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Abstract. This work aims to estimate soil moisture and vatigh height from Global Navigation Satellite SystéGNSS)
Signal to Noise Ratio (SNR) data using direct aaftected signals by the land surface surroundiggoand-based antenna.
Observations are collected over a rainfed whe#d fie southwestern France. Surface soil moistureeiseved based on
SNR phases estimated by the Least Square Estimatdimod, assuming the relative antenna heightnstaat. It is found
that vegetation growth breaks up the constantivel@ntenna height assumption. A vegetation heigtnteval algorithm is
proposed using the SNR dominant period (the pedkgen the average power spectrum derived fromaaelet analysis of
SNR). Soil moisture and vegetation height are ee&il at different time periods (before and aftegetation significant
growth in March, respectively). The retrievals acenpared with two independent reference datasesstu observations of
soil moisture and vegetation height, and numerstiaulations of soil moisture, vegetation height afmbve-ground dry
biomass from the ISBA (Interactions between SoihsBhere and Atmosphere) land surface model. Reshibw that
changes in soil moisture mainly affect the multipphase of the SNR data (assuming the relativenaatbeight is constant)
with little change in the dominant period of theFSMNata, whereas changes in vegetation height are likely to modulate
the SNR dominant period. Surface volumetric soiishwe can be estimated{R 0.74, RMSE = 0.009 fm*) when the
wheat is smaller than one wavelength (~ 19 cm). qusdity of the estimates markedly decreases wherweégetation height
increases. This is because the reflected GNSS Isigriass affected by the soil. When vegetationlaegs soil as the
dominant reflecting surface, a wavelet analysis/ioles an accurate estimation of the wheat crophéif = 0.98, RMSE =
6.2 cm). The latter correlates with modeled abonigd dry biomass of the wheat from stem elongatioripening. It is
found that the vegetation height retrievals aresis@e to changes in plant height of at least oravelength. A simple
smoothing of the retrieved plant height allows aneflent matching ton situ observations, and to modeled above-ground

dry biomass.
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1 Introduction

In situ observations of soil moisture and vegetation des are key to validate land surface models atellisa-derived
products. Recent international initiatives, suchtlzes International Soil Moisture Network (Dorigo a&t, 2013) or the
Committee on Earth Observation Satellites (CEOSjdLBroduct Validation group (Morisette et al., 2DBéve improved
the access to such observations. However, theyimeveay sparse and there is a need to develop néovratic techniques
to monitor land surface variables at a local sc@mbal Navigation Satellite System (GNSS) reflestdry could be a
solution. A number of studies demonstrated that GNfultipath signals can be used to retrieve varigesphysical
parameters of the surface surrounding a GNSS riegeantenna (Motte et al., 2016). Over land, vdealsuch as soll
moisture, snow depth and vegetation status carbbereed (Larson et al., 2008; Small et al., 20Jdrs@n and Nievinski,
2013; Wan et al., 2015; Boniface et al., 2015; dar2016; Roussel et al., 2016). GNSS satelliteeraip at the L-band
microwave frequency domain (between 1.2 GHz and3Hg). At these relatively low frequencies, the migave signal is
less perturbed by atmospheric effects and canrbgdteetrate clouds and heavy rains than higheuéecy signals. This
ensures continuous operations, in all weather tiondi at either daytime or nighttime. The L-bangdnal emitted or
reflected by terrestrial surfaces is related tofamer parameters like surface soil moisture, roughner vegetation
characteristics. These properties have been eagglby e.g. the Soil Moisture and Ocean Salinity (8 satellite and the
Soil Moisture Active Passive (SMAP) missions (Ketral., 2001; Chan et al., 2016) for Earth surfemmote sensing
applications. While SMOS is a radiometer and messsthre Earth surface microwave emission (passigeomaves), GNSS
satellites emit a radar signal (active microwavés}ive microwaves can present improved temporédl spatial resolutions,
but the signal may be more sensitive to the stractd the surface, such as soil roughness or vegetaffects than for
passive microwaves (Wigneron et al., 1999; Njokal£t2002).

Existing geodetic-quality GNSS networks have theeptial to provide a large numberiofsitu observations, depending on
the receiver technology: (1) waveform acquisitioithva specific receiver using two antennas (ondtzeniented antenna
and one surface-oriented antenna), called GNS8ctefhetry (GNSS-R) technique (Zavarotny et al.,£0dr (2) GNSS
signal strength represented by the Signal-to-Né&is¢io (SNR) acquired witla classical geodetic receiver using orre
antenna, called SNR GNSS interferometric reflectoyn@&NSS-IR) technique (Larson, 2016). GNSS neksaran be used
to monitor small or large areas depending on thersma height and satellite elevation (Roussel .e28f14). Continuous
monitoring of surface soil moisture can be made @vlong period at spatial scales ranging from a@antenna height of
about 2 m) to 8000 fr(antenna height of about 150 m) for classical géiodeceiver but can reach a few thousand square
kilometers with waveform receivers embedded onlgate(e.g. TechDemoSat-1 mission, Foti et al. 12}

Using the SNR GNSS-IR technique, Larson et al. 826howed that SNR data obtained from existing ogts of single
ground-based geodetic antennas can be used tosimfemoisture. Other GNSS methods (besides refieetry) can be
used. For example, Koch et al. (2016) used threelgfee GNSS antennas (one was installed abovecihetle other two
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were buried at a depth of 10 cm), to measure th&&Bignal strength attenuation and to retrieve reoikture over bare
soil.

Fernow,—#& network called PBO D based on single GNSS antennas at Plate Boundasgr@tory (PBO) sites isi
currently used in western regions of the USA to iworsurface soil moisture (Larson et al., 2013p@tet al., 2016) and
snow depth (Larson and Nievinski, 2013; Bonifacalet2015). It must be noted that most of the G®ISS stations of this
network are located in mountainous areas or insaodaCalifornia characterized by a relatively adiimate. They are
surrounded by sparse vegetation and are therefbr@dapted to vegetation growth studies.

In the SNR GNSS-IR technique, the interference betwthe direct and the reflected signals is obsenthroughtemporal
variations of the SNR data (Bilich and Larson 20Bayorotny et al., 2010; Chew et al., 2014). Charigegeophysical or
biophysical parameters affect the phase, amplitadé frequency of the SNR modulation pattern. TheRSH also
influenced by surface roughness and by the positidhe antenna with respect to the surface anlde®atellite (Larson and
Nievinski 2013; Chew et al., 2016). The SNR modataprimarily depends on:

» the relative height of the GNSS antenna abovedfiecting surface (ground or vegetation surface),

» satellite elevation,

» the superposition of the direct signal and of thected signal, which varies along with changeshin satellite
track positions,

* Right Hand Circular Polarization (RHCP) and LeftrideCircular Polarization (LHCP) gain pattern of teeeiving
antenna, (RHCP usually increases the SNR when dtellie elevation angle increases, LHCP is relaied
imperfections of the antenna and is greater tha@RFbr the reflected signal);

» reflection coefficients for the reflecting surfacelated to the water content aiedhe ground mineralogical conterit
of the reflecting surface,

» surface topography and roughness and

» the satellite transmitted power.

A soil moisture retrieval algorithm from SNR datasnderived by Chew et al. (2014) over bare soitulbsequent modeling
studies Chew et al. (2015) showed that the vegetatanopies affected the SNR modulation patterryTdhowed that
vegetation growth tended to trigger a decreasé@®fSINR amplitude. Because the vegetation effeatdetk to perturb the
soil moisture retrieval, Chew et al. (2016) progbsen improved algorithm for soil moisture retrievial vegetated

environments, which used the amplitude decreasenexd decide when vegetation influence was togelairhey used a
model database for the SNR of L2C signal to remmest significant vegetation effects for the siteeyt considered in
Western USA. Small et al. (2016) further compar#éfigent algorithms of GNSS-IR soil moisture retié in the presence
of vegetation. Roussel et al. (2016) integratedh i8S and GLONASS SNR data to retrieve soil moéstwer bare soil.
Using data from a field study, Wan et al. (2015pwbd that the amplitude of the SNR data presentggaal linear

relationship with the vegetation water content (V)Vt it was restricted to VWC values of less thdrkg n’. In addition
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to the amplitude of the SNR data, it was also fdesgo infer VWC by the MPs index, which is a linear combination of
L1 and L2 carrier phase data and L1 pseudorange (@anall et al., 2010), and by the NMRI (Normalizdicrowave
Reflection Index) which is—nermalization-result-baseddmrived fromthe MP1,,s (Small et al., 2014; Larson and Sma’ll
2014).

In this study, the SNR GNSS-IR technique was useainblyze GNSS SNR data obtainaith a single classical geodetii:
antenna receiver over an intensively cultivated attfield in southwestern France. The data were tseefrieve either soil
moisture or relative vegetation height during thewing period of the wheat crop. The method progdsg Chew et al.
(2016) (hereafter referred to as CH16) was usecbtigeve soil moisture. Moreover, we performed avelet analysis in
order to extract the dominant period of the ShiRHurtherto-retrieve-vegetation-heighiVe investigated to what exter1t
vegetation height influenced the dominant perialiteng from the wavelet analysis. The main juséfion for investigating
the impact of vegetation height was that it impdctiee relative antenna height (the distance from dhtenna to the
reflecting surface). Vegetation growth tended terdase the relative antenna height and broke upcdhstant height
assumption used in soil moisture retrieval algonghln this context, key objectives of this studgrevto (1) assess the soil
moisture retrieval technique in either low or ta#igetation conditions, and (2) retrieve vegetatieight along the wheat

growth cycle.

2 Materialsand methods
2.1. SNR data and pre-processing

The GNSS SNR data were acquired from an antenBadatm above the soil surface over an experimdietal covered by
rainfed winter wheat in Lamasqueére, France€283.0"N, 213'57"E, see Fig. S1 in the Supplement). These$5tSa were
collected by GET (Géosciences Environnement Toelpter a whole growing season, from January to 20iy5. A Leica
GR25 receiver equipped with an AS10 antenna wad asd data were acquired at a sample frequencyfdteHz. Only
the S1C SNR signal strength on the civilian L1 €hannel of the GPS constellation was used in thidyshecause the used
receiver could not track the L2C signal. The latiteronly transmitted by the recent Block IIR-M (‘{ienishment
Modernized") and IIF ("Follow-on") GPS satellitd&ey et al. (2016) showed that soil moisture rooamsequare difference
between L2C and L1 was 0.03mi°. The quality of the more recently available L2@rsil (used by PBO j@ (CH16)) is
higher than either L1 C/A or L2P from non-code kiag receivers. However, a number of studies (¢ay et al., 2016)
showed that the SNR of the L1 C/A signal can bal userovide reliable soil moisture estimates oygarse vegetation and
bare soil surface, although it is less precise tharL2C signal. Although data from other constailas were also acquired
(e.g., GLONASS, GALILEO), their orbital parametergch as satellite track positions or satellitewadé were not the same.
In order to be consistent with the GPS-only studieisarson et al. (2008), CH16, and Small et ab1@&), we only used GPS

SNR data. For our site, four GPS satellites ousdfwere excluded from the analysis because thedr ware incomplete

4
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(GPSO03, 20, 26, these numbers corresponding to Bssudo-Random Noise (PRN) numbers) or not redei@GS08).
Finally, GPS SNR data were missing for only ningsd® and 9 February, 3 April and from 13 to 18 N2&yL5.
Following the method proposed by Larson et al. ®@0& low-order polynomial was fit to the SNR datad the modulation
pattern was then derived from the SNR by subtrgdtiis polynomial from the SNR data. The logaritbrdB-Hz units were
SR
converted to a linear scale in V'\using the following conversion equatioBNR,.,, =10 20 (vey et al., 2016). Figure
la shows an example of the detrended multipath 8&R for the ascending track of GPS01 on 21 Jan2@ip. The
periodic signature of the multipath SNR data isblés We only analyzed the modulation patterns wahld segment for
satellite configurations corresponding to low etesa angles, ranging from 5 to 20 degrees. Thisesmonded to a valid
segment data recording of less than one hour (%0 tminutes)Aveiding-We excludedsery low elevation angles (less than
5 degrees)imited-in order to avoidspurious effects from trees and artificial surfasagounding the fieldAveiding-high

evation-angles (more than 20 degree mitedrdideiction-of-the-multipath-sighal-amplitud®ecause the SNR signal

amplitude was much reduced and the wave pattermofagisible at high elevations for our field obssions, we excluded

elevation angles larger than 20 degrees.
2.2. Soil moisture and vegetation characteristics

The field campaign waspart of a coordinated effoletd by CESBIO (Centre d'Etudes Spatiales de la BIOs)hérmonitor |
crops in southwestern France using bothtu and satellite Earth Observation data. Indepenigiesitu observations of soil
moisture and vegetation height were made togetht#ir model simulations of these quantities. Both esbations and
simulations were used to validate soil moisture aegktation height retrievals.

Since the whole wheat growing cycle wasasideredxamined both soil moisture and vegetation modulated thadtipath |
SNR pattern. Soil roughness was considered asestatime from sowing to harvest. Soil in the clegsgnity of the antenna
consisted of 18% of sand, 41% of clay, and 41%lbfThe row spacing of the wheat crop was 15 cm.

The wheat was sown during the autumn, on 1 Octabé&#4 and was harvested from 26 to 30 June 2015invatkic soil
moisture (VSM) was measured by FDR (Frequency DonReflectometry) ML2 Thetaprobes and was continlyous
monitored at a depth of 5 cm from 16 January tda@ch 2015 and from 30 March to 26 May 2015. Measwants of crop
height were performed at seven dates during th& gl@wing cycle. The canopy height did not exc@ddm at wintertime
and rapidly increased at springtime: it reachedn®@n 10 March 2015 and 1 m on 29 May. It dropmed.89 m on 18 June
because of a lodging event. The exact date of tgdgould not be precisely determinésit-ilt could be inferredt-that
lodginghappened between 29 May and 18 June.

In addition toin situ observations, simulations of surface soil moist{@rd0 cm top soil layer), plant height and above-
ground dry biomass were performed for this siteNRM (Centre National de Recherches Météorologigusig the
ISBA (Interactions between Soil, Biosphere, and éd¢phere) land surface model within the SURFEX (oers3.0)
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modeling platform (Masson et al., 2013). The ISBAfiguration and the atmospheric analysisused to force the mode
are described in Lafont et al. (2012). The C3 cptgnt functioning type and a multilayer represeaatatof the soil
hydrology were-are considered. The modeloil depth is 12 meters, with 15 layers and the layécktiessis—not

unitedncreases from the top surface layer to the dedagsts(Decharme et al., 2011). These simulations weeel @s an

independent benchmark for soil moisture and vegetatariables.
2.3. Multipath SNR characteristics

Due to the motion of the GPS satellites, the pathydbetween the direct and reflected signals caasenterference pattern
in the signal power of SNR data. The distance ftbenantenna to the dominant reflecting surfacectyaffects the SNR
frequency/period.

As noted by Georgiadou and Kleusberg (1988) anidiBdnd Larson (2007), assuming the ground suiifaberizontal, the
additional distanced] travelled by a reflected signal relative to theeck signal is

d = 2hsin(6) @)
whereh is the relative antenna height, afids the satellite elevation angle. This path delaan also be expressed in terms

of the multipath relative phad# :

0
=2m— 2
Y ~ )

where/ represents the L1 wavelength (0.1903 m).
Thus the multipath frequencf) @nd period T) can be written as:

d¢ 4n dé
w=21f =—— =—hcos@)— 3
dt A 6) dt )
1_ ;= 2hcos@) do @
T A dt

This means that the relative antenna heightd{rectly affects multipath frequendyand periodT. Antennas far above the
reflecting surface have higher multipath frequesiciemaller multipath periods) than antennas clésethe reflecting
surface. Furthermore, satellite geometric infororatand motion substantially influencése—peried-T) of-the-multipath

SNR-datadue to thecos@) and d@/ dt terms in equation (4)Vherf satellite passes reach high elevation angles,

GPS01-in-Supplement Fig—S2016 / dt becomes large(Bilich and Larson, 2007)Conversely, satellitesiith signals
observed-giasses presentirgmall maximum elevation@-g+—GPS18-in-Supplement-Fig—S29ve-more-slowly present
smaler d@/ dt) valuesthan satellitepassingorbiting overhead(Bilich-and-Larsen2007)Contrasting configurations arg
illustrated in the Supplement (Fig. S®).order to limit the impact of these differencesnfi satellite motion, only the full-

track data with at least 40 degree maximum elenaitgle were selected. Among the remaining tracké&viherremoved

6



10

15

20

25

the slowly moving tracks whose maximuaosg [@18/dt was less thar®5x10°rad &' (threshold value based on our
field observations) of the valid segment (elevatmgles ranging between 5 and 20 degrees). Thidfispgata sorting was
only made for vegetation height retrieval (Sech)2After this selection, the number of availakdg¢ediite tracks was 37 per
day.

Provided the reflecting surface is stable, theiarpantenna height can be used to estimate the B&Riency. The SNR
frequency is used to calculate the multipath SNRsphand then the SNR phase is used to estimate (88M. 2.4). If the
reflecting surface is changing in response to \&get growth, relative vegetation height can beieeéd instead of VSM

by directly estimating the dynamic SNR frequencyim with a wavelet analysis (Sect. 2.5).
2.4, Soil moistureretrieval

As the SNR frequency is known (Eda3}), it is possible to estimate the SNR amplitudd phase. Larson et al. (2008) aer
Larson et al. (2010) showed that phase variesdipedth VSM in m’m? (R? = 0.76 to 0.90). Retrieving absolute VSM
values in mm? is possible after a calibration phase. This resal$ used by Chew et al. (2014) to develop an igorto
estimate surface soil moisture (top 5 cm) over basenrdsoil. |
For bare soil, changes in surface soil moisturecafthe signal penetration depth. The latter carvdrg small in wet
conditions and tends to increase in dry conditiopsto a few centimeters (Chew et al., 2014; Rdwdsa., 2016). This is a

small change with respect to the antenna heightl(2n in this study). Consequently, the relativeeana heightH) is
considered as a constari, & 2.51m) in this Section. Using sine of the elmratangle 6in(f)) as the independent

variable, the modulation frequency becomes propioati toh.. Then the multipath SNR can be expressed as (hatal.,
2008):

SRy, = Acos Tt sin) +4,,.) ®

The least square estimation (LSE) method propogddabson et al. (2008) is used to estimate the ipath amplitude 4)
and multipath phaseﬂm) from the multipath SNR data. The;ﬁ,mpi can befurtherused to estimate the soil moisture
changes (CH16),

VM, = SIAg, +VaM, 4 (6)

Phase changeA@, = @, — @, are calculated with respect 19, the reference phase. We used the method propmsed

CH16 consisting in estimatin¢'O as the mean of the lowest 15% of kﬁﬁ.pi data for each track during the retrieval period.

The same condition was used to estimateViBid, «;q residual soil moisture from tha situ VSM observations. The€SV, g
was taken as the minimum soil moisture observatidrich presented a value of 0.253mit during the retrieval period.

The Sparameter (in Aim>degred) is the slope of the linear relationship betwebage changes and soil moisture. For time

7
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series with no significant vegetation effe@ss 0.0148 mm>degreé for L2C signal (CH16). Following CH16, the median
soil moisture estimate from all available satellitecks (66 per day) that passed at different tichesng the day was used as
the final soil moisture estimate.

We also used thim situ VSV, 4¢ andVSM,q to fit a locally adjusted slop&he-minimum-\/SM-had-to-be-derived-fro
hein-situ-observations-during-the-experimental-time-perivdrder-to-determinethéS\, - term-in-Eg—(6)The retrieval
of the S parameter requires at least one or two monthsSi Vh situ observations because soil moisture conditionsingng
from dry to wet need to be sampled. However, if@ed soil wetness index is used instead of soistue, noin situ VSM
observations are needed.

Alternatively, the phase time series can be nomedlifor each satellite track, and usBg not needed. We considered the
median value of the normalized phases from alllabbs satellite tracks (66 per day) as the finalet soil wetness index

(pindex) for each day:

- ¢ _ ¢min
¢inde>< ¢max _¢min (7)

VSM could then be estimated frapgex:

VM =VaM 5 min + Pingex VM Vav obs_min) (8)

obs _max

VSMgps min @Nd VSMgys max @re the minimum and maximum situ VSM observations during the experimental time quri
respectively.

CH16 defined the normalized amplitud&, () as the ratio of amplitude to the average of e 20 % amplitude values.
The A.om time series can be used to assess whether oregetation effects are significant. ValuesAf;., above 0.78
(dimensionless) indicate that vegetation effecessanall (CH16). In conditions of significant vegéia effects CH16 used
an algorithm able to correct the phase for vegmtatiffects. This algorithm is based on an unpubtsiookup table. Since
we were not able to correct for vegetation effeuts, retrieved surface soil moisture during a pendth rather sparse

vegetation, from 16 January to 5 March. During thige spanA,.m was above 0.78 as shown in Fig. 2 (black dots).
2.5. Vegetation height retrieval using a wavelet analysis

While vegetation grows, the vegetation surface gg#lg replaces the bare soil surface as the domiedlecting surface. As

a consequence, the heigh) 6f the antenna above the reflecting surface dse® Equation (4) shows that changel in

impactthe-multipath-frequencirand-conseguentll. This property allows the use of changed walues to infer changes irr

h, and further estimate relative vegetation heigbtretrieve relative vegetation height we proposewa approach based on

8
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wavelet analysis. Wavelets have been used for njaass in signal processing studies in geoscier@aglgn et al., 1995;
Darrozes et al., 1997; Gaillot et al., 1999), gstssics (Escalera and MacGillivray, 1995), metemygl(e.g. Hagelberg and
Helland, 1995; Torrence and Compo, 1998), hydrolggbat, 2005) and in many other fields. The wavatalysis is well
suited for analyzing time series with non-statignpower and frequency changes across time asrdtest by Fig. 1. Our
wavelet analysis methodology is based on the W#velap R-package (Roesch et al., 2014). To analheeperiod
structure, we used a well-known Morlet mother fioret which comes from a combination of a Gaussian fancand a
sinusoidalrefunction (Fig. S3 in the Supplement). Due to its shape, &tathughters allow detection of singularities in al
scales/periods of the spectrum. Morlet waveletlse avell suited for environmental analysis (Grins&t al., 2004). We
calculate the Morlet wavelet transform of the npdth SNR and evaluate the power spectrum of théipath SNR signal
(see EQs. S1-S4 in the Supplement).

Vegetation height can be retrieved using the dontifgNR period Tg), which is the peak period of the average power
spectrum derived from a wavelet analysis of SN&nfthe multipath SNR segment at elevation angte® % to 20 degrees.

