseds

Field experiment data sets that include coincidemote

Index Terms— Soil moisture, SMAP (Soil Moisture
Active and Passive), SGP99, SMEX02, CLASIC
SMAPVEXO08, PALS

1. INTRODUCTION 2. FIELD EXPERIMENTS

The NASA Soil Moisture Active and Passive (SMAP) |, the following subsections short descriptiongthe four
mission is dedicated to measurement of globalrsoibture ¢4 experiments are given.

and boreal land surface freeze/thaw sfite The satellite
will carry radar (active) and radiometer (passilehand  2.1. SGP99

instruments that will perform simultaneous and cwent  The SGP99 (1999 Southern Great Plains) experifsgirt

measurements of the Earth’s surface. The combmaifo okjahoma in July 8-14, 1999 was designed to stedyote
data from the two instruments will allow unpreceigen sensing of soil moisture in vegetated terrain. Ehedy
accuracy, spatial resolution and temporal frequefity 4imed to use L-, S- and C-band airborne observatiord
global mapping of soil moisture and freeze/thavesta satellite observations with well characterized gqubu



conditions. The PALS flights were conducted ond®ys. campaigns are given, and overall statistics ofmieasured
The landscape of the Little Washita watershed stediof parameters are presented.
bare fields (harvested winter wheat), crops (aifadind
corn), pasture (grasslands) and isolated forestedsa A
rainstorm during the experiment on July 10 allowedThe analyzed field campaigns produced 1033 sanufles
observations of wetting and drying conditions. ground truth records of various parameters. Howemnet
all parameters were sampled at each point on emgfoda
given campaign. There are 795 samples of surfate so
The SMEXO02 (Soil Moisture Experiments in 2002) moisture in the data set. The records were accuetlla
experiment[4] in lowa in June 25-July 8, 2002 was from 125 individual fields in all campaigns.
designed to investigate algorithms for soil moistur The prominent vegetation parameter sampled in
retrieval from microwave radars and radiometerseunnd all campaigns was Vegetation Water Content (VWC).
dense vegetation conditions. Specifically, the expent Other sampled vegetation parameters include bignaass
also aimed at validation of soil moisture retrievatoduced Leaf Area Index (LAI). In situ sampled VWC is assted
by the spaceborne AMSR-E microwave radiometer. Thaith 411 records. For determining VWC over the each
PALS flights were carried out on 8 days. The terraf  observed spatial domain NDWI (Normalized Difference
Walnut Creek watershed is undulating and the coyse  Water Index) obtained from optical satellite imageras
for the region is primarily agricultural with corand utilized. The in situ sampled VWC was used to cali®
soybeans being the dominant crops. Scatterethe satellite retrievals. VWC retrieved either iitusor
thunderstorms during the experiment on July 4, 8 @&n through NDWI is associated with 913 records.
enabled observation of wetting and drying condgion The surface roughness was determined using
photographs of grid boards showing the profile loé t
surface. In some cases the roughness parameters RMS
The CLASIC (Cloud and Land Surface Interaction(Root Mean Square) height variation and correlatémyth
Campaign) experiment took place in Oklahoma in JUlte was determined in two perpendicular orientationse T
July 6, 2007. This cross-disciplinary interagenegearch roughness parameters are associated with 431 gtoutid
effort was designed to advance the understandingoaf records.
land surface processes influence cumulus conveclibe The physical temperature of the surface was
PALS observations were one part of CLASIC with don measured at three depths: the skin with infrared
collect radar and radiometer data for combined rittym measurement, 1 cm depth and 5 cm depth. These
development for SMAP type concept. The PALS flightstemperatures are associated with 736 ground tadbrds.
were conducted on 10 days. The landscape was sitnila
SGP99 with addition of region close to Fort Cobleatd
rainfall took place during the campaign which résdilin ~ The PALS instrument was deployed on multiple days i
very wet conditions for the experiment. each campaign. The configuration of the instrument
changed from campaign to campaign, but the basic
performance parameters remained the same througtiout
The SMAPVEX08 (SMAP Validation Experiment 2008) campaigns. In SGP99 and SMEX02 PALS flew on a C-130
took place in Maryland in September 29-October2l8)8.  aircraft operated by NCAR. In CLASIC and SMAPVEX08
The experiment was designed to answer specific soif flew on a Twin Otter (DHC-6) aircraft. In SGP%hd
moisture algorithm and RFI mitigation questionsatetl to SMEX02 PALS was using a horn antenna with® 13
L-band remote sensing. The PALS flights were cdrdat  beamwidth, but in CLASIC and SMAPVEXO08 the next
on 7 days. The experiment was focused on Choptautly s generation design incorporated a lightweight mitips
area, which is defined by mixed agriculture fieldsd antenna (which allowed the installation to the T\@tter)
forest. The major crops are corn and soybean aed thwith 20° beamwidth. Additionally, in SMAPVEX08 PALS
forests are mostly deciduous. A rain event on $epée 30, was flown with an Agile Digital Detector (ADD) foRFI
2008 allowed observation of varying soil moisturemitigation [10]. The resolution of PALS radiometer and
conditions. radar have remained in <0.2 K and <0.2 dB range
throughout the campaigns.