After obtainingT, time series, the relative antenna heigiitc@n be derived from Eq. (4) as:

h= A ©

2C0SG;, dHtEg T,

The Ty value is used to represent the multipath SNR ithataider to estimath. Also, changes in the elevation angh énd

in d&/dt have to be accounted farhi

arlgl¢his study, Change%

in h were surveyed across dates at an elevation ahgldegree (See Sect. 3.2).

Changes in relative antenna heigtjtduring vegetation growtare directly related to vegetation height increase: |
AH =h, —h (10)
Similarly to the phase change estimatdg, (n Sect. 2.4)h, is the median value of the top 13¥ata during the whole
wheat growth cycle for each track.

The final retrieved vegetation height)(is based on the mean relative antenna heightgehfmom all available satellite
tracks (N = 37), plus one wavelength:

> AH

H="t—+4 11
N A1)

The minimum value oH is one wavelength. Therefore Eq. (11) can onlapelied when the wheat height is higher than
one wavelength (0.19 m for L1).

It must be noted that it is not necessary to redrgoil moisture before retrieving vegetation heigh
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2.6. GDD (growing degr ee days) model

Because of the lack @ situ records of the field wheat growth stages, we lauiltference GDD model based on the wheat
growth stage dates observed at the same locatid@1@ (Duveiller et al., 2011; Fieuzal et al., 20B8tbeder et al., 2016).
The GDD model is described in the Supplement (E§sS6 and Fig. S4).

3. Reaults
3.1 Soil moistureretrieval

Figure 3 presents the surface soil moisture regigefrom 16 January to 5 March 2015, together wittependentn situ
VSM observations and ISBA simulations. The VSM iestals are derived from GPS SNR observations ugigg(6) in
sparse vegetation conditions, wh&g is above 0.78, with the a pridgivalue of 0.0148 Aim>degreé (Fig. 3a) and the
adjusted local slop& = 0.0033 mm>degreé (Fig. 3b). This adjuste® value is the mean of slope values obtained for
satellite tracks whose phase presented a lineaelaton within situ soil moisture higher than 0.9. This occurred foz t
ascending tracks of GPS 13, 21, 24 and 30 andédéscending tracks of GPS 05, 09, 10, 15, an#&ig@re 3c shows the
VSM retrievals from the scaled soil wetness indexed-on-the-normalized-multipath-ph&se (8))

The GPS and ISBA scores are given in Table 1. Té@mnsoil moisture values during the experimentebgeare 0.27, 0.28,
0.31, 0.26, and 0.283m for in situ VSM measurements, ISBA simulations, GPS retriewétls S = 0.0148 mm>degreé,
GPS retrievals witls = 0.0033 fim>degre&, and GPS retrievals from the scaled soil wetnedex, respectively.

In Fig. 3, the sub-daily statistical distributiohtbhe VSM retrievals is indicated by box plots. Tiege of daily standard
deviation value of the various VSM estimates isvaién Table 2. Thén situ VSM measurements present the smallest sub-
daily variability, with a mean standard deviatioalue of 0.002 ffm?>. The largest variability is obtained for the GPS
retrievals based on the a priori slope vafire 0.0148 mm>degreé, with a mean standard deviation value of 0.036h
GPS retrievals based on the adjusted slope V&lee0.0033 rim?degreé presents intermediate values (0.008m),
together with those based on the scaled soil wetimeex (0.009 Am®) and with the ISBA simulations (0.005%mi®).
Figure 3 shows that the sub-daily variability of &®SM retrievals tends to increase during the 1@stlays of the retrieval
period.

It must be noted that GPS data are missing on ®drebruary, and that the ISBA simulations indicai# freezing (i.e. the
presence of ice in the top soil layer) from 4 tBebruary. This period was excluded from the congpariln the end, there
were 47 valid observation days for the statisteahlysis of the retrieved surface VSM, among whBhdays could be
compared with model simulations.

The GPS VSM daily mean retrievals based on the QHéthod present a good agreement with bo#itu observations and
ISBA simulations: MAE (Mean Absolute Error) and REI$Root Mean Square Error) are lower than 0.661/ and SDD
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(Standard Deviation of Differences) does not exd@@d nim™ (Table 1). The errors are reduced by at least 5¢h¥#n the
local adjusted slope is used. When the scaledwvatiiess index is used, the errors are further estiuc

Figure 4a and 4b show the retrieved soil moistsra function of thén situ observations for a priori and adjusted slof&s (
= 0.0148 mMm>degreé andS = 0.0033 Mm~degreé, respectively) from all available satellite tradé$ per day), not only
those tracks used for fitting the slope (see Supelg Fig. S5). The corresponding improvements areswalues are given

in Table 1: the MAE decreases from 0.036 to 0.0fin P the RMSE decreases from 0.046 to 0.0T4nt the SDD
decreases from 0.036 to 0.009mi. The retrievals based on the a priori slope maykeserestimate VSM in wet
conditions. On the other hand, the retrievals basethe adjusted slope only slightly underestimé&®. This shows that
adjusting the slope is critical and has a majoraiabpon the retrieval accuracy. Furthermore, Figloayives the retrievals
based on the scaled soil wetness index. Scorefudher improved: the MAE decreases to 0.00nf) RMSE to 0.009
m’m’3, and SDD to 0.008 fm™.

We also compared the retrievals with the indepent&BA simulations. The ISBA model VSM simulatiopgesent a better
agreement with thin situ VSM observations than the GPS retrievals, fothadl scores, as shown by Table 1 (last column)
and Fig. 3. In particular, R= 0.88 for ISBA simulations, against R 0.74 for GPS retrievals. This shows that theASB
simulations can be used as a reference to assesA®S retrievaléor this site The statistical scores resulting from tqe
comparison between the GPS retrievals and the atiook are similar to those basedinsitu observations.

After 5 March,A.m drops below 0.78 (Fig. 2), and the VSM retrievatls not valid. We made an attempt to retrieve VSM
from 6 to 15 March. We obtained 10 VSM retrievetlea and we compared them with ISBA VSM simulatjdecausén

situ observations were lacking. Thetrievalslocked sparserand-Rescore decreased from 0.63 before 6 March (Tablélz 1)
to only 0.21 from 6 to 15 March. This result confg that the empiricah,.m threshold (0.78) is a good way to assess the
VSM retrieval feasibility over vegetated areas. #iddally, we found that adjusting th&., threshold from 0.78 to 0.88
permitted making a distinction between harvest jaost-harvest (after 30 Jun&),, values in Fig. 2. Four more days (2-5
March) are excluded. Figure 3 shows that the 25-f&¥eentile intervals for these days are larget,tha maximum

retrieval differences for these days are acceptabteind 0.03 fim™.
3.2 Dominant SNR period analysis during the wheat growth cycle

Figure 1 shows an example of the multipath SNR fata the ascending track of GPS01 on 21 Januatp.2@s average
power spectrum (Fig. 1b) derived from a waveletlysis is also shown, together with the power speot(Fig. 1c) for
periods ranging from 128 to 1024em-fThe average power spectrymesents a singldéhere-is-enly-on@eak and the
corresponding peak period is 362 s. The SNR datacisnstructedvell depending-oerhispeakperiedred line in Fig. 1a),

using this peak periahich-is-a-goed-fit-to-the-SNR-datBoth phases and amplitudes match very well. $haws that the
peak period from the average power spectrum camsbd to represent the multipath SNR data. Limigteyation angle
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values from 5 to 20 degrees (Sect. 2.1) ensurekatively stable value of the peak period. The peatkod is considered as
the dominant periodr() of the multipath SNR data.

Additionally, the major part of the signal powercisncentrated on elevation angles ranging from Tltalegrees (see Fig.
1). A preliminary analysis for the entire wheat\ghog cycle showed that, more often than not, thet leéevation angle
corresponding to the peak power was around 9 degheéhis study, elevation and its change rat@ dégree are used to
represent the SNR data for all available sateffdeks (37 per day). It must be noted that thisnezice elevation angle is
specific to the gain pattern and height of the mméeencountered in this experiment. It could prediéferent values in other
antenna configurations.

During the wheat growth cycle, preliminary test®whd that the average power spectrum could prasetitple peaks
together with a reduced maximum average power. flaideTy unsuitable for the representation of the multiggR data.
Under this situation the quality of tfig value was considered as poor and the data weraseot An example ofy time
series is shown in Fig. 5 for GPS01 ascending $raekor quality data (e.g. on 17-20 March, and 82ine) are indicated.
We sorted out the data acquired in two situati¢hstrack data presenting more than one peak imitjigest 80% percentile
of the power spectrum, () value smaller by 10 seconds than the mean valtieeofowest 10% of the dominant periods
(e.g.,Tq < 352 s for GPS01). This is further illustratedHig. 6, comparing a usable track and an unusaidé.tOn 1 May,
there is one peak in the average power spectrugm @), and the dominant period (456 s) obtainedlmused to fit the
SNR data in Fig. 6a. While on 15 June, there apegg®aks in the average power spectrum as showig.ibé. Furthermore,
the maximum average power is only 0.54 which isi§icantly smaller than the maximum average powet.0 observed
on 1 May 2015 (Fig. 6b). In Fig. 6¢, the SNR pattisrclearly noisier, with smaller amplitudes anlgss clear pattern tha
in Figs. laand/Fig. 6a. This data set is unusable. A possibleec#@ithe more inhomogeneous reflecting surface #ite
lodging event. The probability distribution (gregirb) of bad quality tracks among all available 8tkite tracks is shown
in Fig. 2 on a daily basis from 16 January to 1y 2015. Most unsuitable tracks are observed durivaytime periods: (1)
at the beginning of spring, from 10 to 20 Marchd d8) at the beginning of summer, from 12 to 26eluhhe latter
corresponded to lodging of vegetation, which oadiiuring a strong wind event and affected thecéifig surface height.
Thein situ observation of wheat height was only 39 cm onur&J

As shown in Sect. 2.4, vegetation effects on th&® Signal became significant after 5 March. Aftes thate, A (black
dots in Fig. 2) decreased drastically, in relatiomplant growth. After 10 March, wheat height exded one wavelength (>
0.19 m). In addition to lowehA.,, values, an increasing number of unsuitable tracks observed till 20 March, together
with low values of the peak power (Fig. 5). Duritigs time period, the vegetation gradually decrdabe strength of the
signal reflected from the soil surface and moreaigvas reflected by the vegetation. This triggeredtiple peaks for some
tracks. Such tracks were not used. When the végetaurface completely replaced the soil surfacehasdominant
reflecting surface of the GNSS signal, a singlekgeeriod was observed again and its value increasegbponse to the rise
of the reflecting surface. For examplg,increased from 362 s (7 March) to 397 s (22 Mafoh)GPS01 ascending tracks.

Figure 5 shows thaly is not sensitive to vegetation height when vegmtaheight is smaller than one wavelength.
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Thereforewe-it can beconcluded that this relative vegetation heights@tllite elevation of 9 degrees) retrieval techai
wasdoesnot workng for vegetation height below one(~ 0.19 m for L1) and when multiple peaksreareobserved in the

average power spectrum.

3.3 Vegetation height retrieval

Figure 7 shows the retrieved vegetation height fighdanuary to 15 July 2015, together with sewesitu vegetation height
measurements and daily vegetation height simulatmnISBA. Since the original H retrievals presannharked levelling
effect, the moving average of the GPS height nedfsecomputed using a centred gliding window ofdays is shown. The
relative vegetation height retrievals are compawét ISBA height simulations anioh situ height observations in Table 3.
The differences between the sevesitu observations and the original H retrievadsreare-8 cm, +4 cm, -5 cm, -10 cm, -4
cm, -2 cm and -2 cm. Most of them exhilsia negative bias. In comparison with the errorsvben then situ observations
and the ISBA simulations (-5 cm, +6 cm, +10 cm, efrh -3 cm, 0 cm and -61 cm), the GPS retrievadsearecloser to the
observations on 30 March and 24 April (the thirdl dorth in situ observations). On 18 June, the last heightitu

observation before harvestsis 39 cm in relation to lodging. The GPS retriewadsis very close to this value with only -2

cm error. On the other hand, the ISBA simulationl8nJuneasasis still at 1 m with an error of -61 cm, because theeat

height was simulated without accounting for lodgifigpis result shows that tha situ GPS height retrievals are able to
detect local changes in vegetation height. Figuaad the scores given in Table 4 show that the @R&vals are closer to
the observed growing trend than the ISBA simulatiokdditionally, the moving average height presenisuch better fit to
the in situ measurements than the raw GPS retrievals. We @swpared the GPS retrievals with the ISBA model
simulations. We obtained the following score valfresn 10 March to 11 June 2015: MAE = 8.9 cm, RMSE2.4 cm and
R? = 0.89. Similar values were obtained for the corispa between the moving average height and ISBAIkitions: MAE
=9.0 cm, RMSE = 11.6 cm and R0.91.

3.4 Vegetation height vs. above-ground dry biomass

Figure 7 also shows that the retrieved vegetatmight is related to the simulated above-groundhdoynass of the wheat
(brown line). We found a linear relationship betwédbe moving average height from GPS retrievalsthedabove-ground
dry biomass simulated by the ISBA model from 10 étato 29 May 2015 (when the maximum vegetation thteiy m, was

measured), during the time period from tilleringltovering. The correlation coefficient between theving average height
and the above-ground dry biomass, with 81 obsemsatiwas 0.996.

A similar result was obtained using timesitu height and above-ground dry biomass measuremeftégneron et al. (2002)
over another wheat crop site (Triticum durum, ealti prinqual) in spring 1993 (See Eqgs. S7-S8 argl B6 in the

supplement).
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4. Discussion
4.1. Can soil moisture beretrieved under significant vegetation effects?

Our results show that over a wheat field the vegetegradually replaces the soil as the dominafi¢ctng surface when
plant height becomes comparable to, or larger tmenwavelength.

We tested the relationship between the multipatisphin Eq. (5) and soil moisture for the whole wtggawing cycle (Fig.
8). We found that when the vegetation effects aesignificant fnm > 0.78), the multipath phase correlates well (R =
0.92, N = 47, for the GPS10 descending tracks) thi¢tin situ soil moisture observations (Fig. 8a). During titise period,
the variation of multipath phase is about 12 degyréer in situ VSM values ranging from 0.25°*m™ to 0.30 mim™. But
when the vegetation effects are significaly,(, < 0.78), the multipath phase (without or with uapping, Fig. 8b and 8c)
is no longer linearly related to soil moisture. Fotample, when vegetation heigstirts exceethged one wavelength,
multipath phase rapidly decreasdrom 207 degrees to 43 degrees (between 10 anda2th). Changes in multipath phase
werearedisconnected from ISBA VSM simulations. This is sistent with CH16, who showed that soil moisturencd be

retrieved unless vegetation effects are correaied f
4.2. Why doesthe locally adjusted S parameter differ from CH16?

In our experiment, the possible VSM retrieval diamatwas less than two months, in relatively wetditons and VSM
varied little: 0.25 fm™ < VSM < 0.30 mm’®. This is probably not enough to represent theyfedirly range of soil moisture.
This might affect the representativeness ofShparameter (Sect. 2.4) we derived from our fieldevbations. Furthermore,
the different signal wavelength (L1 = 19.03 cm, £24.45 cm) and the different antenna gain pattdsp affect thesS
parameter. Many local environment factors such egetation effects, precipitation, changes in soilghness and soil
composition, can perturb the GPS VSM estimatesth@se factors contribute to change§iand further affect the retrieval
accuracy and the sub-daily variability of VSM esites. That is why we used a scaled soil wetnessxibdsed on the
normalized multipath phase for each track, withaupriori knowledge ofS parameter. This approach also gives more

accurate results.
4.3. Can vegetation water content be inferred from the wavelet analysis?

We found that VWC impacts the peak power but weewert able to retrieve VWC at this stage.

Figure 7 shows that the retrieved vegetation heightonsistent with independent height measuremditsvever,
vegetation height is not the only factor affectthg reflected GPS signal. Vegetation water conféW/C, in kg m?) may
also play a role on the reflected GPS sigiralsitu observations indicate that VWC increased togettith H during the
growing period, from March to mid-May. From mid-May harvest, VWC tended to decrease but H alsoedsed in
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relation to lodging. Can this specific behavior\6VC be detected from the results of the waveletlysis? The latter
provides three quantities: the dominant period {S26),A..:m and the peak power.

The amplitude A.om) is related to some extent to VWC (see Sect. bwever,A.nm is calculated assuming the relative
antenna height is constant. Because the wheat thigigteased from 10 cm to 100 cm, the relative rameheight was
reduced, and this assumption was not satisfieds @ffected the estimates of the amplitude of thétipath SNR data,
especially when the wheat was tall. Comparing 6&and Fig. 6c, it can be observed that the sigmglitude is larger on 1
May than that on 15 June. B, (0.15) on 1 May is even smaller than g, (0.33) on 15 June (Fig. 2). It is likely that
Arorm Was underestimated on 1 May. Therefore, it isiaiff to unequivocally relaté\,, to vegetation characteristics, as
illustrated in Fig. 2. However, the drop M. observed at the beginning of June (Fig. 2) codddated to the drop in
VWC.

From the wavelet analysis, we also obtained th& peaver when we searched for the peak period flwenalverage power
spectrum. Peak power can represent changes in whigath SNR strength. Figure 9 shows daily boxtplof the peak
power for all available satellite tracks from 16dary to 15 July 2015, together with the distribotof bad quality tracks
(as in Fig. 2), and rainfall. There are two majosgible causes for a sudden reduction of the stresfghereflectedSNR
signal: (1) the attenuation of the signal by thie atercepted by vegetation or in the tropospteere (2) the occurrence of
more than one dominant reflecting surface at défieheights, and this two causes can occur attine sime.

Three events of rapid reduction of the peak povaar ke observed in Fig. 9a. These events are retatéarger daily
standard deviation (STD) values of vegetation heigkrievals (see Fig. 9b). The last event in Jooeld be related to
lodging. However, whether maximum STD is an indicaif lodging or not is unclear. It seems that ¢hesents are not
related to rainfall events, and that the attenuabp intercepted water content is not a major cafigeeak power drops. On
the other hand, the emergence of multiple peaksoérxhd quality tracks is consistent with the rapa@ver reduction in
March and June. Multiple peaks may indicate that tiflected signal originates from surfaces atedéffit heights. A
possible cause of multiple peaks is a more hetemes wheat canopy density during the first stdgbeogrowing period
and after lodging. In such sparse or mixed vegamiatonditions, VWC is not uniformly distributed atiee soil surface may
significantly contribute to the SNR. In the middié April, there is no such effect but STD scoreréases (Fig. 9b). It is
interesting to note that the peak power drops ¢n &a correspond to rapid changes in the retrieeggtation height in Fig.
9c at multiples ofl or 0.51. It must be noted that absolute daily changes {andh), of about 1.1 cm dare fairly uniform
throughout the growing period. Sinbelecreases when plants grow, relative changhgend to increase. According to Eq.
(4), T behaves similarly. This means that the sensitioftyhe retrieval method to changesHnis larger at the end of the
growing period. This is probably why leveling is ragronounced between mid-March and mid-April tlarthe end of

April (see Fig. 9¢). Leveling is less noticeabléMay.
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4.4. Can unwrapped multipath phase be used to retrieve vegetation height?

Our results indicate that using the dominant pet@mdetrieve vegetation height is more relevannthaing the multipath
phase.

The relationship between the multipath phase @)idn Eq. (5) and vegetation height was investigaBecause changes in
relative antenna height exceededuring vegetation growth, the multipath phase tieelde unwrapped. When the vegetation
height was smaller thaiA (before 10 March), multipath phase (around 200 eleg)r presented little changes (about 12
degrees). From 21 March to 18 April, multipath phasis much smaller (around 10 degrees) and rdiatitable. On the
other hand, the variability increased from 19 Apoil11 June (Fig. 8c), and no relationship withnplgrowth could be
found. It can be noted that multipath phase andid@nt period are relatively stable when the vegmtaheight is smaller

thanA. Both tend to aggregate at several value levels.
4.5. Can wheat phenological stages beinferred?

Figure 9 shows that the occurrence of multiple paagether with a drop of the peak power can be asean indicator of
the start of the most active part of the growingssa, and of the end of the senescence perioddingade harvest.

We applied the GDD model (see Sect. 2.6) to yedb2hd we obtained the following dates for tillgriflowering, and
ripening: 12 March, 31 May, and 3 June, respecti{®e Fig. S3 in the Supplement). The obtainéatitig date (12 March)
is close to the start date (10 March) of the mldtipeaks (see Section 3.2). Tillering in wheatgeig nitrogen uptake and
the accumulation of biomass (Gastal and Lemair82p0rhis is consistent with the rapid changesaihdicators derived
from the wavelet analysis: drop Mo values and high rate of multiple peaks (Fig. Bg in the retrieved H (Fig. 7), and
drop in peak power (Fig. 9). For our site, theetilhg date also corresponded to the period wheeaddhed a value of about
0.2 m. This was the case in 2015 and also in 201ffeasame site (Betbeder et al., 2016).

Flowering and ripening did not trigger abrupt chesign the GPS retrievals. However, these stagesspownded to a change
in H trend. This is illustrated in Supplement F&y, which shows the difference between retrievagktagion height at a
given date and retrieved vegetation height 15 desfere. Flowering and ripening occur towards thd ehthe growing
period when the vegetation height is no longeraased compared with 15 days before but slightlyinks due to wheat
heads tipping down (Wigneron et al., 2002). In otdeconfirm these findings, it could be recommenhtte perform GNSS-
IR measurementirtherover other wheat fields and other crops, togethiér phenological stage observations combian

with in situ height measurements.
4.6 Potential future applicability and transferability of theretrieval method

In situ VSM observations are not widespread in Franceiasdu vegetation height observations are generally nailable.

Therefore, ISBA simulations are key for water reseumonitoring at the country scale. It must beedathat the ISBA
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model is forced by the SAFRAN atmospheric analgBisrand et al., 1993; Durand et al., 1999) and 8#ERAN is able to
integrate thousands df situ raingage observations. ISBA is also able to sitBulegetation characteristics such as
vegetation height, leaf area index and above-gralmdiomass. Howeveim situ VSM observations are needed to validate
the model simulations (e.g. Albergel et al., 20apm this point of view, the spatial resolution®NSS retrievals is an
asset. The area sampled by GNSS retrievals is tavgér than what can be achieved using individodlreoisture probes
and much smaller than pixel size of satellite-degiproducts. Longer continuous time periods of GKS&fevals should be
envisaged to serve as independent validation dateces in statistical methods such as Triple Catioo (Dorigo et al.,
2010).

We successfully assessed the surface soil moisgtiieval technique over a wheat crop field, dutting start of the growing
period. However, the rather narrow range of surfsmié moisture values during the corresponding erpent time period
limited the representativeness of the obtainedenatl accuracy. Furthermore, our dataset did ndtude GNSS data arid

situ VSM measurements for periods of bare soil. Longeniods presenting a bare soil surface should bestigated in

furtherfuture studies. At the same time, maresitu vegetation measurements should be carrie¢hduttherstudies

The retrieved vegetation height was based on tmeirdmt period of the average power spectrum. Ttierlavas derived
from GPS multipath SNR data for elevation anglesvben 5 and 20 degrees. We only considered therdormperiod

variations, without accounting for instantaneousggh changes. The accuracy of the retrieved vegetatight could
probably be improved considering changes in botlodeand phase of the multipath SNR oscillations.

In this study, only the SNR data of L1 C/A sigmalised, SNR data from different wavelength (e.§.CIA, L2C and L5)

should also be compared or combined to survey gacl@racteristics.

A linear relationship between wheat height andldoynass was observed during the period from whidatirig to ripening.

Retrieving dry biomass is a motivation for furthesearch because most current satellite vegetatioducts focus on
retrieving vegetation indexes or leaf area indehe @ry biomass is directly related to the whealdyiand retrieving wheat
height could have applications in crop monitorirg. this study, only wheat is considered. Other srgghould be

investigated in the future.

5. Conclusions

GNSS SNR data were obtained using the SNR GNSSetRntque over an intensively cultivated wheat fighd
southwestern France. The data were used to reteighrer soil moisture or relative vegetation heidhting the growing
period of wheat. Vegetation growth tended to deswethe relative antenna height and broke up thestanh height
assumption used in soil moisture retrieval algongh Soil moisture could not be retrieved after whékering. A new
algorithm based on a wavelet analysis was impleeteand used to extract the dominant period of thB &ndfurtherto
retrieve vegetation height. The dominant period desved from the peak period of the average papectrum derived

from a wavelet analysis of SNR. The method propdse@H16 was used to retrieve soil moisture ungarse vegetation
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conditions, before wheat tillering. Soil moistur@svretrieved on a daily basis with a precision ($@D0.008 mim?.
Before tillering, only one stable peak was obseriredhe average power spectrum, because the sddceuwas the
dominant GNSS reflecting surface. During and afifering (10-20 March), the reflected GNSS signaktluded
contributions from both soil and vegetation. Mdnart one peak was observed in the average powerspeingether with
low values of peak power, showing that there werelrar dominant reflecting surface. Wheat growtidgally raised the
reflecting surface of the GNSS signal, from thd soiface to the vegetation surface, which sigaiiity modulated the
dominant period of the multipath SNR data. In thesaditions, vegetation effects could not be igdoaed soil moisture
could not be retrieved. The retrieved vegetatioigtitewas in good agreement with the situ observations, and was
consistent with a lodging event. However, the es&d height consisted of several levels. Using aimgoaverage on the
retrieved height permitted a better match with ithaitu height measurements: a precision of 3.8 cm coalddhieved,
against 5.5 cm for the original retrievals. Furthere, several indicators derived from the wavetetlysis could be used to
detect tillering. We also found that VWC impacts fleak power but the latter cannot be used tewetWVWC at this stage.
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RESPONSE TO REVIEWER #1

The authors thank anonymous reviewer 1 for hisfherew of the manuscript and for the
fruitful comments.

Therevised text is shown in orangein the enclosed version of the manuscript.

1.1 [The study deals about soil moisture, vegeatatieight and phenological stages estimation
by GNSS for a site in southern France and validatm in situ measurements and model
simulations. The approach is sound, the manuseugt-written and adequate for the
audience of HESS. Because of its high quality, fest attempts need to be made to improve
the presentation of the study. E.g., a brief disumshow much in situ (soil moisture) data is
necessary to retrieve soil moisture from GNSS digoald clarify the need for adequate
calibration.]

Response 1.1:

Retrieving absolute VSM values in°m? is possible after a calibration phase. The minimum
VSM has to be derived from the situ observations during the experimental time period i
order to determine th&SM,sq term in Eqg. (6). Moreover, a locally adjusted ahf theS
parameter is needed. The retrieval of $hgarameter requires at least one or two months of
VSM in situ observations because soil moisture conditionsimgnigom dry to wet need to be
sampled. However, if a scaled soil wetness indexised instead of soil moisture (see
Response 1.17), nm situ VSM observations are needed. This aspect wadiethin the
revised manuscript (P. 8, L. 3-7).

1.2 [During the investigation period little soil mture variation has been recorded by in situ
and GNSS sensors. The authors should discussawigdnge and its relationship to the
retrieval accuracy of 0.033m™ ]

Response 1.2

Yes, a short period of time is considered in thislg. Vey et al. (2015) used the method from
Chew et al. using field observations over a longigoeof time (2008-2014) for a site
presenting a high percentage of bare soil. Thegiobdd the following scores for GPS VSM
retrievals: B = 0.8, RMSE = 0.05 fm™>. We successfully assessed this method for a wheat
crop field. But the little soil moisture variatian the experiment time period limited the
representativeness of the retrieval accuracy. Liotigee periods should be investigated in
further studies. We clarified this in the revisedmascript (P. 17, L. 9-11).



1.3 [Similarly, longer time periods should be eaged for further studies, this delivers the
basis for further statistical methods such as &r{pbllocation. This would better identify the
different uncertainties between the data sets. d&@lhe with the very good results of ISBA

simulations, one could question the need for (&mithl) GNSS measurements.]

Response 1.3:

Yes. In situ VSM observations are not widespreaéfremce and the ISBA simulations are
key for water resource monitoring at the countgleclt must be noted that the ISBA model
is forced by the SAFRAN atmospheric analysis anat tBAFRAN is able to integrate
thousands of in situ raingage observations ovendéraHowever, in situ VSM observations
are needed to validate land surface models andtellige-derived products (e.g. Albergel et
al., 2010). From this point of view, the spatiasakition of GNSS retrievals is an asset. The
area sampled by GNSS retrievals is much larger Wizat can be achieved using individual
soil moisture probes and much smaller than pixet sif satellite-derived products. Longer
time periods of GNSS retrievals should be envisageskrve as independent validation data
sources in statistical methods such as Triple €atlon (Dorigo et al., 2010). This aspect was
clarified in the revised manuscript (P. 16, L. 29-B. 17, L. 1-8).
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sensed surface soil moisture with in situ dataoattswestern France”, Hydrol. Earth Syst.
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1.4 [Soil moisture retrieval results could betterdiscussed by including recent literature and
comparing to other GNSS soil moisture retrievalhnods.]

Response 1.4:

The method from Chew et al. is the latest propasethod, as far as we know. We will
further increase the accuracy of our GNSS VSMee#iis using a scaled soil wetness index
in the revised manuscript (see Response 1.17). aspect was clarified in the revised
manuscript (P. 8, L. 8-19; P. 10, L. 12-13 andR211, L. 2 and 9-11; Table 1; Table 2; Fig.
3 and 4).

1.5 [The authors ask the question if phenologitagjes can be inferred from GNSS. The
outcome and visibility of the paper could be insexh by giving more specific information
about different stages or managements, e.g. in fdran index or threshold for wheat as an
important representative for all cereals.]

Response 1.5:



We found in our case study, that the tillering ddt2 March) obtained from a GDD model is

close to the start date (10 March) of a multiplekp@eriod (see Section 5.5), when the
vegetation height is about 20 cm, close to one leagth. Flowering and ripening occur

towards the end of the growing period when the tagm height is no longer increased

compared with 15 days before but slightly declides to wheat heads tipping down. In order
to confirm these findings, it could be recommendedperform GNSS-R measurements
further over wheat fields and other crops, togettign phenological stages observations. We
clarified this in the revised manuscript (P. 162B:27).

1.6 [Specific comments: Abstract: More informatiabout the retrieval method should be
added.]

Response 1.6:
Soil moisture is retrieved from the multipath phassuming the relative antenna height is

constant, and the vegetation height is retrievengufie SNR's dominant period derived from
a wavelet analysis. We rephrased the abstractdiogby (P. 1, L. 14-18).

1.7 [P. 2, L. 10f: Refer also to the other L-baatelite SMAP.]
Response 1.7:

Yes, we will cite the Soil Moisture Active Passii&MVAP) mission (Chan et al., 2016),
in addition to SMOS. (P. 2, L. 15-16)

Reference

Chan S. K., Bindlish, R., O'Neill, P. E., Njoku,,Elackson, T., Colliander, A., Chen, F.,
Burgin, M., Dunbar, S., Piepmeier, J., Yueh, S.teEhabi, D., Cosh, M. H., Caldwell, T.,
Walker, J., Wu, X., Berg, A., Rowlandson, T., PaxheA., McNairn, H., Thibeault, M.,
Martinez-Fernandez, J., Gonzéalez-Zamora, A., S&yfiM., Bosch, D., Starks, P., Goodrich,
D., Prueger, J., Palecki, M., Small, E. E., Zreda, Calvet, J.-C., Crow, W., and Kerr, Y.:
Assessment of the SMAP passive soil moisture pipdHEEE Trans. Geosci. Remote Sens.,
54 (8), 4994 - 5007, doi:10.1109/TGRS.2016.25612886.

1.8 [P. 3, L. 15: introduce L2C.]

Response 1.8:

The SNR of L2C signal is only transmitted by theemt Block [IR-M ("Replenishment

Modernized") and IIF ("Follow-on") GPS satelliteshich is with higher power and more
precise than the signal L1 C/A. We introduced LA@hie revised manuscript (P. 4, L. 22-23).

1.9 [P. 3, L. 26: What characterizes the dominaniojpl ?]

Response 1.9:



The definition of the dominant period is: the pgakiod of the average power spectrum from
the valid SNR segment data at elevation anglesingrnigom 5 to 20 degrees. We clarified
this in the revised manuscript (P. 1, L. 17-189A.. 10-11).

1.10 [P. 4, L. 10: Introduce PBO.]
Response 1.10:

PBO HO is an initiative to translate data from the PBoeindary Observatory (PBO) sites of
the GPS network in the western United States intarenmental products (Larson, 2016). (P.
3,L.3)

1.11 [P. 5, L. 15: Start the section with explagnthe aim of the calculations.]
Response 1.11:

Due to the motion of the GPS satellites, the palaydd between the direct and reflected
signals cause an interference pattern in the sigmaber of SNR data. The SNR
frequency/period is directly affected by the pepenlar distance from the antenna to the
dominant reflecting surface. Provided the reflagtsurface is stable, the a priori antenna
height can be used to estimate the SNR frequerey SNR frequency is used to calculate the
multipath SNR phase. Then, the SNR phase is usestitmate VSM. If the reflecting surface
is changing in response to vegetation growth, \amget height can be retrieved instead of
VSM by directly estimating the dynamic SNR frequgperiod with a wavelet analysis. (P. 6,
L.6-8; P. 7, L. 3-6)

1.12 [P. 6, L.10: Again, explain in one or two ssmdes the general concept of soil moisture
retrieval before starting the details of this sati

Response 1.12:

As the SNR frequency is known (Eqg. (3)), it is pblesto estimate the SNR amplitude and
phase. Larson et al. (2008) and Larson et al. (R6h6wed that phase varies linearly with
near-surface VSM (R= 0.76 to 0.90). This result was used by Chew.g@814) to develop
an algorithm to estimate surface soil moisture gan) over bare ground. (P. 7, L. 8-11)

1.13 [P. 7, L. 9: A discussion about the reasond aeeds for omitting a soil moisture
retrieval under vegetation is necessary. Why whkeerative methods not used?]

Response 1.13:

In conditions of significant vegetation effects, @@het al. proposed an algorithm able to
correct the phase for vegetation effects. FirsNypnorm and AHe are derived by a Lomb-
Scargle Periodogram (LSP) method. Then the obseBMB metrics Anorm, ALsprorm and
AHe) are smoothed using a low-pass filter (Savitzkya@dilter or moving average filter). A



linear nearest neighbor search algorithm wWAthm, Aisenorm and AHe is used to find the
estimated phasepfg) caused by vegetation in a modeled lookup tablee duy values
derived from the lookup table are then smoothedutjin time using the same filter. Then the
expected phase changesd,) due to soil moisture is equal thy, =A@ — @, , Wheredp is

the original observed phase change. This algorithbrased on the assumption that the total
phase change is a linear combination of the phhaage due to soil moisture and of the
phase change due to vegetation. Another imporiffiet@hce for retrieving soil moisture with
significant vegetation effects is that the slofedf the relationship between phaged;) and
soil moisture changes throughout the ye&ars a function of time, which also needs to be
searched for in the lookup table. Additionally,sthalgorithm is based on an unpublished
lookup table for new L2C GPS signals. Since theeiker we used could not track L2C
signals and since we could not access a relevaktotable, we were not able to correct for
vegetation effects and we retrieved surface soiistae over a period with rather sparse
vegetation, from 16 January to 5 March. (P. 1£0-23)

1.14 [P. 10, L. 3: how independent are the in siita when some have been used for
calibration? This needs to be clarified.]

Response 1.14:

With the a priori S = 0.0148 Ym3degreé&, only the minimum soil moisture observation
during the time period is used as thW&M,q. We also used then situ soil moisture
observations and phases from SNR data to fit thal Islope: S = 0.0033 im>degreé-. In
this situation, only ISBA simulations can be coesell as independent from the GNSS
retrievals. This aspect was clarified in the redisganuscript (P. 8, L. 3-7).

1.15 [P. 10, L. 11ff: The reason for larger varigpiin GPS daily soil moisture estimates
could be found in different locations observed. iDgrsatellite overpasses the observed
location moves within the larger “footprint” of t&NSS system.]

Response 1.15:

Yes. Larger variability in GPS sub-daily VSM esties might originate from the different
locations observed. Many local environment facgush as vegetation effects, precipitation,
changes in soil roughness and soil composition peasturb the GPS VSM estimates. During
satellite overpasses the observed location chatogesher with the size of the footprint (the
First Fresnel Zone) of the GNSS system, in relatithe antenna height and elevation angle
range. It might be another cause of the sub-dahability of VSM estimates. Additionally,
issues with the SNR data of the L1 C/A signal drareceiving antenna gain pattern may also
affect the VSM estimates. (P. 14, L. 19-20; P. thmsupplement)

1.16 [P. 11, L. 12: What is the reason for usingueve smoothing procedure? What are the
reasons for the leveling effect?]

Response 1.16:



The possible causes of the leveling effect areudised in Section 5: (1) the occurrence of
more than one dominant reflecting surface at differheights (Sect. 5.3) and (2) rapid
phenological changes in the wheat canopy triggegingsponse of the H retrieval (Sect. 5.5).
It must be noted that absolute daily changes inaktl (h), of about 1.1 cm™dare fairly
uniform throughout the growing period. Since h éases when plants grow, relative changes
in h tend to increase. According to Eq. 4, T bekaimilarly. This means that the sensitivity
of the retrieval method to changes in H is largetha end of the growing period. This is
probably why leveling is more pronounced betweed-March and mid-April than at the end
of April (see Fig. 7). Leveling is less noticeablieMay. (P. 15, L. 27-31)

1.17 [P. 12, L. 22ff: The authors could show theiegal of a soil wetness index and relate it
to in situ soil moisture by multiplying it to poridg (from in situ measurements or soil maps).]

Response 1.17:

(P. 8, L.8-19; P. 10, L. 12-13 and 22; P. 11, and 9-11; Table 1; Table 2; Fig. 3 and 4)
Yes. The phase time series can be normalized fdr satellite track. Then the median value
of the normalized phases from all available sagéetliacks can be considered as the final soil
wetness indexynqex) for each day as shown in Fig. R1.1 (red line).

PP R1.1
¢|ndex ¢max _ ¢min ( )

This soil wetness index time series is linearlyated with in situ observations{R 0.74) and
ISBA simulations (R = 0.65). Moreover, VSM can be estimated frafgex

VSVI = VSVI obs _min + ¢index mvSVI obs _max _VSVI obs_min) (R12)

VSMobs min @nd VSMops max @re the minimum and maximuim situ VSM observations during
the experimental time period, respectively. FigR®2 presents the estimated VSM from
GPS soil wetness indexpifsex), together within situ VSM observations and ISBA
simulations. More related scores are shown in T&dlel and the scatter plot between GPS
retrievals fromgingex @andin situ observations are shown in Fig. R1.3. We will pnredbese
results in the revised manuscript.
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Fig. R1.1 - Median of the daily GPS normalized phases (a@iness index, red line) and
their daily statistical distribution (black box pgd for all available satellite tracks from 16
January to 5 March 2015.
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Fig. R1.2 - In situ daily mean surface volumetric soil morst (VSM) observations at 5 cm
depth (green line), ISBA daily mean simulationsuéblline), median of the daily GPS

retrievals with soil wetness index (red line) ahdit daily statistical distribution (black box
plots) for all available satellite tracks from J&hdiary to 5 March 2015.
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Fig. R1.3 - Scatter plot between GPS retrievals (Eq. (Rlahgin situ VSM observations
(m°’m™) from 16 January to 5 March 2015.



TableR1.1 - Soil moisture scores from 16 January to 5 M&@h5

GPS GPS
GPS vs.| GPS vs| GPS vs.| GPS vs, ISBA vs.
. . (¢inded) VS.| (Pinded VS.|
insitu ISBA insitu ISBA insitu
insitu ISBA

S (mm>deg?) 0.0148 0.0033 - - -

N 47 43 47 43 47 43 43

MAE (m°m?) 0.036 | 0.034 | 0.011 | 0.018 | 0.007 0.009 0.009

RMSE (mPm™) 0.046 | 0.041 | 0.014 | 0.022 | 0.009 0.012 0.010

SDD (nPm™) 0.036 | 0.037 | 0.009 | 0.012 | 0.008 0.011 0.006

Mean bias ("m~)| 0.029 | 0.019 | -0.010 | -0.018 | 0.003 | -0.005 | 0.008

R® 0.73 | 0.63 0.73 0.63 0.74 0.65 0.88




Zhang et al.: Use of GNSS SNR data to retrieve soil moisture and vegetation variables
over awheat crop, Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2017-152, 2017.

RESPONSE TO REVIEWER #2

The authors thank anonymous reviewer 2 for hisfbeirew of the manuscript and for the
fruitful comments.

Therevised text isshown in bluein the enclosed version of the manuscript.

2.1 [General comments

This paper presents a case study applying GNS@lsjgmhich were reflected on the ground
surface (soil, vegetation surface) to derive saiisture and vegetation height data over a
wheat crop field. The GPS antenna was installed height of 2.51 m. Soil moisture was
retrieved as long as the vegetation height was rldih@n ~20 cm. However, with a further
increase in plant height, it was not possible taeee soil moisture. Reaching a certain plant
height, it was then possible to retrieve the vegaiaheight from the GNSS signals.

In general, the topic of this manuscript is intéresand worth to be published in HESS. The
methods seem valid and transparent. However, begfakdishing, this manuscript has to
undergo major revision as several points have tdd&ied and described / discussed better /
more clearly. The manuscript should undergo an iEmgipell check. The following points
should be improved in general:

- Please highlight in a more prominent way whateslly new and what is the outcome and
applicability of this approach.]

Response 2.1:

Yes. We revised the abstract and conclutions tbligigt the new results presented in this
study. (P. 1, L. 14-19; P. 17, L. 26-32; P. 18216 and 12)
In particular, the following information was given:

GNSS SNR data were obtained using the GNSS-IR igelrover an intensively cultivated
wheat field in southwestern France. The data weezl uo retrieve either soil moisture or
vegetation height during the growing period of whé&&getation growth tended to decrease
the relative antenna height and broke up the cohbtight assumption used in soil moisture
retrieval algorithms. Soil moisture could not bdrieved after wheat tillering. A new
algorithm based on a wavelet analysis was impleeteand used to extract the dominant
period of the SNR and further to retrieve vegetatieight.



Should a revised version of this paper be accepteddESS, a copy editing work will be
performed.

2.2 [- Please introduce and explain the so catledhinant period’ in more detail.]
Response 2.2:

A vegetation height retrieval algorithm is proposesthg the dominant SNR period, which is
the peak period in the average power spectrum efivom a wavelet analysis of SNR. We
clarified this in the revised manuscript (P. 11-18; P. 9, L. 10-11).

2.3 [- Please clarify that the GNSS retrieval oil smoisture and / or vegetation variables,
actually only vegetation height, is only valid fdifferent temporal stages. Especially, at the
beginning it is unclear / confusing that soil morstand vegetation height were retrieved at
different time periods (before and after vegetasimmificant growth in March)].

Response 2.3:

Yes. We replaced "vegetation variables" or "vegetatcharacteristics" by "vegetation
height". We mentioned in the Abstract that soil stimie and vegetation height were retrieved
at different time periods (before and after vegetasignificant growth in March). (P. 1, L.
18-19;P.1,L.12and 29; P. 4, L. 6; P. 5, L. 17)

2.4 [- If the title contains ‘vegetation variablesut only ‘vegetation height’ is retrieved,
please change this in the title and at relevarisdrthe manuscript.]

Response 2.4:

Yes. We modified the title as ‘Use of reflected GNSNR data to retrieve either soil
moisture or vegetation height over a wheat crope Wplaced "vegetation variables" or
"vegetation characteristics" by "vegetation heightthe entire manuscript (P. 1, L. 1-2; P. 1,
L.12and 29;P.4,L.6; P.5, L. 17).

2.5 [- The structure of the paper is not alwaysarcle especially the chapters ‘Method’,
‘Results’ and ‘Discussion’ should be structuredtéretSome results / discussions already
appear in the methods part, some points of theugisson in the results part and some methods
in the discussion part.]

Response 2.5:

Yes. We revised the manuscript accordingly. Inipaldr, description of Fig. 1 was moved
from Sections 2.1 and 3.2 to Section 4 (P. 11,3-32; P. 12, L. 1-8). Description of Fig. 2
was moved from Sections 3.1 and 3.2 to Section. 4ZPL. 21-25). Description of Figs. S3
and S4 was moved from Section 3.2 to Section 4ZPL. 9-21 and 26-34; P. 13, L. 1-3).



2.6 [- In some parts, the methods are explaineg weitl, but in some parts they are presented
too extensively. The manuscript should be more dedwon your applied method and should
be shortened as many aspects are already publisthestature and don’t have to be repeated
in this manuscript.]

Response 2.6:

Yes. We improved the focus of Section 3. Note hawehat all readers of HESS are not
familiar with GNSS reflectometry and that Eqs. he®d to be presented. We moved Eqs. 10-
12 in the manuscript to the revised supplement.(EsS11).

2.7 [- Is it necessary to retrieve soil moisturdobe retrieving vegetation height? Please
comment on this.]