3.1. Ground truth overview

2.2. SMEXO02

2.3.CLASIC

3.2. PAL S measur ement overview

2.4. SMAPVEXO08

3. DATA DESCRIPTION
3.3. Spatial extent

In the following subsections an overview of the wgrd

_ The PALS instrument was used to map each experiment
truth, PALS measurements and spatial

extent of auiomain several times over the course of each campai



providing coverage beyond the measurements oveinthe _ Volumetric Soil Moisture (Tot# 795)
situ sites. The ancillary data associated with eafcthe
complete domain include infrared temperature (aivbo
measurement), VWC (optical satellite imagery), soiture
(soil databases) and land use classification (apsatellite 0
imagery). Table 1 shows the spatial extent of eaapped 0 0.050.10150.20.250.30.350.4 0.450.5

domain, the number of flights conducted over thenain fem’/crm’]

and the number of in situ sites distributed ovechea Figure 1. Volumetric soil moisture histogram based on the ground sampling.

Count

domain The total number of samplesis shown in the parenthesis.
Table 1. Spatial extent of the experiment domains, number of flights and Vegetation Water Content (Tot# 913)
number of in situ sites at each domain. ; ' ' ' ' ;
300 - e |
Campaign Water shed Area[km] | Flights |In situ sites § 200 717 J,,,,L,,,L,,,J,,,,L
| | | | |
SGP99 Little Washita 7x41 5 23 8 100- ! ! ! !
SMEX02 Walnut Creek 7x35 8 31 ‘
CLASIC Little Washita 6x52 8 15
Fort Cobb 3x28 10 13
SMAPVEX0S8 Choptank 7x55 7 43 Figure 2. Vegetation water content histogram based on both ground
sampling and remote sensing (NDW).
Lo Effective RMS roughness (Tot# 431)
3.4. Overall statistics 100 ‘ ' ' ‘ ‘

Figure 1 shows the histogram of sampled soil moésto
nominally 0-6 cm layer (in SGP99 0-5 cm layer was
measured) using a soil moisture probe (except SGP99 2 4 6 8 10 12 14 16 18
where only gravimetric method was used). The histog
shows a high number of samples in 0.05 to 0.3%amd
range and especially large number between 0.200a2t
cm’/cm®. As the typical maximum soil water content is
around 0.40 cifcm® it can be concluded that the data
provide extensive range of soil moisture values.

Figure 2 shows the histogram of the VWC Figure 3. Histograms of effective roughness and correlation length of the
measurements. For SMEX02 VWC was interpolated fopurface
each day using NDWI images obtained on differenisda
For the other campaigns a constant VWC map wasfosed
each day of the campaign. Low VWC (<1 kd)ris clearly

Count

Land Cover (Tot# 1033) Crop Type (Tot# 633)

30 - - 1o

dominating but higher VWC values up to 5 k§/and more E € 200 - - - | -l
are also present in substantial numbers in thesita © 200 © 100;‘% 1 B
Figure 3 diSp|ayS the hiStOgl’amS Of the eﬁeCtiVE 0Wa’[er Forest Grass Crops Urban 0 Bare  Corn Soy Wh‘eat

roughness and correlation length of the surfacee Th

effective parameters take the RMS value of thelab Figure 4. Land cover histogram based on remote sensing classification

roughness parameters of the given location totikite the based on optical satell_lte data (left) and crop type histogram for the 633
o . samples of croplands (right).

general roughness conditions at that location. The

histogram shows that roughness conditions werdivela

similar in all campaigns. Sol texture (Tot# 1033)

Figure 4 shows the distribution of land cover types e
of all 1033 samples obtained from all campaigngufé 4 2 222:[:"" 1T BN
also shows the distribution of the crop types fbe t o m
measurement sites classified as croplands. Aguiallt Clay  Siy  Loamy Sandy

regions clearly dominate the land cover distributio Figure 5. Soil texture histogram (based on soil data bases).