Response 2.7:

No. It is not necessary to retrieve soil moistuegobe retrieving vegetation height. This was
made clear in the revised manuscript (P. 9, L. 26).

2.8 [- Regarding the statistics, 7 or even onhdérifg the period you used to demonstrate
vegetation height) in situ vegetation height sas@lee actually too low. Please comment at
least that during further studies more in situ ddauld be carried out.]

Response 2.8:

Yes. The in situ vegetation height samples are faw,it must be noted that GNSS height
retrievals are totally independent from the in sitaasurements. We will make clear that in
further studies, more in situ data enabling theattarization of vegetation would be needed.
(P.17,L.13)

2.9 [- It is questionable if all information given the supplement is needed. On the other
hand, some figures (see specific comments below)ldvalso be valuable within the
manuscript itself and should be presented there.]

Response 2.9:

Yes. We adjusted this in the revised manuscript sugplement. Fig. S3 and Fig. S8 were
combined together to get a new Fig. 6 in the relvisanuscript. Fig. S4 and Fig. S6 were
moved to the revised manuscript as Fig. 5 and&igespectively. Fig. S7 replaced Fig. 2 in
the revised manuscript. Fig. S9 was megred into i the revised manuscript. Fig. S10
was omitted becasue it was similar as Fig. 8 inrévesed manuscript.

2.10 [Specific comments

Page 1 — Title

Please clarify that the retrieval of soil moistaned vegetation variables are actually only
valid for different temporal stages (before anetaftegetation significant growth in March).



Moreover, it would be valuable to include that yose reflected GNSS signals in your
approach as also other GNSS approaches existotofic.

Title suggestion: ‘Use of reflected GNSS SNR datardtrieve either soil moisture or
vegetation height, depending on the vegetationgbéa wheat crop field,’]

Response 2.10:

Yes, we changed the title accordingly: ‘Use ofeefbd GNSS SNR data to retrieve either soll
moisture or vegetation height over a wheat cropl(R.. 1-2)

2.11 [Page 1 — Abstract

General: The absolute length of the abstract séemshowever, the information given here
should be compressed or information should be coetsbmore functionally. Additionally, it
should be added why this approach is generallyubgkfsentence) and what is missing so far
regarding the state of art (1 sentence)]

Response 2.11:

Yes. Surface soil moisture can be retrieved basethe linear relationship between in situ
soil moisture observations and SNR phases estinigtéite Least Square Estimation method,
assuming the relative antenna height is constaoivender, it is found in this study that the
vegetation growth breaks up the constant relathterana height assumption, and modulates
the SNR period. A vegetation height retrieval alldpon is proposed using the SNR dominant
period, which is the peak period in the average grospectrum derived from a wavelet
analysis of SNR.

We rephrased the abstract accordingly (P. 1, L194-

2.12 [p.1, .15: *...numerical simulations of biogsa.’]

Response 2.12:

Yes. The sentence was modified (P. 1, L. 20-21) as:

"The retrievals are compared with two independefdrence datasetsi situ observations of
soil moisture and vegetation height, and numerstalulations of soil moisture, vegetation
height and above-ground dry biomdssm the ISBA (Interactions between Soil, Biosphere
and Atmosphere) land surface model."

2.13 [p.1, |. 18: describe in few words the ‘donmhperiod’]

Response 2.13:

A vegetation height retrieval algorithm is proposesthg the dominant SNR period, which is
the peak period in the average power spectrum efivom a wavelet analysis of SNR. We

clarified this in the revised manuscript (P. 11[-18).

2.14 [p.1, I. 18: *...SNR data, whereas changes]in.



Response 2.14:

Yes. The sentence was rephrased accordingly (P.2B).

2.15 [p.1, I. 20: *...smaller than one wavelengtthq cm).” This should also be changed in the
entire manuscript.]

Response 2.15:

Yes. We corrected it (P. 1, L. 25).
"Surface volumetric soil moisture can be estimg®d= 0.74, RMSE = 0.009 fm) when
the wheat is smaller than one wavelength (~ 19"cm).

2.16 [p.1, |. 22: dry biomass?]
Response 2.16:

Yes. We corrected this (P. 1, L. 28 and 31).

2.17 [Page 1-3: 1. Introduction

General: The introduction is quite good, but it wWdobe written more comprehensively,
especially the parts where you describe alreadyighda techniques. However, the first part
(p.1, 1.27-p.2, 1.2) where you introduce the neitgss this approach and the recent lack to
monitor land surface variables at a local scaleushbe extended! Moreover, it should be
written more clearly why GNSS reflectometry coukdsolution.]

Response 2.17:

In situ VSM observations are not widespread in Eeamand in situ vegetation height
observations are generally not available. Therefd8BA (Interactions between Soil,
Biosphere and Atmosphere) simulations are key fatewresource monitoring at the country
scale. It must be noted that the ISBA model isddrby the SAFRAN atmospheric analysis
and that SAFRAN is able to integrate thousands aitu raingage observations. ISBA is also
able to simulate vegetation characteristics suclveagtation height, leaf area index, and
above-ground dry biomass. However, in situ VSM olmgons are needed to validate land
surface models and/or satellite-derived products @lbergel et al., 2010). From this point of
view, the spatial resolution of GNSS retrievalsais asset. The area sampled by GNSS
retrievals is much larger than what can be achiexsalg individual soil moisture probes and
much smaller than pixel size of satellite-derivadducts. Longer time periods of GNSS
retrievals should be envisaged to serve as indgmendilidation data sources in statistical
methods such as Triple Collocation (Dorigo et2010).

We clarified it in the revised manuscript (P. 2,6-7). We also discussed it in Sect. 4.6 (P.
16, L. 29-30; P. 17, L. 1-8).

References



Albergel, C., J.-C. Calvet, P. de Rosnay, G. Batsam. Wagner, S. Hasenauer, V. Naemi, E.
Martin, E. Bazile, F. Bouyssel, J.-F. Mahfouf, “Gsesevaluation of modelled and remotely
sensed surface soil moisture with in situ dataoatlswvestern France”, Hydrol. Earth Syst.
Sci., 14, 2177-2191, 2010b.

Dorigo, W. A., Scipal, K., Parinussa, R. M., Liu, Y., Wagner, W., de Jeu, R. A. M., and
Naeimi, V.: Error characterisation of global actised passive microwave soil moisture
datasets, Hydrol. Earth Syst. Sci., 14, 2605-28a810.5194/hess-14-2605-2010, 2010.

2.18 [p.2, I.7: The frequency of GPS L1-band isr®4&2 GHz. Please write 1.6 GHz instead
of 1.5 GHz]

Response 2.18:

Yes. We corrected it (P. 2, L. 11).

"GNSS satellites operate at the L-band microwaequency domain (between 1.2 GHz and
1.6 GHz)."

2.19 [p.2, .10: ‘These properties have e.g. bégn..

Response 2.19:

Yes. We corrected it (P. 2, L. 15).

2.20 [p.2, 1.10-15: As you generally mention L-baadtive and passive remote sensing
techniques, also other GNSS methods (besides t@fietry) aiming to derive soil moisture
or vegetation parameters should be mentioned GNGS methods using signal attenuation).]
Response 2.20:

Yes. We cited a reference using GNSS signal sthesiggenuation.

Larson et al. (2008) showed that SNR data obtainech existing networks with single
ground-based geodetic GNSS-IR antenna can be oseder soil moisture. Other GNSS
methods (besides reflectometry) can be used. Fampbe, Koch et al. (2016) used three
geodetic GNSS antennas (one was installed aboveadihethe other two were buried at a
depth of 10 cm), to measure the GNSS signal sthesii¢ggnuation and to retrieve soil moisture
over bare soil. (P. 2, L. 30-32; P. 3, L.1-2)

References

Koch, F., Schlenz, F., Prasch, M., Appel, F., Rufand Mauser, W.: Soil moisture retrieval
based on GPS signal strength attenuation, Watéy, 3(6, 2016.

2.21 [p.2, .17: please specify, how these tworame are mounted?]



Response 2.21:

Yes. We clarified it in the revised manuscript 2PL. 22-25).

"(1) waveform acquisition with a specific receivgsing two antennas (one zenith-oriented
antenna and one surface-oriented antenna), calsiSGeflectometry (GNSS-R) (Zavarotny
et al., 2014) or (2) GNSS signal strength, Signalbise Ratio (SNR), acquisition with

classical geodetic receiver using one antennaectaBNSS interferometric reflectometry
(GNSS-IR) technique (Larson, 2016). "

2.22 [p.2, 1.26: ‘They are surrounded by sparseeta@n and are therefore not useful for
vegetation studies.’]

Response 2.22:

Yes. The sentence was modified accordingly (P.3)L

2.23 [p.3, 1.31/32: Better write ‘lower and talleegetation’ as you are measuring the
vegetation height and not their density.]

Response 2.23:

Yes. This sentence was rephrased accordingly (B.18).

2.24 [Page 4-5: 2. Data

General: Actually this section already belongs® ‘Method’ section.

p.4, 1.4: Fig. S1: This figure is not really vall@tio show where the test field is situated
(present either a picture of the GNSS antennaariighd or a map where the field is situated)]
Response 2.24:

Yes. We reorganized Sections 2 and 3 in a singlatékhls and methods" Section.

We presented a picture of the GNSS antenna in igld {see Fig. S1 in the revised
supplement).

2.25[p.4, .14: *..., four GPS satellites of inab32...]
Response 2.25:
Yes. The sentence was modified (P. 4, L. 30).

For our site, four GPS satellites out of 32 werelwked from the analysis because their data
were incomplete.

2.26 [p.4, 1.18: refer to relevant figure]



Response 2.26:

Yes. We refered to Figure la here. Figure la shtewexample of the multipath SNR data
after detrending for the ascending track of GPS92bJanuary 2015. The periodic signature
of the multipath SNR data is visible. (P. 5, L.6-7

2.27 [p.4, .1-2 and |.29: avoid repetitions]

Response 2.27:

Yes. The repeated sentence (P.4, L.29) was ddletes] L. 15 in the revised manuscript).
2.28 [p.4, |.1ff: add information on the soil typad texture; moreover, the row spacing of the
wheat crop would be interesting.]

Response 2.28:

Yes. We added relevant the available informatiosahand crop properties (P. 5, L. 20-21).
Soil in the close vicinity of the antenna consistédl8% of sand, 41% of clay, and 41% of
silt. The row spacing of the wheat crop was 15 cm.

2.29 [p.4, 1.30/31: which satellite observations areant? GNSS satellites or EO satellites?]

Response 2.29:

EO satellites. The sentence was modified (P. 86)..

2.30 [p.5, I.2: *'soil moisture and vegetation heigh

Response 2.30:

Yes. The sentence was corrected ("height" was adéed, L. 17).

2.31 [p.5, I.5: Which soil moisture instruments didu use as reference, e.g. frequency
domain probes?]

Response 2.31:

Yes, FDR ML2 Thetaprobes were used. We clarified the revised manuscript (P. 5, L. 23).
2.32 [p.5, 1.8: add the vegetation height at the ehthe season as well. Moreover, for each

reference sample the measured height and the mhygeall status of the wheat crop would be
interesting (e.g. listed in a table).]



Response 2.32:

Yes. We added information on the vegetation heagit phenological status in the revised
manuscript (P. 5, L. 26-28; Table 3).

2.33 [p.20, Fig. 1: Figure sub-captions (a-d) asewell structured; a legend in plot a) would
be helpful (red and black line); please insertaiifithere are in y-axis of plot b) and plot d)
and in the legend of plot c) (otherwise write flje mentioned 128 to 1024 s are not shown in
plot ¢ —please mark or show tem additionally ineaomd x-axis; for more clarity in the
manuscript, refer to Fig. 1a, 1b, 1c, 1d, not dal¥ig. 1.]

Response 2.33:

Yes. We modified this figure (Fig. 1 in the revism@nuscript). The units are’V?s™ for the
y-axis of plot (b) and plot (d) and the legend tfti{c). y-axis of plot (c) ranges from 128 to
1024 s.

2.34 [Page 5-9: Methods

General: This chapter should be written more cotmeively and precisely, especially the

parts of already known methods.

p.6, .8ff: How many soil moisture and vegetatianght results per day did you get out of the
37 available satellite tracks? As of Table 1 andld8 it seems that you got 1 results for each
day. Please clarify (short) already at this poiné temporal resolution and the daily

composition of your retrieved results.]

Response 2.34:

Yes, there is one result for each day. The medmnnoisture estimate from all available
satellite tracks (66 per day) that passed at @iffetimes during the day was used as the final
soil moisture estimate. The final retrieved vegetaheight H) was based on the mean height
change from all available satellite tracks (37 gay), plus one wavelength. We clarified this
in the revised manuscript (P. 7, L. 28; P. 8, I2)1-

2.35 [p.7, 1.3: Is there any S-value specific fdr &lready available in literature? Or is the
mentioned and an adjusted S-value for the firsetapplied for L1-band signals? Then this
should be introduced more prominently in the manpsg

Response 2.35:

In PBO HO network, only L2C is considered to retrieve sodisture. There is no specific S
parameter for L1. We adjusted S parameter to peowdtter results. Because the slope
between in situ observations and SNR phase in ase ¢ obviously different from the a
priori S value, although the correlation is highofdover, it can be proposed to use a scaled
wetness index to retrieve a scaled value of VSMthla case, using the S parameter is not
needed. For many applications, a scaled value o \$Ssufficient.



Additionally, Vey et al. (2015) used the method &darameter value from Chew et al. with
L1, L2P and L2C SNR data over a long period of ti{2@08-2014) for a site presenting a
high percentage of bare soil. They compared VSMmes¢s from L1 data with VSM
estimates from L2C data. They obtained the follgWSM scores: RMSD was 0.03°m?,
and the regression slope was 1.03. We clarifiesliththe revised manuscript (P. 4, L. 23-24).

2.36 [p.7, 1.5: It seems more logical to introdtice adjusted S-value in this chapter instead in
the ‘Results’ chapter.]
Response 2.36:

Yes. We adjusted this in the revised manuscrip8(R. 3-7).

2.37 [p.7, |.6ff: Perhaps it also makes sensettodinice your experimental A_norm threshold
of 0.88 within this chapter. Moreover, Fig 2 shob&lcombined with / replaced by Fig. S7.]

Response 2.37:
Yes. Fig. 2 was replaced by Fig. S7 in the revisethuscript; and Fig. S7 was removed from
the revised supplement. We also introdudggl, threshold of 0.88(P. 11, L. 20-24).

2.38 [p.7,12/13: are GNSS data available for perioidbare soil (e.g. before the wheat crops
reached a vegetation height of 10 cm before Janliétly) — this would be valuable to
improve the final soil moisture estimate.]

Response 2.38:

We don't have GNSS data for periods of bare shié dvailable data started being collected
on 6 December 2014, and wheat had started growingjtg height measurement was 10 cm
on 17 December 2014). Because of discontinuitiethe availability of bothin situ soil
moisture data and GNSS data before 16 January 2 Started our analysis on 16 January
2015. Longer periods of time including bare sdiliations should be investigated in further
studies. (See Response 2.53) (P. 17, L. 11-13)

2.39 [p.7, 1.21: ‘see the Supplement’ — which fegor part do you mean?]

Response 2.39:

We mean Eqgs. S1-S4 in the Supplement. We claiifiecthe revised manuscript (P. 9, L. 9).

2.40 [p. 8, |.9ff: ‘One possible reason...” Thistdas better to the ‘Discussion’ part.]

Response 2.40:
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Yes. We modified this in the revised manuscriptl®.L. 26-34; P. 13, L. 1-3).
2.41 [p.9, I.8ff: In my opinion, the ‘scores’ dofiiaive to be introduced with equations.]
Response 2.41:

We moved Section 3.3 to the revised Supplemem {Pthe revised supplement).

2.42 [p.21, Fig. 2: Should/could be combined wiiy. [S57. Figure S3 and S4: Especially Fig.
S4 is interesting. It should be demonstrated withexmanuscript as it shows at which stages
it is difficult to retrieve the results accordirgthe dominant period.]

Response 2.42:

Yes. Fig. 2 was replaced by Fig. S7. Fig. S3 amgd $8 were combined as the new Fig. 6 in
the revised manuscript (P. 15, L. 6-8). And we mibi#y. S4 from the supplement to the
revised manuscript (Fig. 5; P. 12, L. 9-25).

After 10 March, wheat height exceeded one wavele(r0.19 m). In addition to lowehnom
values, an increasing number of unsuitable tracks @bserved till 20 March, together with
low values of peak power. The vegetation gradudigreased the strength of the signal
reflected from the soil surface but increased tiggad reflected from vegetation, causing
more than one peak. The quality of such track #ata considered too poor for retrieving
biophysical variables. When the vegetation surfamrapletely replaced the soil surface as the
dominant reflecting surface of the GNSS signaingls peak period was observed again and
its value increased in response to the rise ofdfiecting vegetation surface. We will revise
the manuscript accordingly.

2.43 [Page 10-11: Results
p.10, I.3ff: Please insert also the mean soil mogstvalues of each method (for the entire
observation period).]

Response 2.43:

Yes. The mean soil moisture values during the exysrtal period are 0.274%m™ for in situ
VSM measurements, 0.281°mi° for ISBA simulations, 0.305 fm for GPS retrievals with
S=0.0148 nMm>degre#, 0.264 mim™ for GPS retrievals with $S=0.0033*m°degreé&, and
0.276 nim™ for GPS retrievals from the scaled soil wetnesssin (P. 10, L. 14-16)

2.44 [p.10, |. 3-24 and p.23, Fig. 4: Is it gengralossible to compare these three methods
one by one? The model simulates the first 10 cenyéfierence measurements record at a soil
depth of 5 cm and the GPS technique observes theustace. Perhaps the results with a S-

value of S=0.0148 are even more realistic!? Plstste on this. The GPS retrieval seems to
be slightly too low in this plot using a S-value®0033; especially after soil freezing and at

the end of the soil moisture retrieval period therelation between GPS retrievals and

observations / reference measurements is weaker.]
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Response 2.44:

(P. 8, L.8-19; P. 10, L. 12-13 and 22; P. 11, and 9-11; Table 1 and 2; Fig. 3 and 4)

Yes. Chew et al. (2014) used an electrodynamiclesiecpttering forward model to test the
empirical relationships observed in field data,simg that SNR phase is affected by soll
moisture in the top 5 cm of the soil. Moreover face soil moisture (< 1 cm depth) exerts the
strongest control. Validation VSM obervations ottee top 6 cm were used in Small et al.
(2016), using the same a priori S parameter value.

We checked that the top 1 cm VSM simulations byASBe very close to the simulations of
the top 10 cm VSM. In order to keep the method esegc as possible, we didn't directly
adjust the slope from the median phase value fribawvailable satellites. This adjusted slope
value is the mean of slope values obtained forlgateracks whose phase presents a linear
correlation within situ soil moisture higher than 0.9. This is why VSM ietals are slightly
too low in Fig. 4. The scores confirmed the VSMiestals with the adjusted S parameter are
closer to the in situ observations at 5 cm. Furtteee, a scaled soil wetness index can be
considered, instead of VSM in’m™ (see response 2.35).

The detail method is described below:

The phase time series can be normalized for edehitgatrack. Then the median value of the
normalized phases from all available satellite Ksacan be considered as the final soil
wetness indexgnqex) for each day as shown in Fig. R2.1 (red line):

R R2.1
¢Inde>< ¢max _¢min ( )

This soil wetness index time series is linearlyted with in situ observations {R 0.74) and
ISBA simulations (R = 0.65). Moreover, VSM can be estimated frafgex

VSVI :VSVI obs _min + ¢ind®< HVSVI obs _max _VSVI obs_min) (R22)

VSMabs min @aNd VSMops max are the minimum and maximum situ VSM observations during
the experimental time period, respectively. Figi22 presents the estimated VSM from
GPS soil wetness indexpif¢ex), together within situ VSM observations and ISBA
simulations. More related scores are shown in TRae and the scatter plot between GPS
retrievals fromgingex @andin situ observations are shown in Fig. R2.3. We will prégbese
results in the revised manuscript.

normalized phase

Jan 24 Feb 03 Feb 13 Feb 23 Mar 05
Year (2015)

Figure R2.1 - Median of the daily GPS normalized phases (sothe&s index, red line) and
their daily statistical distribution (black box ) for all available satellite tracks from 16
January to 5 March 2015.
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Figure R2.2 - In situ daily mean surface volumetric soil moisti SM) observations at 5

cm depth (green line), ISBA daily mean simulati¢gbkie line), median of the daily GPS
retrievals with soil wetness index (red line) ahdit daily statistical distribution (black box

plots) for all available satellite tracks from l&hdiary to 5 March 2015.

— 0.35

0.30

. 3
retrievals (m~m

0.25

0.20

0.20 0.25 0.30 0.35

in situ (m3m’3)

Figure R2.3 - Scatterplot between GPS retrievals (Eq. (R2.19)iarsitu VSM observations
(m°*m™) from 16 January to 5 March 2015.

Table R2.1. Soil moisture scores from 16 January to 5 Ma@hs2

GPS GPS
GPS vs.,| GPS vs| GPS vs.| GPS vs. ISBA vs.
.. . (pindex) VS.| (Pinded VS.| |
insitu ISBA inSitu ISBA insitu
insitu ISBA
S (nm~deg") 0.0148 0.0033 - - -
N 47 43 47 43 47 43 43
MAE (m3m'3) 0.036 | 0.034 | 0.011 0.018 0.007 0.009 0.009
RMSE (nTm™) 0.046 | 0.041 | 0.014 | 0.022 | 0.009 0.012 0.010
SDD (n?m'?’) 0.036 | 0.037 | 0.009 0.012 0.008 0.011 0.006
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Mean bias ("m™)

0.029

0.019

-0.010

-0.018

0.003

-0.005

0.008

RZ

0.73

0.63

0.73

0.63

0.74

0.65

0.88

2.45 [p.10, |. 14: ‘a priori’

Response 2.45:

Yes. We corrected it (P. 10, L. 9).
2.46 [p.11, |.6: delete ‘(not shown)’]
Response 2.46:

Yes. We corrected it (P. 11, L. 19).

2.47 [p.11, L.10ff: Please insert also the vegetatieight determined either by GNSS or
manually for each date, instead only listing theiaksons.]

Response 2.47:

Yes. We added a table (Table 3) to include thisrmftion in the revised manuscript (P. 13,
L. 7-8).

2.48 [p.11, 1.12: why do you use a 21 gliding windapproach? Is this really necessary?
Perhaps the vegetation height levels in Figure Bensanse (e.g. due to meteorological events
and plant growth spurts)?]

Response 2.48:

The possible causes of the leveling effect areudised in Section 5: (1) the occurrence of
more than one dominant reflecting surface at differheights (Sect. 5.3) and (2) rapid
phenological changes in the wheat canopy triggegingsponse of the H retrieval (Sect. 5.5).
It must be noted that absolute daily changes inaktl (h), of about 1.1 cm™dare fairly
uniform throughout the growing period. Since h éases when plants grow, relative changes
in h tend to increase. According to EqQ. 4, T bebkaimilarly. This means that the sensitivity
of the retrieval method to changes in H is largetha end of the growing period. This is
probably why leveling is more pronounced betweed-March and mid-April than at the end
of April (see Fig. 7). Leveling is less noticeableMay. A moving average permits smoothing
the height retrievals, and presenting a bettdofihe in situ observations. (P. 15, L. 27-31)

2.49 [p.11, 1.26: Please state more on the ov@adkibility to compare dry biomass and
vegetation height. Is this really possible? Ara¢h&me references available? Please state on
this more detailed.]

Response 2.49:
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We found a linear relationship between the movingrage height from GPS retrievals and
the above-ground dry biomass simulated by the I1&®&lel from 10 March to 29 May 2015
(when the maximum vegetation height, 1 m, was nred3uduring the time period from
tillering to flowering. The correlation coefficieietween the moving height and the dry
biomass, with 81 observations, was 0.996.

dry_mass = 1.05 moving_height- 0.19 (R2.3)
with with dry mass in kg fiand moving_height in meter.

A similar result was obtained by Wigneron et al0Q2) over another wheat crop site
(Triticum durum, cultivar prinqual) in spring 1998lthough the sowing date (19 March) was
late and the crop cycle was rather short, therestith& very good linear relationship between
the in situ wheat height measurements and in sytbidmass measurements from 20 April to
11 June 1993 (when the maximum vegetation heigim, ivas measured). The correlation
coefficient with 25 observations is 0.996.

dry_mass = 1.1% height- 0.19 (R2.4)

with dry mass in kg fiand height in meter.

0.8
T
°
°
0.8

0.6

vegetation height (m)
0.4
LJ
[ J
®
dry biomass (kg m‘z)

0.2

0.2
\
\

Apr 20 May 05 May 20 Jun 04
Year (1993)

Figure R2.4 - In situ wheat canopy height measurements (25 ldat¥) and in situ wheat dry
biomass measurements (brown dots) from 20 Aprilidune 1993 (adapted from Wigneron
et al., 2002).

We clarified this in the revised manuscript (P. IL324-30) and supplement (P. 7).

Reference
Wigneron, J.P., Chanzy, A., Calvet, J.C., Olioso,aAd Kerr, Y.: Modeling approaches to

assimilating L band passive microwave observatiaver land surfaces. Journal of
Geophysical Research: Atmospheres, 107(D14), 2002.
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2.50 [p.22/23, Fig. 3/4: for better comparability,both Figures the y-axis should have the
same scale; They could also be combined in onedigith sub-figures a] and b].]

Response 2.50:
Yes. We modified the figures, and combined therania figure. We also added the retrievals
from scaled soil wetness index. On the other hasthg the same y-axis scale for all sub-

figures is not possible, as some sub-figures becameadable. (Fig. 3 in the revised
manuscript)
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2.51 [p.24, Fig. 5: How many dots are shown in thlst (N=47?)? Please add this
information in the figure capture.]

Response 2.51:

Yes, there are 47 dots in Fig. 5. We clarified {{ég. 4) in the revised manuscript.

2.52 [p.25, Fig 6: You don't have to repeat thesladyin the figure column.]

Response 2.52:
OK. (Fig. 7 in the revised manuscript)

2.53 [Page 12-14: Discussion

General: The idea of asking questions is good.seledso insert a discussion section / further
guestion on the potential future applicability amansferability (e.g. to other soils, other
vegetation types, other GNSS signals etc.). Whalddoe improved... ]

Response 2.53:

Yes, we added another discussion subsection albeupdtential future applicability and
transferability of the retrieval method. (Sect.:42616, L. 28-30; P. 17, L. 1-24)

We successfully assessed the surface soil moisgtrieval technique over a wheat crop field,
during the start of the growing period. However ttather narrow range of surface soil
moisture values during the corresponding experimaime period limited the
representativeness of the obtained retrieval acgufaurthermore, our dataset did not include
GNSS data and in situ VSM measurements for peonbtiare soil. Longer periods presenting
a bare soil surface should be investigated in &urdtudies. At the same timeore in situ
vegetation measurements should be carried outfdrer studies.

The retrieved vegetation height was based on theirdmt period of the average power
spectrum. The latter was derived from GPS multi@itHR data for elevation angles between
5 and 20 degrees. We only considered the domireracvariations, without accounting for
instantaneous phase changes. The accuracy ofttieved vegetation height could probably
be improved considering changes in both periodprasde of the multipath SNR oscillations.
In this study, only the SNR data of L1 C/A signal used, SNR data from different
wavelength (e.g., L1 C/A, L2C and L5) should alss dompared or combined to survey
canopy characteristics.

A linear relationship between wheat height and abgnound dry biomass was observed
during the period from wheat tillering to ripenirigetrieving dry biomass is a motivation for
further research because most current satelliteetagn products focus on retrieving
vegetation indexes or leaf area index. The dry b&sris directly related to the wheat yield,
and retrieving wheat height could have applicationsop monitoring.

In this study, only wheat is considered. Other srgpould be investigated in the future.
Additionally, the algorithm we proposed might alsosuitable to retrieve snow depth.
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2.54 [p.12, |.3ff: As important findings (regarditige discussion) are shown in Fig. S6, this
figure should also be shown in the manuscript ¢mby the supplement). Moreover, this issue
should be discussed in more detalil.]

Response 2.54:

Yes. We added Fig. S6 to the revised manuscrigg. (B) and adjusted its legend and
description (P. 14, L. 6-12)

We tested the relationship between the multipatsptpny) in Eqg. (5) and soil moisture for
the whole wheat growing cycle. We found that whes tegetation effects are not significant
(Anorm > 0.78),pmpi correlates well (R = 0.92) with the situ soil moisture observations (N =
47, Fig. R2.8a). During this time period, the vaoia of g, is only about 12 degrees in
relation to the change of the in situ VSM betwee2b(rm™ and 0.30 fm™. But when the
vegetation effects are significamt.gm < 0.78),pmpi (Without or with unwrapping, Fig. R2.8b
and R2.8c) is no longer linear related to soil moes For example, when vegetation height
exceeded one wavelengthy, rapidly decreased from 207 degrees to 43 degbegwgen 10
and 20 March). Changes iy are disconnected from ISBA simulations. This iasistent
with CH15, who showed that under this situation sepisture cannot be retrieved unless
vegetation effects are corrected for.

2.55 [p.12, 1.9: Why did you increase this threshekactly to the value 0.88? Is there any
reason for this value?]

Response 2.55:

Adjusting theAnorm threshold from 0.78 to 0.88 permits making a didton between harvest
and post-harvest (after 30 June)# values in Fig. S7. Fig. S7 replaced Fig. 2 inréhased
manuscript. (P. 11, L. 20-24)

2.56 [p.12, 1.26: Re-formulate your question: ‘Caifner vegetation characteristic besides
vegetation height be inferred from the wavelet gsiaP’. Or formulate two questions: ‘Can
vegetation height be inferred from...?’ and ‘Ispibssible to additionally retrieve other
vegetation characteristics from...?’]

Response 2.56:
Yes. We modified it as 'Can vegetation water canbeninferred from the wavelet analysis?'

(P. 14, L. 24)

2.57 [p.12, |.27ff: The idea that you potentialligaawould like to retrieve the plant water
content (or even other vegetation characterissbguld already be introduced earlier in the
manuscript. Then an answer to this question wowddenmore sense in the ‘Discussion’ part.
Do you have reference data that show a decregdanhwater content?]

Response 2.57:
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The VWC variable is already mentioned in the Intrctibn (P. 3, L. 19). The idea of

retrieving VWC was expressed more clearly (P. 1£9).

The conclusions of this paragraph are based onmudése gravimetric measurements (not
shown).

2.58 [p.13, .22: What do you mean with STD?]

Response 2.58:

Yes, we mean "daily standard deviation score". Vdafeed it (P. 15, L. 17-18 and 25).

2.59 [p.13, I.17: The rainfall/meteorological amdiging events could additionally be shown
in the figure, e.g., as a subplot.]

Response 2.59:

The exact day when the lodging event happenedkeawn, we can only infer it happened
between 29 May and 18 June. The height measurerorr28 May and 18 June are 100 cm
and 39 cm, respectively. We added Fig. S9 into Fiigpr better comparing with rainfall data.

However, whether maximum STD is an indicator ofgiog) or not is unclear. (P. 15, L. 19;
Fig. 9 in the revised manuscript)

2.60 [p.14, 1.2-8: This actually belongs to the tMm' chapter. It is a further method to
compare your retrievals to a reference.]

Response 2.60:
Yes. We introduced the GDD model in the ‘Methodapter. (Sect. 2.6: P. 10, L. 1-4)

2.61 [Page 14-15: Conclusions
General: Give also an outlook on potential applidstof this technique.]

Response 2.61:

We added a summary of the new Discussion sectiea R2sponse 2.53) (Sect. 4.6: P. 16, L.
28-30; P. 17, L. 1-24)

2.62 [p.14, 1.19: Please specify — is this a neyordhm you developed or do you mean at this

point the algorithm of CH15 and others you appfetthe wheat crop test field?]

Response 2.62:
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A new algorithm based on a wavelet analysis waslamented for retrieving vegetation
height. We clarified it in the revised manuscript L7, L. 29-31).

2.63 [p.15, 1.2: L5 is introduced here for theffitisne. It could be mentioned already earlier
(e.g., in the ‘Discussion’).]

Response 2.63:

Yes. We referred to L5 in the Discussion. (See Besp 2.53) (P. 17, L. 18-19)

2.64 [Supplement

S p.1, Fig. S1: see comment above.]

Response 2.64:

Yes. We presented a picture of the GNSS antentieeifield. (See Response 2.24) (Fig. S1in

the revised supplement)

2.65 [S p.2, Fig. S2: Applying the same time scaléhe x-axis of the two plots would be
better for comparability or it would even be momedgful if both plots would be combined in
one figure (e.g. with two different colours).]

Response 2.65:

Yes. We used the same time scale in the x-axiheftivo plots (Fig. S2 in the revised
supplement).

2.66 [S p.4, Fig. S3: a legend would be usefukatld be logical for comparison to combine
Fig. S3 and Fig. S8]

Response 2.66:

Yes. We added a legend and combined Fig. S3 andBi¢pgether to get a new Fig. 6 in the
revised manuscript.

2.67 [S p.5, Fig. S4: see comment above; insa&ageand and units if needed.]
Response 2.67:

Yes. We added units in this figure and moved ithe manuscript (Fig. 5 in the revised
manuscript).
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2.68 [S p.6, Fig. S5: see comment above; how many d@e shown in this plot (N=477?)?
Please add this information in the figure capture.]

Response 2.68:

Yes, N=47, we clarified it in the figure capturagFS5 in the revised supplement).

2.69 [S p.7, Fig. S6: please add the black dots @she legend; regarding the blue line /
dots: use either dots or lines for all of the thpémss.]

Response 2.69:

Yes. We modified this figure and moved it to theised manuscript (Fig. 8). (See Response
2.54).

2.70 [S p.8, Fig. S7: see comment above.]

Response 2.70:

Yes. Figure S7 replaced Fig. 2 in the revised menis

2.71 [S p.9, Fig. S8: see comment above.]

Response 2.71:

Yes. We combined this figure with Fig. S3 to makeesav figure in the reviesed manuscript
(Fig. 6). (See Response 2.66)

2.72 [S p.9, Fig. S9: This information could vidydde combined with Fig. 2 / Fig S8.]
Response 2.72:

We merged Fig. S9 into Fig. 9 in the revised manpséor better comparing with rainfall
data.

2.73 [S p. 11: Duvelller et al. 2011 should als@atded to the references in the manuscript.]
Response 2.73:

We added this reference in the revised manusd?ipt@, L. 3)

2.74 [S p. 12: Please clarify the figure captureasWs actually meant with ‘...the value
retrieved 15 days before, ...’”? The dates of flawgeand ripening should also occur in the

figure or at least in the figure capture.]

Response 2.74:
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Yes. We clarified the caption of Fig. S7 in theised supplement and the corresponding
sentence in the revised manuscript (P. 16, L. 22-23

Figure S7 shows the diffrence between retrievedetaimpn height at a given date and
retrieved vegetation height 15 days before, frond&iuary to 11 June 2015.
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Use of reflected GNSS SNR data to retrieve either soil moisture or
vegetation height over a wheat crop
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Abstract. This work aims to estimate soil moisture and vegetation height from Global Navigation Satellite System (GNSS)
Signal to Noise Ratio (SNR) data using direct and reflected signals by the land surface surrounding a ground-based antenna.
Observations are collected over a rainfed wheat field in southwestern France. Surface soil moisture is retrieved based on
SNR phases estimated by the Least Square Estimation method, assuming the relative antenna height is constant. It is found
that vegetation growth breaks up the constant relative antenna height assumption. A vegetation height retrieval algorithm is
proposed using the SNR dominant period (the peak period in the average power spectrum derived from a wavelet analysis of
SNR). Soil moisture and vegetation height are retrieved at different time periods (before and after vegetation significant
growth in March, respectively). The retrievals are compared with two independent reference datasets: in situ observations of
soil moisture and vegetation height, and numerical simulations of soil moisture, vegetation height and above-ground dry
biomass from the ISBA (Interactions between Soil, Biosphere and Atmosphere) land surface model. Results show that
changes in soil moisture mainly affect the multipath phase of the SNR data (assuming the relative antenna height is constant)
with little change in the dominant period of the SNR data, whereas changes in vegetation height are more likely to modulate
the SNR dominant period. Surface volumetric soil moisture can be estimated (R? = 0.74, RMSE = 0.009 m®m) when the
wheat is smaller than one wavelength (~ 19 cm). The quality of the estimates markedly decreases when the vegetation height
increases. This is because the reflected GNSS signal is less affected by the soil. When vegetation replaces soil as the
dominant reflecting surface, a wavelet analysis provides an accurate estimation of the wheat crop height (R2= 0.98, RMSE =
6.2 cm). The latter correlates with modeled above-ground dry biomass of the wheat from stem elongation to ripening. It is
found that the vegetation height retrievals are sensitive to changes in plant height of at least one wavelength. A simple
smoothing of the retrieved plant height allows an excellent matching to in situ observations, and to modeled above-ground

dry biomass.
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1 Introduction

In situ observations of soil moisture and vegetation variables are key to validate land surface models and satellite-derived
products. Recent international initiatives, such as the International Soil Moisture Network (Dorigo et al., 2013) or the
Committee on Earth Observation Satellites (CEOS) Land Product Validation group (Morisette et al., 2006) have improved
the access to such observations. However, they remain very sparse and there is a need to develop new automatic techniques
to monitor land surface variables at a local scale. Global Navigation Satellite System (GNSS) reflectometry could be a
solution. A number of studies demonstrated that GNSS multipath signals can be used to retrieve various geophysical
parameters of the surface surrounding a GNSS receiving antenna (Motte et al., 2016). Over land, variables such as soil
moisture, snow depth and vegetation status can be observed (Larson et al., 2008; Small et al., 2010; Larson and Nievinski,
2013; Wan et al., 2015; Boniface et al., 2015; Larson, 2016; Roussel et al., 2016). GNSS satellites operate at the L-band
microwave frequency domain (between 1.2 GHz and 1.6 GHz). At these relatively low frequencies, the microwave signal is
less perturbed by atmospheric effects and can better penetrate clouds and heavy rains than higher frequency signals. This
ensures continuous operations, in all weather conditions, at either daytime or nighttime. The L-band signal emitted or
reflected by terrestrial surfaces is related to surface parameters like surface soil moisture, roughness or vegetation
characteristics. These properties have been exploited by e.g. the Soil Moisture and Ocean Salinity (SMOS) satellite and the
Soil Moisture Active Passive (SMAP) missions (Kerr et al., 2001; Chan et al., 2016) for Earth surface remote sensing
applications. While SMOS is a radiometer and measures the Earth surface microwave emission (passive microwaves), GNSS
satellites emit a radar signal (active microwaves). Active microwaves can present improved temporal and spatial resolutions,
but the signal may be more sensitive to the structure of the surface, such as soil roughness or vegetation effects than for
passive microwaves (Wigneron et al., 1999; Njoku et al., 2002).

Existing geodetic-quality GNSS networks have the potential to provide a large number of in situ observations, depending on
the receiver technology: (1) waveform acquisition with a specific receiver using two antennas (one zenith-oriented antenna
and one surface-oriented antenna), called GNSS reflectometry (GNSS-R) technique (Zavarotny et al., 2014) or (2) GNSS
signal strength represented by the Signal-to-Noise Ratio (SNR) acquired with classical geodetic receiver using one antenna,
called SNR GNSS interferometric reflectometry (GNSS-IR) technique (Larson, 2016). GNSS networks can be used to
monitor small or large areas depending on the antenna height and satellite elevation (Roussel et al., 2014). Continuous
monitoring of surface soil moisture can be made over a long period at spatial scales ranging from 100 m? (antenna height of
about 2 m) to 8000 m? (antenna height of about 150 m) for classical geodetic receiver but can reach a few thousand square
kilometers with waveform receivers embedded on satellites (e.g. TechDemoSat-1 mission, Foti et al. (2015)).

Using the SNR GNSS-IR technique, Larson et al. (2008) showed that SNR data obtained from existing networks of single
ground-based geodetic antennas can be used to infer soil moisture. Other GNSS methods (besides reflectometry) can be

used. For example, Koch et al. (2016) used three geodetic GNSS antennas (one was installed above the soil, the other two
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were buried at a depth of 10 cm), to measure the GNSS signal strength attenuation and to retrieve soil moisture over bare
soil.

For now, a network called PBO H,0 based on single GNSS antennas at Plate Boundary Observatory (PBO) sites is currently
used in western regions of the USA to monitor surface soil moisture (Larson et al., 2013; Chew et al., 2016) and snow depth
(Larson and Nievinski, 2013; Boniface et al., 2015). It must be noted that most of the 161 GNSS stations of this network are
located in mountainous areas or in areas of California characterized by a relatively arid climate. They are surrounded by
sparse vegetation and are therefore not adapted to vegetation growth studies.

In the SNR GNSS-IR technique, the interference between the direct and the reflected signals is observed in temporal
variations of the SNR data (Bilich and Larson 2007; Zavorotny et al., 2010; Chew et al., 2014). Changes in geophysical or
biophysical parameters affect the phase, amplitude and frequency of the SNR modulation pattern. The SNR is also
influenced by surface roughness and by the position of the antenna with respect to the surface and to the satellite (Larson and
Nievinski 2013; Chew et al., 2016). The SNR modulation primarily depends on:

o the relative height of the GNSS antenna above the reflecting surface (ground or vegetation surface),

o satellite elevation,

o the superposition of the direct signal and of the reflected signal, which varies along with changes in the satellite
track positions,

e Right Hand Circular Polarization (RHCP) and Left Hand Circular Polarization (LHCP) gain pattern of the receiving
antenna, (RHCP usually increases the SNR when the satellite elevation angle increases, LHCP is related to
imperfections of the antenna and is greater than RHCP for the reflected signal);

o reflection coefficients for the reflecting surface, related to the water content and the ground mineralogical content of
the reflecting surface,

e surface topography and roughness and

o the satellite transmitted power.

A soil moisture retrieval algorithm from SNR data was derived by Chew et al. (2014) over bare soil. In subsequent modeling
studies Chew et al. (2015) showed that the vegetation canopies affected the SNR modulation pattern. They showed that
vegetation growth tended to trigger a decrease of the SNR amplitude. Because the vegetation effects tended to perturb the
soil moisture retrieval, Chew et al. (2016) proposed an improved algorithm for soil moisture retrieval in vegetated
environments, which used the amplitude decrease extent to decide when vegetation influence was too large. They used a
model database for the SNR of L2C signal to remove most significant vegetation effects for the sites they considered in
Western USA. Small et al. (2016) further compared different algorithms of GNSS-IR soil moisture retrieval in the presence
of vegetation. Roussel et al. (2016) integrated both GPS and GLONASS SNR data to retrieve soil moisture over bare soil.
Using data from a field study, Wan et al. (2015) showed that the amplitude of the SNR data presented a good linear

relationship with the vegetation water content (VWC), but it was restricted to VWC values of less than ~1 kg m. In addition
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to the amplitude of the SNR data, it was also possible to infer VWC by the MP1s index, which is a linear combination of
L1 and L2 carrier phase data and L1 pseudorange data (Small et al., 2010), and by the NMRI (Normalized Microwave
Reflection Index) which is a normalization result based on the MP1s (Small et al., 2014; Larson and Small 2014).

In this study, the SNR GNSS-IR technique was used to analyze GNSS SNR data obtained, with a single classical geodetic
antenna receiver over an intensively cultivated wheat field in southwestern France. The data were used to retrieve either soil
moisture or relative vegetation height during the growing period of the wheat crop. The method proposed by Chew et al.
(2016) (hereafter referred to as CH16) was used to retrieve soil moisture. Moreover, we performed a wavelet analysis in
order to extract the dominant period of the SNR and further to retrieve vegetation height. We investigated to what extent
vegetation height influenced the dominant period resulting from the wavelet analysis. The main justification for investigating
the impact of vegetation height was that it impacted the relative antenna height (the distance from the antenna to the
reflecting surface). Vegetation growth tended to decrease the relative antenna height and broke up the constant height
assumption used in soil moisture retrieval algorithms. In this context, key objectives of this study were to (1) assess the soil
moisture retrieval technique in either low or tall vegetation conditions, and (2) retrieve vegetation height along the wheat

growth cycle.

2 Materials and methods
2.1. SNR data and pre-processing

The GNSS SNR data were acquired from an antenna at 2.51 m above the soil surface over an experimental field covered by
rainfed winter wheat in Lamasquere, France (43°29'10"N, 1°13'57"E, see Fig. S1 in the Supplement). These GNSS data were
collected by GET (Géosciences Environnement Toulouse) for a whole growing season, from January to July 2015. A Leica
GR25 receiver equipped with an AS10 antenna was used and data were acquired at a sample frequency rate of 1 Hz. Only
the S1C SNR signal strength on the civilian L1 C/A channel of the GPS constellation was used in this study because the used
receiver could not track the L2C signal. The latter is only transmitted by the recent Block IIR-M ("Replenishment
Modernized") and IF ("Follow-on") GPS satellites. Vey et al. (2016) showed that soil moisture root mean square difference
between L2C and L1 was 0.03 m®m 3, The quality of the more recently available L2C signal (used by PBO HO (CH16)) is
higher than either L1 C/A or L2P from non-code tracking receivers. However, a number of studies (e.g. Vey et al., 2016)
showed that the SNR of the L1 C/A signal can be used to provide reliable soil moisture estimates over sparse vegetation and
bare soil surface, although it is less precise than the L2C signal. Although data from other constellations were also acquired
(e.g., GLONASS, GALILEOQ), their orbital parameters such as satellite track positions or satellite altitude were not the same.
In order to be consistent with the GPS-only studies of Larson et al. (2008), CH16, and Small et al. (2016), we only used GPS

SNR data. For our site, four GPS satellites out of 32 were excluded from the analysis because their data were incomplete
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(GPS03, 20, 26, these numbers corresponding to their Pseudo-Random Noise (PRN) numbers) or not received (GPS08).
Finally, GPS SNR data were missing for only nine days: 8 and 9 February, 3 April and from 13 to 18 May 2015.