Finally, Figure 5 shows the distribution of soil In the campaigns both gravimetric method and soil
texture. For illustration a rough classification used to moisture probes were used to determine the soibrwat
divide the soils in Clay (Clay percentage >50%})tySSilt  content. The value obtained through the gravimetric
percentage >50%), Loamy (Clay, Silt and Sand < 5884) method is considered as the truth and was usedlitrate
Sandy (Sand percentage >50%). The loamy soil typped  the probe measurement where available. Figure sh@ys
dominant throughout the combined data set. a comparison between the soil moisture obtained wie

Table 2 shows the brightness temperature (TBywo methods. The data points include measuremeons f
and normalized radar cross-sectiofl) (ranges over land in all other campaigns except SGP99, since the saditare
the combined data set. The values of both instrinenprobes were not utilized in SGP99. The calibratbrthe
extend the expected range. Furthermore, the valuggobe measurements is apparently very consistehbias-
represent significant fraction of physically possib free with RMSE of 0.02 cifem?®, which indicates high
brightness temperature and radar cross-sectiorerftogn  reliability of the samples.
land surface. Figure 6 (b) shows a comparison between VWC
obtained from in situ sampling and VWC derived from
NDWI. The in situ sampling is considered as thehtrand
was used to calibrate the NDWI derived VWC. Theadat
points include samples from SMEX02 and SMAPVEX08

Table 2. The range of radiometer and radar measurements.

5V "g(')g Mzgi Ra‘;ge U”}: only, since for SGP99 the optical satellite dataehaot
TBH 165 285 120 K been processed and for CLASIC the in situ sampée® h
c®w -25.2 -3.3 21.9 dB not been completely processed. The agreement ssfigia
o’ hh 251 -3.5 21.6 dB with RMSE of 0.58 kg/rh which gives a good basis for
o”vh & hv 8370 142 228 dB VWC determination over the experiment domains.

The measurements of the physical temperature of
the surface of the in situ sites were comparedchh ether.
Figure 6 (c) shows a scatter plot of the skin tamafuze
and soil temperature at 5 cm depth against soipéeature

The following subsections describe data calibrataomd at 1 em depth. As expected the temperature at Gepth is

consistency aspects of both ground truth and PAL§OOIer than at_lcm depth "’_“ high temp_eratur_e badskin
measurements temperature is warmer with more dispersion than the

subsurface temperatures. The comparison demorsstrate
4.1. Calibration and consistency: ground truth measured temperatures provide reliable means for
computing the effective surface temperature forssivity

4. DATA CHARACTERISTICS

The ground truth sampling strategy varied some\itam e
campaign to campaign depending on the objectived€termination.
approach and resources.

VSM: gravimetric method vs. probe VWC: In situ vs. NDWI derived

3,3 Comparison of surface
(RMSE 0.020 cm/cn) - (RM_SE 9-55 kg“mz) - temperature measurements

Temperalure

Q2=

Probe VSM [emem?]
NDW! VWE [kg/m?)

o
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Figure 6. (@) Comparison between measurement of volumetric soil moisture (VSM) using the gravimetric method and a probe. Data from SMEX02, CLASIC
and SMAPVEXO08 are presented. (b) Comparison between measurement of VWWC using in situ samples and satellite based NDW. Data from SMEX02 and
SMAPVEX08 are included. (c) Comparison of different surface temperature measurements. The skin temperature and the temperature at 5 cm depth are
plotted against the temperature atlcm depth.