Following the method proposed by Larson et al. (2010), a low-order polynomial was fit to the SNR data, and the modulation
pattern was then derived from the SNR by subtracting this polynomial from the SNR data. The logarithmic dB-Hz units were

SNR
converted to a linear scale in V V! using the following conversion equation: SNR; .., = 10 20 (Vey et al., 2016). Figure
la shows an example of the detrended multipath SNR data for the ascending track of GPS01 on 21 January 2015. The
periodic signature of the multipath SNR data is visible. We only analyzed the modulation patterns in a valid segment for
satellite configurations corresponding to low elevation angles, ranging from 5 to 20 degrees. This corresponded to a valid
segment data recording of less than one hour (40 to 50 minutes). Avoiding very low elevation angles (less than 5 degrees)
limited spurious effects from trees and artificial surfaces surrounding the field. Avoiding high elevation angles (more than 20
degrees) limited the reduction of the multipath signal amplitude. Because the SNR signal amplitude was much reduced and
the wave pattern was not visible at high elevations for our field observations, we excluded elevation angles larger than 20

degrees.
2.2. Soil moisture and vegetation characteristics

The field campaign was a part of a coordinated effort by CESBIO (Centre d'Etudes Spatiales de la BIOsphére) to monitor
crops in southwestern France using both in situ and satellite Earth Observation data. Independent in situ observations of soil
moisture and vegetation height were made together with model simulations of these quantities. Both observations and
simulations were used to validate soil moisture and vegetation height retrievals.

Since the whole wheat growing cycle was considered, both soil moisture and vegetation modulated the multipath SNR
pattern. Soil roughness was considered as stable in time from sowing to harvest. Soil in the close vicinity of the antenna
consisted of 18% of sand, 41% of clay, and 41% of silt. The row spacing of the wheat crop was 15 cm.

The wheat was sown during the autumn, on 1 October 2014 and was harvested from 26 to 30 June 2015. Volumetric soil
moisture (VSM) was measured by FDR (Frequency Domain Reflectometry) ML2 Thetaprobes and was continuously
monitored at a depth of 5 cm from 16 January to 10 March 2015 and from 30 March to 26 May 2015. Measurements of crop
height were performed at seven dates during the plant growing cycle. The canopy height did not exceed 0.1 m at wintertime
and rapidly increased at springtime: it reached 0.2 m on 10 March 2015 and 1 m on 29 May. It dropped to 0.39 m on 18 June
because of a lodging event. The exact date of lodging could not be precisely determined but it could be inferred it happened
between 29 May and 18 June.

In addition to in situ observations, simulations of surface soil moisture (0-10 cm top soil layer), plant height and above-
ground dry biomass were performed for this site by CNRM (Centre National de Recherches Météorologiques) using the

ISBA (Interactions between Soil, Biosphere, and Atmosphere) land surface model within the SURFEX (version 8.0)
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modeling platform (Masson et al., 2013). The ISBA configuration and the atmospheric analysis we used to force the model
are described in Lafont et al. (2012). The C3 crop plant functioning type and a multilayer representation of the soil
hydrology were considered. The model depth is 12 meters, with 15 layers and the layer thickness is not united (Decharme et

al., 2011). These simulations were used as an independent benchmark for soil moisture and vegetation variables.
2.3. Multipath SNR characteristics

Due to the motion of the GPS satellites, the path delay between the direct and reflected signals causes an interference pattern
in the signal power of SNR data. The distance from the antenna to the dominant reflecting surface directly affects the SNR
frequency/period.
As noted by Georgiadou and Kleusberg (1988) and Bilich and Larson (2007), assuming the ground surface is horizontal, the
additional distance (8) travelled by a reflected signal relative to the direct signal is
o = 2hsin( 6) 1
where h is the relative antenna height, and @ is the satellite elevation angle. This path delay 6 can also be expressed in terms
of the multipath relative phase v :

o
y =2r— )

A

where A represents the L1 wavelength (0.1903 m).
Thus the multipath frequency (f) and period (T) can be written as:

w=24 = _ 1 cos(0) 90 @)
dt A dt

1 o 2hcos(0) do @

T A dt

This means that the relative antenna height (h) directly affects multipath frequency f and period T. Antennas far above the
reflecting surface have higher multipath frequencies (smaller multipath periods) than antennas closer to the reflecting

surface. Furthermore, satellite geometric information and motion substantially influences the period (T) of the multipath
SNR data due to the c0S(6) and d&/ dt terms in equation (4). If satellite passes reach high elevation angles (e.g., GPS01
in Supplement Fig. S2), d@/ dt becomes large. Conversely, satellites signals observed at small maximum elevations (e.g.,

GPS18 in Supplement Fig. S2) move more slowly (small d@/dt) than satellites passing overhead (Bilich and Larson
2007). In order to limit the impact of these differences from satellite motion, only the full-track data with at least 40 degree

maximum elevation angle were selected. Among the remaining tracks we further removed the slowly moving tracks whose

maximum CO0Sé - d¢9/dt was less than 9.5x107°rad s (threshold value based on our field observations) of the valid
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segment (elevation angles ranging between 5 and 20 degrees). This specific data sorting was only made for vegetation height
retrieval (Sect. 2.5). After this selection, the number of available satellite tracks was 37 per day.

Provided the reflecting surface is stable, the a priori antenna height can be used to estimate the SNR frequency. The SNR
frequency is used to calculate the multipath SNR phase, and then the SNR phase is used to estimate VSM (Sect. 2.4). If the
reflecting surface is changing in response to vegetation growth, relative vegetation height can be retrieved instead of VSM

by directly estimating the dynamic SNR frequency/period with a wavelet analysis (Sect. 2.5).
2.4. Soil moisture retrieval

As the SNR frequency is known (Eq. (3)), it is possible to estimate the SNR amplitude and phase. Larson et al. (2008) and
Larson et al. (2010) showed that phase varies linearly with VSM in m3m= (R? = 0.76 to 0.90). Retrieving absolute VSM
values in m3m is possible after a calibration phase. This result was used by Chew et al. (2014) to develop an algorithm to
estimate surface soil moisture (top 5 cm) over bare ground.

For bare soil, changes in surface soil moisture affect the signal penetration depth. The latter can be very small in wet
conditions and tends to increase in dry conditions, up to a few centimeters (Chew et al., 2014; Roussel et al., 2016). This is a
small change with respect to the antenna height (2.51 m in this study). Consequently, the relative antenna height (h) is
considered as a constant (h. = 2.51m) in this Section. Using sine of the elevation angle (SiN(#)) as the independent
variable, the modulation frequency becomes proportional to hc. Then the multipath SNR can be expressed as (Larson et al.,
2008):

4th Sin(6) + Pr) ©)

SNR,,,i = Acos(

The least square estimation (LSE) method proposed by Larson et al. (2008) is used to estimate the multipath amplitude (A)
and multipath phase (¢, ) from the multipath SNR data. Then, ¢,,; can be further used to estimate the soil moisture
changes (CH16),

VSM, =S-Ag, +VSM, 4 (6)

Phase changes A@, = ¢, — ¢, are calculated with respect to ¢, the reference phase. We used the method proposed by

CH16 consisting in estimating ¢, as the mean of the lowest 15% of the ¢,,; data for each track during the retrieval period.

The same condition was used to estimate the VSMyesig residual soil moisture from the in situ VSM observations. The VSMyesig
was taken as the minimum soil moisture observation, which presented a value of 0.252 m®m- during the retrieval period.
The S parameter (in m®m-23degree™?) is the slope of the linear relationship between phase changes and soil moisture. For time

series with no significant vegetation effects, S = 0.0148 m®m-3degree* for L2C signal (CH16). Following CH16, the median
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soil moisture estimate from all available satellite tracks (66 per day) that passed at different times during the day was used as
the final soil moisture estimate.

We also used the in situ VSM, A¢gx and VSMesig to fit a locally adjusted slope. The minimum VSM had to be derived from
the in situ observations during the experimental time period in order to determine the VSMesia term in Eq. (6). The retrieval
of the S parameter requires at least one or two months of VSM in situ observations because soil moisture conditions ranging
from dry to wet need to be sampled. However, if a scaled soil wetness index is used instead of soil moisture, no in situ VSM
observations are needed.

Alternatively, the phase time series can be normalized for each satellite track, and using S is not needed. We considered the
median value of the normalized phases from all available satellite tracks (66 per day) as the final scaled soil wetness index

(pingex) Tor each day:

Dindex = m (7)

max ~ Prin
VSM could then be estimated from gindex:

VSM =VSM0bs_m’n + Dingex * (VSMobs_rmx _VSMobs_m'n) (8)

VSMops_min @nd VSMops max are the minimum and maximum in situ VSM observations during the experimental time period,
respectively.

CH16 defined the normalized amplitude (Anom) as the ratio of amplitude to the average of the top 20 % amplitude values.
The Anorm time series can be used to assess whether or not vegetation effects are significant. Values of Anom above 0.78
(dimensionless) indicate that vegetation effects are small (CH16). In conditions of significant vegetation effects CH16 used
an algorithm able to correct the phase for vegetation effects. This algorithm is based on an unpublished lookup table. Since
we were not able to correct for vegetation effects, we retrieved surface soil moisture during a period with rather sparse
vegetation, from 16 January to 5 March. During this time span, Anorm Was above 0.78 as shown in Fig. 2 (black dots).

2.5. Vegetation height retrieval using a wavelet analysis

While vegetation grows, the vegetation surface gradually replaces the bare soil surface as the dominant reflecting surface. As
a consequence, the height (h) of the antenna above the reflecting surface decreases. Equation (4) shows that changes in h
impact the multipath frequency f and consequently T. This property allows the use of changes in T values to infer changes in
h, and further estimate relative vegetation height. To retrieve relative vegetation height we propose a new approach based on

wavelet analysis. Wavelets have been used for many years in signal processing studies in geosciences (Ouillon et al., 1995;

8



10

15

20

25

Darrozes et al., 1997; Gaillot et al., 1999), astrophysics (Escalera and MacGillivray, 1995), meteorology (e.g. Hagelberg and
Helland, 1995; Torrence and Compo, 1998), hydrology (Labat, 2005) and in many other fields. The wavelet analysis is well
suited for analyzing time series with non-stationary power and frequency changes across time as illustrated by Fig. 1. Our
wavelet analysis methodology is based on the WaveletComp R-package (Roesch et al., 2014). To analyze the period
structure, we used a well-known Morlet mother function which comes from a combination of a Gaussian function and a
sinusoidal one (Fig. S3 in the Supplement). Due to its shape, Morlet daughters allow detection of singularities in all
scales/periods of the spectrum. Morlet wavelet is also well suited for environmental analysis (Grinsted et al., 2004). We
calculate the Morlet wavelet transform of the multipath SNR and evaluate the power spectrum of the multipath SNR signal
(see Egs. S1-S4 in the Supplement).

Vegetation height can be retrieved using the dominant SNR period (Tq), which is the peak period of the average power
spectrum derived from a wavelet analysis of SNR, from the multipath SNR segment at elevation angles from 5 to 20 degrees.

After obtaining Tq time series, the relative antenna height (h) can be derived from Eq. (4) as:

A
h= 90 (9)
2cosf., - —=2.T
E9 dt d

The Tq value is used to represent the multipath SNR data in order to estimate h. Also, changes in the elevation angle (6) and
in d@/dt have to be accounted for. This means that h is a variable depending on the elevation angle. In this study, changes
in h were surveyed across dates at an elevation angle of 9 degree (See Sect. 3.2).

Changes in relative antenna height (h) are directly related to vegetation height increase:

AH =h, —h (10)

Similarly to the phase change estimates (4¢: in Sect. 2.4), ho is the median value of the top 15% h data during the whole
wheat growth cycle for each track.
The final retrieved vegetation height (H) is based on the mean relative antenna height change from all available satellite

tracks (N = 37), plus one wavelength:
> AH
_ N
N

The minimum value of H is one wavelength. Therefore Eq. (11) can only be applied when the wheat height is higher than

H +A (11)

one wavelength (0.19 m for L1).
It must be noted that it is not necessary to retrieve soil moisture before retrieving vegetation height.
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2.6. GDD (growing degree days) model

Because of the lack of in situ records of the field wheat growth stages, we built a reference GDD model based on the wheat
growth stage dates observed at the same location in 2010 (Duveiller et al., 2011; Fieuzal et al., 2013, Betheder et al., 2016).
The GDD model is described in the Supplement (Eqgs. S5-S6 and Fig. S4).

3. Results
3.1 Soil moisture retrieval

Figure 3 presents the surface soil moisture retrievals from 16 January to 5 March 2015, together with independent in situ
VSM observations and ISBA simulations. The VSM retrievals are derived from GPS SNR observations using Eq. (6) in
sparse vegetation conditions, when Anerm is above 0.78, with the a priori S value of 0.0148 m3m-degree (Fig. 3a) and the
adjusted local slope S = 0.0033 m®m-3degree (Fig. 3b). This adjusted S value is the mean of slope values obtained for
satellite tracks whose phase presented a linear correlation with in situ soil moisture higher than 0.9. This occurred for the
ascending tracks of GPS 13, 21, 24 and 30 and for the descending tracks of GPS 05, 09, 10, 15, and 23. Figure 3¢ shows the
VSM retrievals from the scaled soil wetness index based on the normalized multipath phase.

The GPS and ISBA scores are given in Table 1. The mean soil moisture values during the experimental period are 0.27, 0.28,
0.31, 0.26, and 0.28 m®*m3 for in situ VSM measurements, ISBA simulations, GPS retrievals with S = 0.0148 m3m-3degree™,
GPS retrievals with S = 0.0033 m3m-3degree™, and GPS retrievals from the scaled soil wetness index, respectively.

In Fig. 3, the sub-daily statistical distribution of the VSM retrievals is indicated by box plots. The range of daily standard
deviation value of the various VSM estimates is shown in Table 2. The in situ VSM measurements present the smallest sub-
daily variability, with a mean standard deviation value of 0.002 m®m=3. The largest variability is obtained for the GPS
retrievals based on the a priori slope value S = 0.0148 m®m-degree, with a mean standard deviation value of 0.036 m*m-,
GPS retrievals based on the adjusted slope value S = 0.0033 m®m-3degree? presents intermediate values (0.008 m3m-3),
together with those based on the scaled soil wetness index (0.009 m®m=) and with the ISBA simulations (0.005 m3m3)
Figure 3 shows that the sub-daily variability of GPS VSM retrievals tends to increase during the last 10 days of the retrieval
period.

It must be noted that GPS data are missing on 8 and 9 February, and that the ISBA simulations indicate soil freezing (i.e. the
presence of ice in the top soil layer) from 4 to 9 February. This period was excluded from the comparison. In the end, there
were 47 valid observation days for the statistical analysis of the retrieved surface VSM, among which 43 days could be
compared with model simulations.

The GPS VSM daily mean retrievals based on the CH16 method present a good agreement with both in situ observations and
ISBA simulations: MAE (Mean Absolute Error) and RMSE (Root Mean Square Error) are lower than 0.05 m®m, and SDD

10
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(Standard Deviation of Differences) does not exceed 0.04 m®m-3 (Table 1). The errors are reduced by at least 50 % when the
local adjusted slope is used. \When the scaled soil wetness index is used, the errors are further reduced.

Figure 4a and 4b show the retrieved soil moisture as a function of the in situ observations for a priori and adjusted slopes (S
= 0.0148 m®m-3degree™ and S = 0.0033 m®m-3degree™?, respectively) from all available satellite tracks (66 per day), not only
those tracks used for fitting the slope (see Supplement Fig. S5). The corresponding improvements in score values are given
in Table 1. the MAE decreases from 0.036 to 0.011 m3m?3, the RMSE decreases from 0.046 to 0.014 m®m=, the SDD
decreases from 0.036 to 0.009 m®m=. The retrievals based on the a priori slope markedly overestimate VSM in wet
conditions. On the other hand, the retrievals based on the adjusted slope only slightly underestimate VSM. This shows that
adjusting the slope is critical and has a major impact on the retrieval accuracy. Furthermore, Figure 4c gives the retrievals
based on the scaled soil wetness index. Scores are further improved: the MAE decreases to 0.007 m®m3, RMSE to 0.009
m3m-3, and SDD to 0.008 m®m3,

We also compared the retrievals with the independent ISBA simulations. The ISBA model VSM simulations present a better
agreement with the in situ VSM observations than the GPS retrievals, for all the scores, as shown by Table 1 (last column)
and Fig. 3. In particular, R? = 0.88 for ISBA simulations, against R? = 0.74 for GPS retrievals. This shows that the ISBA
simulations can be used as a reference to assess local GPS retrievals. The statistical scores resulting from the comparison
between the GPS retrievals and the simulations are similar to those based on in situ observations.

After 5 March, Anorm drops below 0.78 (Fig. 2), and the VSM retrievals are not valid. We made an attempt to retrieve VSM
from 6 to 15 March. We obtained 10 VSM retrieved values and we compared them with ISBA VSM simulations, because in
situ observations were lacking. The retrievals looked sparser and the R? score decreased from 0.63 before 6 March (Table 1)
to only 0.21 from 6 to 15 March. This result confirms that the empirical Anorm threshold (0.78) is a good way to assess the
VSM retrieval feasibility over vegetated areas. Additionally, we found that adjusting the Anorm threshold from 0.78 to 0.88
permitted making a distinction between harvest and post-harvest (after 30 June) Anorm Values in Fig. 2. Four more days (2-5
March) are excluded. Figure 3 shows that the 25-75% percentile intervals for these days are larger, but the maximum

retrieval differences for these days are acceptable, around 0.03 m3m=3.
3.2 Dominant SNR period analysis during the wheat growth cycle

Figure 1 shows an example of the multipath SNR data from the ascending track of GPS01 on 21 January 2015. Its average
power spectrum (Fig. 1b) derived from a wavelet analysis is also shown, together with the power spectrum (Fig. 1c) for
periods ranging from 128 to 1024 s. From the average power spectrum, there is only one peak and the corresponding peak
period is 362 s. The SNR data is reconstructed depending on this peak period (red line in Fig. 1a), which is a good fit to the
SNR data. Both phases and amplitudes match very well. This shows that the peak period from the average power spectrum

can be used to represent the multipath SNR data. Limiting elevation angle values from 5 to 20 degrees (Sect. 2.1) ensures a
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relatively stable value of the peak period. The peak period is considered as the dominant period (Tq) of the multipath SNR
data.

Additionally, the major part of the signal power is concentrated on elevation angles ranging from 7 to 11 degrees (see Fig.
1). A preliminary analysis for the entire wheat growing cycle showed that, more often than not, the best elevation angle
corresponding to the peak power was around 9 degrees. In this study, elevation and its change rate at 9 degree are used to
represent the SNR data for all available satellite tracks (37 per day). It must be noted that this reference elevation angle is
specific to the gain pattern and height of the antenna encountered in this experiment. It could present different values in other
antenna configurations.

During the wheat growth cycle, preliminary tests showed that the average power spectrum could present multiple peaks
together with a reduced maximum average power. This made Tq4 unsuitable for the representation of the multipath SNR data.
Under this situation the quality of the Tq value was considered as poor and the data were not used. An example of Ty time
series is shown in Fig. 5 for GPS01 ascending tracks. Poor quality data (e.g. on 17-20 March, and 12-16 June) are indicated.
We sorted out the data acquired in two situations: (1) track data presenting more than one peak in the highest 80% percentile
of the power spectrum, (2) Tq value smaller by 10 seconds than the mean value of the lowest 10% of the dominant periods
(e.g., Ta < 352 s for GPS01). This is further illustrated in Fig. 6, comparing a usable track and an unusable track. On 1 May,
there is one peak in the average power spectrum (Fig. 6b), and the dominant period (456 s) obtained can be used to fit the
SNR data in Fig. 6a. While on 15 June, there are two peaks in the average power spectrum as shown in Fig. 6d. Furthermore,
the maximum average power is only 0.54 which is significantly smaller than the maximum average power of 1.0 observed
on 1 May 2015 (Fig. 6b). In Fig. 6¢, the SNR pattern is clearly noisier, with smaller amplitudes and less clear pattern than in
Fig. la/Fig. 6a. This data set is unusable. A possible cause is the more inhomogeneous reflecting surface after the lodging
event. The probability distribution (grey bars) of bad quality tracks among all available 37 satellite tracks is shown in Fig. 2
on a daily basis from 16 January to 15 July 2015. Most unsuitable tracks are observed during two time periods: (1) at the
beginning of spring, from 10 to 20 March, and (2) at the beginning of summer, from 12 to 26 June. The latter corresponded
to lodging of vegetation, which occurred during a strong wind event and affected the reflecting surface height. The in situ
observation of wheat height was only 39 cm on 18 June.

As shown in Sect. 2.4, vegetation effects on the SNR signal became significant after 5 March. After this date, Anorm (black
dots in Fig. 2) decreased drastically, in relation to plant growth. After 10 March, wheat height exceeded one wavelength (>
0.19 m). In addition to lower Anorm Values, an increasing number of unsuitable tracks was observed till 20 March, together
with low values of the peak power (Fig. 5). During this time period, the vegetation gradually decreased the strength of the
signal reflected from the soil surface and more signal was reflected by the vegetation. This triggered multiple peaks for some
tracks. Such tracks were not used. When the vegetation surface completely replaced the soil surface as the dominant
reflecting surface of the GNSS signal, a single peak period was observed again and its value increased in response to the rise
of the reflecting surface. For example, T4 increased from 362 s (7 March) to 397 s (22 March) for GPS01 ascending tracks.

Figure 5 shows that Ty is not sensitive to vegetation height when vegetation height is smaller than one wavelength.
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Therefore, we concluded that this relative vegetation height (at satellite elevation of 9 degrees) retrieval technique was not
working for vegetation height below one 4 (~ 0.19 m for L1) and when multiple peaks were observed in the average power

spectrum.
3.3 Vegetation height retrieval

Figure 7 shows the retrieved vegetation height from 16 January to 15 July 2015, together with seven in situ vegetation height
measurements and daily vegetation height simulations by ISBA. Since the original H retrievals present a marked levelling
effect, the moving average of the GPS height retrievals computed using a centred gliding window of 21 days is shown. The
relative vegetation height retrievals are compared with ISBA height simulations and in situ height observations in Table 3.
The differences between the seven in situ observations and the original H retrievals were -8 cm, +4 cm, -5 c¢cm, -10 cm, -6
cm, -2 cm and -2 cm. Most of them exhibited a negative bias. In comparison with the errors between the in situ observations
and the ISBA simulations (-5 cm, +6 cm, +10 cm, -15 cm, -3 cm, 0 cm and -61 cm), the GPS retrievals were closer to the
observations on 30 March and 24 April (the third and forth in situ observations). On 18 June, the last height in situ
observation before harvest was 39 cm in relation to lodging. The GPS retrieval was very close to this value with only -2 cm
error. On the other hand, the ISBA simulation on 18 June was still at 1 m with an error of -61 cm, because the wheat height
was simulated without accounting for lodging. This result shows that the in situ GPS height retrievals are able to detect local
changes in vegetation height. Figure 7 and the scores given in Table 4 show that the GPS retrievals are closer to the observed
growing trend than the ISBA simulations. Additionally, the moving average height presents a much better fit to the in situ
measurements than the raw GPS retrievals. We also compared the GPS retrievals with the ISBA model simulations. We
obtained the following score values from 10 March to 11 June 2015: MAE = 8.9 cm, RMSE = 12.4 cm and R? = 0.89.
Similar values were obtained for the comparison between the moving average height and ISBA simulations: MAE = 9.0 cm,
RMSE = 11.6 cm and R? = 0.91.

3.4 Vegetation height vs. above-ground dry biomass

Figure 7 also shows that the retrieved vegetation height is related to the simulated above-ground dry biomass of the wheat
(brown line). We found a linear relationship between the moving average height from GPS retrievals and the above-ground
dry biomass simulated by the ISBA model from 10 March to 29 May 2015 (when the maximum vegetation height, 1 m, was
measured), during the time period from tillering to flowering. The correlation coefficient between the moving average height
and the above-ground dry biomass, with 81 observations, was 0.996.

A similar result was obtained using the in situ height and above-ground dry biomass measurements in Wigneron et al. (2002)
over another wheat crop site (Triticum durum, cultivar prinqual) in spring 1993 (See Egs. S7-S8 and Fig. S6 in the

supplement).
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4. Discussion
4.1. Can soil moisture be retrieved under significant vegetation effects?

Our results show that over a wheat field the vegetation gradually replaces the soil as the dominant reflecting surface when
plant height becomes comparable to, or larger than one wavelength.

We tested the relationship between the multipath phase in Eq. (5) and soil moisture for the whole wheat growing cycle (Fig.
8). We found that when the vegetation effects are not significant (Anorm > 0.78), the multipath phase correlates well (R =
0.92, N = 47, for the GPS10 descending tracks) with the in situ soil moisture observations (Fig. 8a). During this time period,
the variation of multipath phase is about 12 degrees, for in situ VSM values ranging from 0.25 m®m-3 to 0.30 m®m=3. But
when the vegetation effects are significant (Anorm < 0.78), the multipath phase (without or with unwrapping, Fig. 8b and 8c)
is no longer linearly related to soil moisture. For example, when vegetation height exceeded one wavelength, multipath
phase rapidly decreased from 207 degrees to 43 degrees (between 10 and 20 March). Changes in multipath phase were
disconnected from ISBA VSM simulations. This is consistent with CH16, who showed that soil moisture cannot be retrieved

unless vegetation effects are corrected for.
4.2. Why does the locally adjusted S parameter differ from CH16?

In our experiment, the possible VSM retrieval duration was less than two months, in relatively wet conditions and VSM
varied little: 0.25 m3m= < VSM < 0.30 m®m3, This is probably not enough to represent the full yearly range of soil moisture.
This might affect the representativeness of the S parameter (Sect. 2.4) we derived from our field observations. Furthermore,
the different signal wavelength (L1 = 19.03 cm, L2 = 24.45 cm) and the different antenna gain pattern also affect the S
parameter. Many local environment factors such as vegetation effects, precipitation, changes in soil roughness and soil
composition, can perturb the GPS VVSM estimates. All these factors contribute to changes in S, and further affect the retrieval
accuracy and the sub-daily variability of VSM estimates. That is why we used a scaled soil wetness index based on the
normalized multipath phase for each track, without a priori knowledge of S parameter. This approach also gives more

accurate results.
4.3. Can vegetation water content be inferred from the wavelet analysis?

We found that VWC impacts the peak power but we were not able to retrieve VWC at this stage.

Figure 7 shows that the retrieved vegetation height is consistent with independent height measurements. However,
vegetation height is not the only factor affecting the reflected GPS signal. Vegetation water content (VWC, in kg m-2) may
also play a role on the reflected GPS signal. In situ observations indicate that VWC increased together with H during the

growing period, from March to mid-May. From mid-May to harvest, VWC tended to decrease but H also decreased in
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relation to lodging. Can this specific behavior of VWC be detected from the results of the wavelet analysis? The latter
provides three quantities: the dominant period (Sect. 2.5), Anorm, and the peak power.

The amplitude (Anorm) is related to some extent to VWC (see Sect. 1). However, Anom is calculated assuming the relative
antenna height is constant. Because the wheat height increased from 10 cm to 100 cm, the relative antenna height was
reduced, and this assumption was not satisfied. This affected the estimates of the amplitude of the multipath SNR data,
especially when the wheat was tall. Comparing Fig. 6a and Fig. 6c, it can be observed that the signal amplitude is larger on 1
May than that on 15 June. But Anorm (0.15) on 1 May is even smaller than the Anorm (0.33) on 15 June (Fig. 2). It is likely that
Anorm Was underestimated on 1 May. Therefore, it is difficult to unequivocally relate Anorm to vegetation characteristics, as
illustrated in Fig. 2. However, the drop in Anorm Observed at the beginning of June (Fig. 2) could be related to the drop in
VWC.

From the wavelet analysis, we also obtained the peak power when we searched for the peak period from the average power
spectrum. Peak power can represent changes in the multipath SNR strength. Figure 9 shows daily box plots of the peak
power for all available satellite tracks from 16 January to 15 July 2015, together with the distribution of bad quality tracks
(as in Fig. 2), and rainfall. There are two major possible causes for a sudden reduction of the strength of the reflected SNR
signal: (1) the attenuation of the signal by the rain intercepted by vegetation or in the troposphere and (2) the occurrence of
more than one dominant reflecting surface at different heights, and this two causes can occur at the same time.

Three events of rapid reduction of the peak power can be observed in Fig. 9a. These events are related to larger daily
standard deviation (STD) values of vegetation height retrievals (see Fig. 9b). The last event in June could be related to
lodging. However, whether maximum STD is an indicator of lodging or not is unclear. It seems that these events are not
related to rainfall events, and that the attenuation by intercepted water content is not a major cause of peak power drops. On
the other hand, the emergence of multiple peaks and of bad quality tracks is consistent with the rapid power reduction in
March and June. Multiple peaks may indicate that the reflected signal originates from surfaces at different heights. A
possible cause of multiple peaks is a more heterogeneous wheat canopy density during the first stage of the growing period
and after lodging. In such sparse or mixed vegetation conditions, VWC is not uniformly distributed and the soil surface may
significantly contribute to the SNR. In the middle of April, there is no such effect but STD score increases (Fig. 9b). It is
interesting to note that the peak power drops in Fig. 9a correspond to rapid changes in the retrieved vegetation height in Fig.
9c at multiples of A or 0.54. It must be noted that absolute daily changes in H (and h), of about 1.1 cm d-* are fairly uniform
throughout the growing period. Since h decreases when plants grow, relative changes in h tend to increase. According to Eq.
(4), T behaves similarly. This means that the sensitivity of the retrieval method to changes in H is larger at the end of the
growing period. This is probably why leveling is more pronounced between mid-March and mid-April than at the end of

April (see Fig. 9c). Leveling is less noticeable in May.
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4.4. Can unwrapped multipath phase be used to retrieve vegetation height?

Our results indicate that using the dominant period to retrieve vegetation height is more relevant than using the multipath
phase.

The relationship between the multipath phase (Fig. 8) in Eq. (5) and vegetation height was investigated. Because changes in
relative antenna height exceeded A during vegetation growth, the multipath phase had to be unwrapped. When the vegetation
height was smaller than A (before 10 March), multipath phase (around 200 degrees) presented little changes (about 12
degrees). From 21 March to 18 April, multipath phase was much smaller (around 10 degrees) and relatively stable. On the
other hand, the variability increased from 19 April to 11 June (Fig. 8c), and no relationship with plant growth could be
found. It can be noted that multipath phase and dominant period are relatively stable when the vegetation height is smaller

than A. Both tend to aggregate at several value levels.

4.5. Can wheat phenological stages be inferred?

Figure 9 shows that the occurrence of multiple peaks together with a drop of the peak power can be used as an indicator of
the start of the most active part of the growing season, and of the end of the senescence period preceding the harvest.

We applied the GDD model (see Sect. 2.6) to year 2015 and we obtained the following dates for tillering, flowering, and
ripening: 12 March, 31 May, and 3 June, respectively (see Fig. S3 in the Supplement). The obtained tillering date (12 March)
is close to the start date (10 March) of the multiple peaks (see Section 3.2). Tillering in wheat triggers nitrogen uptake and
the accumulation of biomass (Gastal and Lemaire, 2002). This is consistent with the rapid changes in the indicators derived
from the wavelet analysis: drop in Anrm Values and high rate of multiple peaks (Fig. 2), rise in the retrieved H (Fig. 7), and
drop in peak power (Fig. 9). For our site, the tillering date also corresponded to the period when H reached a value of about
0.2 m. This was the case in 2015 and also in 2010 at the same site (Betbeder et al., 2016).

Flowering and ripening did not trigger abrupt changes in the GPS retrievals. However, these stages corresponded to a change
in H trend. This is illustrated in Supplement Fig. S7, which shows the difference between retrieved vegetation height at a
given date and retrieved vegetation height 15 days before. Flowering and ripening occur towards the end of the growing
period when the vegetation height is no longer increased compared with 15 days before but slightly declines due to wheat
heads tipping down (Wigneron et al., 2002). In order to confirm these findings, it could be recommended to perform GNSS-
IR measurements further over other wheat fields and other crops, together with phenological stage observations combined

with in situ height measurements.
4.6 Potential future applicability and transferability of the retrieval method

In situ VSM observations are not widespread in France and in situ vegetation height observations are generally not available.

Therefore, ISBA simulations are key for water resource monitoring at the country scale. It must be noted that the ISBA
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model is forced by the SAFRAN atmospheric analysis (Durand et al., 1993; Durand et al., 1999) and that SAFRAN is able to
integrate thousands of in situ raingage observations. ISBA is also able to simulate vegetation characteristics such as
vegetation height, leaf area index and above-ground dry biomass. However, in situ VSM observations are needed to validate
the model simulations (e.g. Albergel et al., 2010). From this point of view, the spatial resolution of GNSS retrievals is an
asset. The area sampled by GNSS retrievals is much larger than what can be achieved using individual soil moisture probes
and much smaller than pixel size of satellite-derived products. Longer continuous time periods of GNSS retrievals should be
envisaged to serve as independent validation data sources in statistical methods such as Triple Collocation (Dorigo et al.,
2010).

We successfully assessed the surface soil moisture retrieval technique over a wheat crop field, during the start of the growing
period. However, the rather narrow range of surface soil moisture values during the corresponding experiment time period
limited the representativeness of the obtained retrieval accuracy. Furthermore, our dataset did not include GNSS data and in
situ VSM measurements for periods of bare soil. Longer periods presenting a bare soil surface should be investigated in
further studies. At the same time, more in situ vegetation measurements should be carried out in further studies.

The retrieved vegetation height was based on the dominant period of the average power spectrum. The latter was derived
from GPS multipath SNR data for elevation angles between 5 and 20 degrees. We only considered the dominant period
variations, without accounting for instantaneous phase changes. The accuracy of the retrieved vegetation height could
probably be improved considering changes in both period and phase of the multipath SNR oscillations.

In this study, only the SNR data of L1 C/A signal is used, SNR data from different wavelength (e.g., L1 C/A, L2C and L5)
should also be compared or combined to survey canopy characteristics.

A linear relationship between wheat height and dry biomass was observed during the period from wheat tillering to ripening.
Retrieving dry biomass is a motivation for further research because most current satellite vegetation products focus on
retrieving vegetation indexes or leaf area index. The dry biomass is directly related to the wheat yield, and retrieving wheat
height could have applications in crop monitoring. In this study, only wheat is considered. Other crops should be

investigated in the future.

5. Conclusions

GNSS SNR data were obtained using the SNR GNSS-IR technique over an intensively cultivated wheat field in
southwestern France. The data were used to retrieve either soil moisture or relative vegetation height during the growing
period of wheat. Vegetation growth tended to decrease the relative antenna height and broke up the constant height
assumption used in soil moisture retrieval algorithms. Soil moisture could not be retrieved after wheat tillering. A new
algorithm based on a wavelet analysis was implemented and used to extract the dominant period of the SNR and further to
retrieve vegetation height. The dominant period was derived from the peak period of the average power spectrum derived

from a wavelet analysis of SNR. The method proposed by CH16 was used to retrieve soil moisture under sparse vegetation
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conditions, before wheat tillering. Soil moisture was retrieved on a daily basis with a precision (SDD) of 0.008 m®m,
Before tillering, only one stable peak was observed in the average power spectrum, because the soil surface was the
dominant GNSS reflecting surface. During and after tillering (10-20 March), the reflected GNSS signal included
contributions from both soil and vegetation. More than one peak was observed in the average power spectrum together with
low values of peak power, showing that there were no clear dominant reflecting surface. Wheat growth gradually raised the
reflecting surface of the GNSS signal, from the soil surface to the vegetation surface, which significantly modulated the
dominant period of the multipath SNR data. In these conditions, vegetation effects could not be ignored and soil moisture
could not be retrieved. The retrieved vegetation height was in good agreement with the in situ observations, and was
consistent with a lodging event. However, the retrieved height consisted of several levels. Using a moving average on the
retrieved height permitted a better match with the in situ height measurements: a precision of 3.8 cm could be achieved,
against 5.5 cm for the original retrievals. Furthermore, several indicators derived from the wavelet analysis could be used to
detect tillering. We also found that VWC impacts the peak power but the latter cannot be used to retrieve VWC at this stage.

18



10

15

20

25

30

Acknowledgments. The work of Sibo Zhang and Karen Boniface was supported by the STAE (Sciences et Technologies
pour I’ Aéronautique et I’Espace) foundation, in the framework of the PRISM (Potentialités de la Réflectométrie GNSS In-
Situ et Mobile) project. Authors would also thanks the farmer, Mr Blanquet, for his time and the person who helped for
collecting ground data.

References

Albergel, C., Calvet, J.C., De Rosnay, P., Balsamo, G., Wagner, W., Hasenauer, S., Naeimi, V., Martin, E., Bazile, E.,
Bouyssel, F. and Mahfouf, J.F.: Cross-evaluation of modelled and remotely sensed surface soil moisture with in situ data
in southwestern France, Hydrol. Earth Syst. Sci., 14(11), 2177-2191, doi:10.5194/hess-14-2177-2010, 2010.

Betbeder, J., Fieuzal, R., Philippets, Y., Ferro-Famil, L., and Baup, F.: Contribution of multitemporal polarimetric synthetic
aperture radar data for monitoring winter wheat and rapeseed crops, J. Appl. Remote Sens., 10(2), 026020,
doi:10.1117/1.JRS.10.026020, 2016.

Bilich, A., and Larson, K. M.: Mapping the GPS multipath environment using the signal-to-noise ratio (SNR), Radio
Science, 42(6), RS6003, doi:10.1029/2007RS003652, 2007.

Boniface, K., Braun, J. J., McCreight, J.L., and Nievinski, F.G.: Comparison of snow data assimilation system with GPS
reflectometry snow depth in the western United States, Hydrological Processes, 29 (10), 2425-2437,
d0i:10.1002/hyp.10346, 2015.

Chan S. K., Bindlish, R., O’Neill, P. E., Njoku, E., Jackson, T., Colliander, A., Chen, F., Burgin, M., Dunbar, S., Piepmeier,
J., Yueh, S., Entekhabi, D., Cosh, M. H., Caldwell, T., Walker, J., Wu, X., Berg, A., Rowlandson, T., Pacheco, A.,
McNairn, H., Thibeault, M., Martinez-Fernandez, J., Gonzélez-Zamora, A., Seyfried, M., Bosch, D., Starks, P., Goodrich,
D., Prueger, J., Palecki, M., Small, E. E., Zreda, M., Calvet, J.-C., Crow, W., and Kerr, Y.: Assessment of the SMAP
passive soil moisture product, IEEE Trans. Geosci. Remote Sens., 54 (8), 4994 - 5007, d0i:10.1109/TGRS.2016.2561938,
2016.

Chew, C. C., Small, E. E., Larson, K. M., and Zavorotny, V. U.: Effects of near-surface soil moisture on GPS SNR data:
development of a retrieval algorithm for soil moisture, IEEE Transactions on Geoscience and Remote Sensing, 52(1), 537-
543, d0i:10.1109/TGRS.2013.2242332, 2014.

Chew, C. C., Small, E. E., Larson, K. M., and Zavorotny, V. U.. Vegetation sensing using GPS-interferometric
reflectometry: theoretical effects of canopy parameters on signal-to-noise ratio data, IEEE Transactions on Geoscience and
Remote Sensing, 53(5), 2755-2764, doi:10.1109/TGRS.2014.2364513, 2015.

Chew, C., Small, E. E., and Larson, K. M.: An algorithm for soil moisture estimation using GPS-interferometric
reflectometry for bare and vegetated soil, GPS Solutions, 20(3), 525-537, d0i:10.1007/s10291-015-0462-4, 2016.

19



10

15

20

25

30

Darrozes, J., Gaillot, P., De Saint-Blanquat, M., and Bouchez, J.L.: Software for multi-scale image analysis: The normalized
optimized Anisotropic Wavelet Coefficient method, Computers & Geosciences, 23(8), 889-895, doi:10.1016/S0098-
3004(97)00063-0, 1997.

Decharme, B., Boone, A., Delire, C., and Noilhan, J.: Local evaluation of the Interaction between Soil Biosphere
Atmosphere soil multilayer diffusion scheme using four pedotransfer functions, J. Geophys. Res., 116, D20126,
d0i:10.1029/2011JD016002, 2011.

Dorigo, W. A., Scipal, K., Parinussa, R. M., Liu, Y. Y., Wagner, W., de Jeu, R. A. M., and Naeimi, V.. Error
characterisation of global active and passive microwave soil moisture datasets, Hydrol. Earth Syst. Sci., 14(12), 2605—
2616, doi:10.5194/hess-14-2605-2010, 2010.

Dorigo, W.A., Xaver, A., Vreugdenhil, M., Gruber, A., Hegyiova, A., Sanchis-Dufau, A.D., Zamojski, D., Cordes, C,
Wagner, W, and Drusch, M.: Global automated quality control of in situ soil moisture data from the International Soil
Moisture Network, Vadose Zone Journal, 12(3), doi:10.2136/vzj2012.0097, 2013.

Durand, Y., Brun, E., Merindol, L., Guyomarc’h, G., Lesaffre, B., and Martin, E.: A meteorological estimation of relevant
parameters for snow models, Ann. Geophys., 18(1), 65—71, doi:10.1017/S0260305500011277, 1993.

Durand, Y., Giraud, G., Brun, E., Merindol, L., and Martin, E.: A computer-based system simulating snow-pack structures as
a tool for regional avalanche forecasting, Ann. Glaciol., 45(151), 469-484, doi:10.1017/S0022143000001337, 1999.

Duveiller, G., Weiss, M., Baret, F., and Defourny, P.: Retrieving wheat green area index during the growing season from
optical time series measurements based on neural network radiative transfer inversion, Remote Sensing of Environment,
115(3), 887-896, d0i:10.1016/j.rse.2010.11.016, 2011.

Escalera, E., and MacGillivray, H.T.: Topology in galaxy distributions: method for a multi-scale analysis. A use of the
wavelet transform, Astronomy and Astrophysics, 298, 1-21, 1995.

Fieuzal, R., Baup, F., and Marais-Sicre, C.: Monitoring wheat and rapeseed by using synchronous optical and radar satellite
data—From temporal signatures to crop parameters estimation, Advances in Remote Sensing, 2(2), 33222,
doi:10.4236/ars.2013.22020, 2013.

Foti, G., Gommenginger, C., Jales, P., Unwin, M., Shaw, A., Robertson, C., and Rosello, J.: Spaceborne GNSS reflectometry
for ocean winds: First results from the UK TechDemoSat-1 mission, Geophysical Research Letters, 42(13), 5435-5441,
d0i:10.1002/2015GL064204, 2015.

Gaillot, P., Darrozes, J. and Bouchez, J.L.: Wavelet transform: a future of rock fabric analysis?, Journal of Structural
Geology, 21(11), 1615-1621, d0i:10.1016/S0191-8141(99)00073-5, 1999.

Gastal, F., and Lemaire, G.: N uptake and distribution in crops: an agronomical and ecophysiological perspective, J. Exp.
Bot., 53(370), 789-799, doi:10.1093/jexbot/53.370.789, 2002.

Georgiadou, Y.,and Kleusberg, A.: On carrier signal multipath effects in relative GPS positioning, Manuscripta geodaetica,
13(3), 172-179, 1988.

20



10

15

20

25

30

Grinsted, A., Moore, J.C., and Jevrejeva, S.: Application of the cross wavelet transform and wavelet coherence to
geophysical time series, Nonlinear processes in geophysics, 11(5/6), 561-566, 2004.

Hagelberg, C. and Helland, J.: Thin-line detection in meteorological radar images using wavelet transforms, Journal of
Atmospheric and Oceanic Technology, 12(3), 633-642, doi:10.1175/1520-0426, 1995.

Kerr, Y., Waldteufel, P., Wigneron, J., Martinuzzi, J., Font, J., and Berger, M.: Soil moisture retrieval from space: The Soil
Moisture and Ocean Salinity (SMOS) mission, IEEE T. Geosci. Remote, 39(8), 1729-1735, doi:10.1109/36.942551, 2001.

Koch, F., Schlenz, F., Prasch, M., Appel, F., Ruf, T. and Mauser, W.: Soil Moisture Retrieval Based on GPS Signal Strength
Attenuation, Water, 8(7), 276, doi:10.3390/w8070276, 2016.