4.2. Calibration and consistency: PAL S measur ements

The calibration of the PALS instrument utilized a
water body, either a lake or reservoir, selected efach

temperatures. The Klein and Swift model togetheh e
water temperature obtained from the aircraft IR
measurements or in-situ observations was usedtitoags
the water brightness temperatures at the PALS encid
angle for the calibration reference.
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Figure 7. Brightness temperature for vertical (left) and horizontal (right)
polarization as a function of in situ volumetric soil moisture over fieldswith

In order to investigate the consistency Ofnearly bare surfaces (crosses). Re dots show values for all fields with VWC
brightness temperature and normalized radar cexd]n < 0.5kg/n?.
values obtained with PALS measurements fields with

nearly bare surfaces were selected from each cgmpahe
fields were selected based on photographs takengitive
ground sampling and field notes. They included e.g
entirely bare crop fields and soy bean fields wighy small
plants. Figure 7 shows the brightness temperatahees
and Figure 8 shows the radar cross-section asaidanof
volumetric soil moisture of these fields (blacksses). The
dominant degree of soil water content changed fron
campaign to campaign (see Section 2) and thisflected
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Figure 8. Vertically (left) and horizontally (right) co-polarized normalized

also in this plot: the measurement points with V84S  radar cross-section as a function of in situ volumetric soil moisture over
than 0.25 are mostly from SGP99 and SMEXO02, thdelds with nearly bare surfaces (crosses). Red dots show values for all

measurement points with VSM between 0.20 and 0@#% f

SMAPVEXO08 and the measurement points with VSM more

than 0.25 from CLASIC. Additionally, the measurernsen
over all fields with VWC less than 0.5 kgfrhave been
plotted with red dots.

The results show that the measurements, bot
brightness temperature and normalized radar cexg®on,
from all campaigns form a consistent set of value!
responding to the in situ soil moisture. Howevdr,is
important to point out that the algorithms thatuadly

vegetation. These plots are intended to only shioes t
consistent trend of the airborne radar and radiemet
measurements over all campaigns. Also, as expetted,
soil moisture is more dominant in brightness terapee
than in radar measurement which can be observeier
dispersion inc” value against the volumetric soil moisture.

4.3. Active vs. passive

In order to probe the relationship between theamméter
measured TB and radar measurédthe same fields as
above were used. Figure 9 shows TB values agaifist
value over these fields (the black crosses). Tlik dats
indicate the relationship over all fields with VWESs than
0.5 kg/nf. As expected based on the previous results th

5% [dB]

5% [dB]

fields with VWC < 0.5 kg/m?.
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correlate with each other. This relationship iseatigl for  \WC in therange of 3 - 5 kg/n?.

the combined active/passive soil moisture algorghm

Bare surface fields: c® HHvs TB H
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retrieve the soil moisture from remotely sensedadatrigure 9. Vertically polarized NRCS against vertically polarized TB (left)

account for surface temperature, surface roughm and horizontally polarized NRCS against horizontally polarized TB over

the low vegetation fields (crosses). Red dots show values for all fields with
VWC < 0.5 kg/n.

Bare surface and dense vegetation fields
6’ HHvs TB H
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Figure 10. Vertically polarized NRCS against vertically polarized TB (left)
and horizontally polarized NRCS against horizontally polarized TB over
e low vegetation fields (crosses). Red dots show values for all fields with



In the scatter plot the values from all low Especially, the data set could use replenishmenéairds
vegetation fields correspond well to the selectetd of  with dense vegetation layer and land cover typlsrdhan
almost bare surface fields. Figure 10 shows theesanagricultural.
selection of almost bare surface fields with thiees for all
fields with VWC between 3 kg/fmand 5 kg/m. As 6. CONCLUSIONS
expected, the dynamic range of TB lowers with iasieg
VWC but thec® experiences still high dynamic range due
to the varying scattering processes associated thith
structure of dense vegetation. In other words, WeéC
parameter alone, which mostly represents the dpdegath
of the vegetation without addressing the structisrapt the
only important parameter when relatin§to TB.

The analyses presented in this paper show that the
combined field campaign data set of SGP99, SMEXO02,
CLASIC and SMAPVEX08 campaigns utilizing the
airborne PALS instrument provides a robust basissél
moisture algorithm development for L-band radar and
radiometer. The study suggests that there are alsas
where the data set needs to be complemented teszdre
5. DISCUSSION global diversity of land cover conditions. By intigating
the historical data record the new data acquissticen be
The analyzed data feature wide range of soil maistu designed to optimally supplement the available datafor
values with varying surface conditions. In theelegment the SMAP active and passive soil moisture algorithm
of the SMAP retrieval algorithms the data from thes development.
experiments have already been utilized extensit@lyn
part build the foundation for the science behina th ACKNOWLEDGMENT
mission. The data can be used to tune the parazatien

and validate many basic aspects of the final natie ) o )
algorithms before the launch of the mission at the Jet Propulsion Laboratory, California Ingst of
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