Labat, D.: Recent advances in wavelet analyses: Part 1. A review of concepts, Journal of Hydrology, 314(1), 275-288, 2005.

Lafont, S., Zhao, Y., Calvet, J.-C., Peylin, P., Ciais, P., Maignan, F., and Weiss, M.: Modelling LAI, surface water and
carbon fluxes at high-resolution over France: comparison of ISBA-A-gs and ORCHIDEE, Biogeosciences, 9(1), 439-456,
d0i:10.5194/bg-9-439-2012, 2012.

Larson, K. M., Small, E. E., Gutmann, E. D., Bilich, A. L., Braun, J. J., and Zavorotny, V. U.: Use of GPS receivers as a soil
moisture network for water cycle studies, Geophysical Research Letters, 35(24), doi:10.1029/2008GL036013, 2008.

Larson, K. M., Braun, J. J., Small, E. E., Zavorotny, V. U., Gutmann, E. D., and Bilich, A. L.: GPS multipath and its relation
to near-surface soil moisture content, IEEE Journal of Selected Topics in Applied Earth Observations and Remote
Sensing, 3(1), 91-99, doi:10.1109/JSTARS.2009.2033612, 2010.

Larson, K. M., and Nievinski, F. G.: GPS snow sensing: results from the EarthScope Plate Boundary Observatory, GPS
solutions, 17(1), 41-52, doi:10.1007/s10291-012-0259-7, 2013.

Larson, K. M., Small, E. E., Chew, C. C., Nievinski, F. G., Pratt, J., McCreight, J. L., Braun, J., Boniface, K., and Evans, S.
G.: PBO H20O: Plate Boundary Observatory Studies of the Water Cycle, American Geophysical Union, Fall Meeting, San
Francisco, 9-13 December, 2013.

Larson, K. M., and Small, E. E.: Normalized microwave reflection index: A vegetation measurement derived from GPS
networks, IEEE Journal of Selected Topics in Applied Earth Observations and Remote Sensing, 7(5), 1501-1511,
doi:10.1109/JSTARS.2014.2300116, 2014.

Larson, K. M.: GPS interferometric reflectometry: applications to surface soil moisture, snow depth, and vegetation water
content in the western United States, Wiley Interdisciplinary Reviews: Water, 3(6), 775-787, doi:10.1002/wat2.1167,
2016.

Masson, V., Le Moigne, P., Martin, E., Faroux, S., Alias, A., Alkama, R., Belamari, S., Barbu, A., Boone, A., Bouyssel, F.,
Brousseau, P., Brun, E., Calvet, J.-C., Carrer, D., Decharme, B., Delire, C., Donier, S., Essaouini, K., Gibelin, A.-L.,
Giordani, H., Habets, F., Jidane, M., Kerdraon, G., Kourzeneva, E., Lafaysse, M., Lafont, S., Lebeaupin Brossier, C.,
Lemonsu, A., Mahfouf, J.-F., Marguinaud, P., Mokhtari, M., Morin, S., Pigeon, G., Salgado, R., Seity, Y., Taillefer, F.,
Tanguy, G., Tulet, P., Vincendon, B., Vionnet, V., and Voldoire, A.: The SURFEXv7.2 land and ocean surface platform

21



10

15

20

25

30

for coupled or offline simulation of earth surface variables and fluxes, Geosci. Model Dev., 6, 929-960, doi:10.5194/gmd-
6-929-2013, 2013.

Morisette, J.T., Baret, F., Privette, J.L., Myneni, R.B., Nickeson, J.E., Garrigues, S., Shabanov, N., Weiss, M., Fernandes, R.,
Leblanc, S., Kalacska, M., Sanchez-Azofeifa, G.A., Chubey, M., Rivard, B., Stenberg, P., Rautiainen, M., Voipio, P.,
Manninen, T., Pilant, A.N., Lewis, T.E., liames, J.S., Colombo, R., Meroni, M., Busetto, L., Cohen, W., Turner, D.P.,
Warner, E.D., Petersen, G.W., Seufert, G., and Cook, R.: Validation of global moderate-resolution LAI products: A
framework proposed within the CEOS land product validation subgroup, IEEE Transactions on Geoscience and Remote
Sensing, 44(7), 1804-1817, 2006.

Motte, E., Egido, A., Roussel, N., Boniface, K., Frappart, F., Baghdadi, N., and Zribi, M.: Applications of GNSS-R in
continental hydrology, Land Surface Remote Sensing in Continental Hydrology, Amsterdam, The Netherlands: Elsevier,
281-321, doi:10.1016/B978-1-78548-104-8.50009-7, 2016.

Njoku, E.G., Wilson, W.J., Yueh, S.H., Dinardo, S.J., Li, F.K., Jackson, T.J., Lakshmi, V. and Bolten, J.: Observations of
soil moisture using a passive and active low-frequency microwave airborne sensor during SGP99, IEEE Transactions on
Geoscience and Remote Sensing, 40(12), 2659-2673, doi:10.1109/TGRS.2002.807008, 2002.

Ouillon, G., Sornette, D. and Castaing, C.: Organisation of joints and faults from 1-cm to 100-km scales revealed by
optimized anisotropic wavelet coefficient method and multifractal analysis, Nonlinear Processes in Geophysics, 2(3/4),
158-177, 1995.

Roesch, A., Schmidbauer, H., and Roesch, M. A.: Package ‘WaveletComp’, 2014.

Roussel, N., Frappart, F., Ramillien, G., Darrozes, J., Desjardins, C., Gegout, P., Pérosanz, F., and Biancale, R.: Simulations
of direct and reflected wave trajectories for ground-based GNSS-R experiments, Geoscientific Model Development, 7,
2261-2279, doi:10.5194/gmd-7-2261-2014, 2014.

Roussel, N., Frappart, F., Ramillien, G., Darrozes, J., Baup, F., Lestarquit, L., and Ha, M. C.: Detection of Soil Moisture
Variations Using GPS and GLONASS SNR Data for Elevation Angles Ranging From 2° to 70°, IEEE Journal of Selected
Topics in Applied Earth Observations and Remote Sensing, 9(10), 4781-4794, doi:10.1109/JSTARS.2016.2537847, 2016.

Small, E. E., Larson, K. M., and Braun, J. J.: Sensing vegetation growth with reflected GPS signals, Geophysical Research
Letters, 37(12), L12401, doi:10.1029/2010GL042951, 2010.

Small, E. E., Larson, K. M., and Smith, W. K.: Normalized microwave reflection index: validation of vegetation water
content estimates from Montana grasslands, IEEE Journal of Selected Topics in Applied Earth Observations and Remote
Sensing, 7(5), 1512-1521, doi:10.1109/JSTARS.2014.2320597, 2014,

Small, E. E., Larson, K. M., Chew, C. C., Dong, J., and Ochsner, T. E.: Validation of GPS-IR soil moisture retrievals:
Comparison of different algorithms to remove vegetation effects, IEEE Journal of Selected Topics in Applied Earth
Observations and Remote Sensing, 9(10), 4759-4770, doi:10.1109/JSTARS.2015.2504527, 2016.

Torrence, C. and Compo, G.P.: A practical guide to wavelet analysis, Bulletin of the American Meteorological society,
79(1), 61-78, doi:10.1175/1520-0477, 1998.

22



10

15

Vey, S., Glintner, A., Wickert, J., Blume, T., and Ramatschi, M.: Long-term soil moisture dynamics derived from GNSS
interferometric reflectometry: A case study for Sutherland, South Africa, GPS Solutions, 20(4), 641-654,
d0i:10.1007/s10291-015-0474-0, 2016.

Wan, W., Larson, K. M., Small, E. E., Chew, C. C., and Braun, J. J.: Using geodetic GPS receivers to measure vegetation
water content, GPS Solutions, 19(2), 237-248, d0i:10.1007/s10291-014-0383-7, 2015.

Wigneron, J.P., Ferrazzoli, P., Olioso, A., Bertuzzi, P. and Chanzy, A.: A simple approach to monitor crop biomass from C-
band radar data, Remote Sens. Environ., 69(2), 179-188, doi:10.1016/S0034-4257(99)00011-5, 1999.

Wigneron, J.P., Chanzy, A., Calvet, J.C., Olioso, A. and Kerr, Y.: Modeling approaches to assimilating L band passive
microwave observations over land surfaces, Journal of Geophysical Research: Atmospheres, 107(D14),
doi:10.1029/2001JD000958, 2002.

Zavorotny, V. U., Larson, K. M., Braun, J. J., Small, E. E., Gutmann, E. D., and Bilich, A. L.: A physical model for GPS
multipath caused by land reflections: Toward bare soil moisture retrievals, IEEE Journal of Selected Topics in Applied
Earth Observations and Remote Sensing, 3(1), 100-110, doi:10.1109/JSTARS.2009.2033608, 2010.

Zavorotny, V. U., Gleason, S., Cardellach, E., and Camps, A.: Tutorial on remote sensing using GNSS bistatic radar of
opportunity, IEEE Geoscience and Remote Sensing Magazine, 2(4), 8-45, doi:10.1109/MGRS.2014.2374220, 2014.

23



Table 1. Soil moisture scores from 16 January to 5 March 2015.

GPSvs. | GPSvs. |GPSvs.in| GPSwvs. GPs GPs ISBA vs.
in situ ISBA situ ISBA (pinded) V5. | (pinied) VS. in situ
in situ ISBA
S (m*m3deg?) 0.0148 0.0033 - - -
N 47 43 47 43 47 43 43
MAE (m3m) 0.036 0.034 0.011 0.018 0.007 0.009 0.009
RMSE (m3m) 0.046 0.041 0.014 0.022 0.009 0.012 0.010
SDD (m*m®) 0.036 0.037 0.009 0.012 0.008 0.011 0.006
Mean bias (m®m3) 0.029 0.019 -0.010 -0.018 0.003 -0.005 0.008
R? 0.73 0.63 0.73 0.63 0.74 0.65 0.88
5 Table 2. Sub-daily variability (standard deviation, in m3m-®) of VSM estimates.
Minimum | Maximum Average value
In situ observations 0.000 0.009 0.002
ISBA simulations 0.000 0.021 0.005
GPS retrievals with S = 0.0148 m3m-deg™ 0.012 0.090 0.036
GPS retrievals with S = 0.0033 m3m-3deg™ 0.003 0.020 0.008
GPS retrievals from scaled soil wetness indexes 0.005 0.017 0.009
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Table 3. Vegetation height retrievals from GPS and simulations from ISBA, and their relative deviations for each in situ

height observation. The phenological statuses are derived from the GDD model.

Dates Phenological in situ GPS ISBA in situ - GPS in situ - ISBA
(YYear 2015) status height (cm) | height (cm) | height (cm) (cm) (cm)
20 January - 10 18.4 154 -8.4 5.4

10 March - 20 15.7 145 4.3 55
12 March Tillering - 15.5 15.6 - -
30 March - 35 40.4 24.6 -5.4 10.4
24 April - 55 65.3 70.0 -10.3 -15.0
19 May - 97 102.9 100.0 -5.9 -3.0
29 May - 100 101.7 100.0 -1.7 0.0
31 May Flowering - 102.4 100.0 - -
3 June Ripening - 101.9 100.0 - -
18 June - 39 40.5 100.0 -1.5 -61.0

10 Table 4. Vegetation height scores from 10 March to 11 June 2015.

GPS vs. in| Moving average (21 | GPS vs. Moving average (21 ISBA vs.
situ days) GPS vs. in situ ISBA days) GPS vs. ISBA in situ
N 5 5 87 94 5

MAE (cm) 55 3.7 8.9 9.0 6.8
RMSE (cm) 6.2 5.0 12.4 11.6 8.6
SDD (cm) 5.5 3.8 12.5 11.6 9.6
Mean bias (cm) 3.8 3.7 -0.6 -0.8 0.4
R? 0.98 0.99 0.89 0.91 0.95

25



elevation (degrees)

b
(@) 5 7 9 11 13 15 17 20 @
T T T T T T T T T
s —— SNRmpi  ——  wavelet fit N
> 8f > O
> >
a OF [=)]
£ E -
Z 3t 5
& 2
I ] I | nc_) o
05:00 05:10 05:20 05:30 05:40 128 512 1024
2015-01-21 time (UTC eriod (s
©) ( ) (d) p (s)
24 ~ oF
|
— N_
3 14 <
S 1.0 e
(o8
05 2
- > o _.1 o oR | 1 1
05:00 05:10 05:20 05:30 (VV7s ) 5 10 15 20
2015-01-21 time (UTC) elevation (degrees)

Figure 1. Example of a usable GPS01 ascending track SNR data set from 04:50 UTC to 05:38 UTC on 21 January 2015: (a)
Multipath SNR data (in V V1), (b) average power spectrum with its maximum value (red dot), and (c) power spectrum for periods
from 128 to 1024 s. The red line in (a) is the reconstructed SNR data by the daughter wavelet corresponding to the peak period
(362 s) indicated in (b). The power at the peak period across elevation angles (d) presents a maximum value at an elevation angle
of about 9 degrees.
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Figure 2. Normalized amplitude (Anorm) time series (black dots) and probability distribution (grey bars) of low quality tracks
among all available satellite tracks on a daily basis from 16 January to 15 July 2015. The empirical Anorm threshold (0.78) is shown
by the grey dashed line, and the soil moisture can be retrieved from 16 January to 5 March 2015 depending on it. Our field
intuitive estimated Anorm threshold (0.88) depending on the Anorm in post-harvest (after 30 June) is shown by the red dashed line,
and it indicates the soil moisture can be retrieved from 16 January to 1 March 2015.
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median of the daily GPS retrievals (a) with the a priori slope (S = 0.0148 m3m-degree) (red line), (b) with a locally adjusted slope
(S = 0.0033 m3m3degree) (red line) and (c) from scaled soil wetness index (red line), and their daily statistical distribution (black
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February.
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Figure 4. VSM GPS retrievals (N = 47) versus daily mean in situ VSM observations (m®m) at 5 cm from 16 January to 5 March
2015, (a) with the a priori slope S = 0.0148 m3m-3degree’, VSM = 0.0148A¢ + 0.252, (b) with the locally adjusted slope S = 0.0033
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referred from Table 1.
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Figure 7. Wheat canopy height from 16 January to 15 July 2015 derived from GPS SNR data (black dots), from in situ
observations (red squares), and from ISBA simulations (blue crosses). The green line represents the moving average of the GPS
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Figure 9. The box plots of (a) the peak power from a wavelet analysis, (b) standard deviation (STD) score of the retrieved
vegetation height and (c) the retrieved vegetation height (rescaled in A units) for all available satellite tracks from 16 January to 15
July 2015. The mean value of the peak power in (a) and of the retrievals in (c) are shown by red lines. In (a), the grey line shows
the statistical distribution of bad quality tracks (the number of the bad quality tracks can be obtained multiplying by 37), the
green line represents the rainfall (daily precipitation in mm d* can be obtained multiplying by 50). In (c), the rescaled in situ
observations are shown by green squares.
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Use of reflected GNSS SNR data to retrieve either soil moisture or
vegetation height over a wheat crop

S. Zhang et al.
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Locations of the GPS specular reflection points and first Fresnel zones

Larger variability in GPS sub-daily VSM estimates might originate from the different
locations observed. Many local environment factors such as vegetation effects, precipitation,
changes in soil roughness and soil composition, can perturb the GPS VSM estimates. During
satellite overpasses the observed location changes together with the size of the footprint (the
First Fresnel Zone, FFZ) of the GNSS system, in relation to the antenna height and elevation
angle range. It might be another cause of the sub-daily variability of VSM estimates.
Additionally, issues with the SNR data of the L1 C/A signal and the receiving antenna gain
pattern may also affect the VSM estimates. The experiment site of the GPS receiving antenna,
and the corresponding specular points and FFZ areas at 5 degrees and at 20 degrees of
satellite elevation angles (outer circle and inner circle, respectively) are shown in Fig. S1.
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Figure S1 - (a) Antenna of the GNSS site at 2.51 m above the soil surface over an
experimental field covered by rainfed winter wheat in Lamasquére, France (43°29'10"N,
1°13'57"E) on 24 April 2015. (b) Locations of the GPS specular reflection points and first
Fresnel zones (FFZ). This simulation is done on 21 January 2015 for satellite elevation angles
ranging from 5 to 20 degrees (outer circle and inner circle, respectively).



SNR data

At the Lamasqueére site, data from GPS satellites should in theory be received twice per day.
However, in practice, some of the satellites were only received once per day.

Figure S2 shows two typical satellite SNR time series for one day (21 January 2015). For
GPS01 (top figure), only one ascending track (from low elevation to high elevation) and one
descending track (from high elevation to low elevation) were recorded. For GPS18 (bottom
figure), there were two ascending tracks and two descending tracks. The observation area (i.e.
the reflecting surface) for the ascending track differed from the area seen by the descending
track. Thus, we separated the ascending data from data of the descending satellite tracks. For
GPS01, we obtained two time series (ascending and descending), and for GPS18 we obtained
four time series. Furthermore, GPS01 reached high elevation angles (its maximum elevation
angle was about 77°), making its elevation angle change faster than that of GPS18 (its
maximum elevation angles were about 45° and 29°). Because these differences in maximum
satellite elevation angle and elevation angle change rate substantially affected the period of
the SNR data, we only used the satellite tracks with at least 40° maximum elevation for
retrieving vegetation height. In the case of Fig. S2, this means that we only used the GPS01
track and the morning GPS18 track. The evening GPS18 track was discarded. Then, within
selected tracks, only a valid segment SNR data for elevation angles between 5° and 20° were
used.
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Figure S2 - Recorded S1C SNR data at Lamasqueére for (top) GPS01 and (bottom) GPS18,
on 21 January 2015.



Wavelet Analysis

The WaveletComp R package analyzes the period structure using the "mother” Morlet
wavelet (Fig. S3):

w(t) = 72_—1/4eiaxe—t2/2 (S1)

The angular frequency w is set to 6, as recommended by Torrence and Compo (1998). The
Morlet wavelet transform of the multipath SNR time series (SNRmpi) is defined as the
convolution of the series with a set of "wavelet daughters™ generated by the mother wavelet
by translation in time by 7z and scaling by s:

Wave(z,s)= > SNR,,, % y/*(t_TT) (S2)

where (*) denotes the complex conjugate. The localized estimates of the particular daughter
wavelet in the time domain is determined by the localizing time parameter 7 being shifted by
a time increment of dt depending on the sampling interval. The wavelet transform is
computed for a wavelet scale (s) set of interest, which is a fractional power of 2,

S; =52, j=01,...,J (S3)

The minimum (maximum) scale is fixed via the choice of the minimum (maximum) period
interest depending on the possible relative antenna height change through the conversion
factor 6/(27). In this study they were set as 128 s and 1024 s, respectively. The wavelet

transform can be separated into real part and imaginary part, thus providing information on
both local amplitude and instantaneous phase of any periodic process across time. The local
power of any periodic component of the time series under investigation is

Power(z,s) = %[\Nave(r, s)|2 (S4)

Known as the wavelet power spectrum.
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Figure S3- The Morlet mother wavelet, real part (black line) and imaginary part (green line)
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GDD (growing degree days) model

Temperatures at 2 meter from a large scale simulations made over France with a spatial
resolution of 8 km by 8 km were extracted in order to build the growing degree days (GDD)
model for Lamasquere site. The reference data was between year 2009 and 2010, it was sown
on 1 October 2009, and the tillering, flowering and ripening were on 26 March, 9 June and 12
June 2010, respectively. Tepp is calculated as the accumulation of daily mean temperatures
(Trmean), Tmean is calculated in the following way:

T,
T :max+mn_-|-

mean base
2

(S5)

based on the daily minimum (Tmin) and maximum (Tmax) temperatures. Tmean iS further forced
to range between 0°C and 35°C. The base temperature (Thase) Used here for winter wheat is
0°C and the starting date for the accumulated temperature is from 1 October 2009, the
accumulated temperature (Tcpp) is calculated as

TGDD = ZTmean (S6)

This GDD model was applied to year 2015 for our study (Fig. S4), according to the Tgpp in
the GDD model, we obtained the following dates for tillering, flowering, and ripening: 12
March, 31 May, and 3 June 2015, respectively.
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Figure S4 - (left) The growing degree days (GDD) model build in 2010 for winter wheat at
Lamasquére and (right) GDD model build in 2015 at the same site. According to the Tepp
(°C) on the tillering, flowering and ripening in 2010, the corresponding phenological stage
dates in 2015 are estimated.

References

Betbeder, J., Fieuzal, R., Philippets, Y., Ferro-Famil, L., and Baup, F.: Contribution of multitemporal polarimetric synthetic
aperture radar data for monitoring winter wheat and rapeseed crops, J. Appl. Remote Sens. 10(2), 026020, doi:
10.1117/1.JRS.10.026020, 2016.

Duveiller, G., Weiss, M., Baret, F., and Defourny, P.: Retrieving wheat green area index during the growing season from
optical time series measurements based on neural network radiative transfer inversion, Remote Sensing of
Environment, 115(3), 887-896, 2011.



From phase to volumetric soil moisture

$=0.0033 m°m °deg”

<™ 0.35-
E
£
~ 0.30- e
9 A
2 0.25- W
o

0.20 -

0.20 0.25 0.30 0.35
in situ (m3m’3)

Figure S5 - Volumetric soil moisture (VSM) GPS retrievals (N = 47) versus in situ VSM
observations (m®m-3) from 16 January to 5 March 2015, with fitted slope = 0.0033 m®m3deg*
for satellite tracks whose phase presents a linear correlation with in situ soil moisture higher
than 0.9. This occurred for the ascending tracks of GPS 13, 21, 24, 30 and for the descending
tracks of GPS 05, 09, 10, 15, and 23.



Linear relationship between vegetation height and above-ground dry biomass

We found a good linear relationship between the moving average height from GPS retrievals
and the above-ground dry biomass simulated by the ISBA model from 10 March to 29 May
2015 (when the maximum vegetation height, 1 m, was measured), during the time period from
tillering to flowering. The correlation coefficient between the moving average height and the
above-ground dry biomass, with 81 observations, was 0.996.

biomaSSdry =1.05 x heightmoving_avg -0.19 (87)

with biomassgry (the above-ground dry biomass simulations) in kg m and heightmoving_avg (the
moving average height from GPS retrievals) in meter.

A similar result was obtained by Wigneron et al. (2002) over another wheat crop site
(Triticum durum, cultivar prinqual) in spring 1993 (Fig. S6). Although the sowing date (19
March) was late and the crop cycle was rather short, there was still a very good linear
relationship between the in situ wheat height measurements and in situ dry biomass
measurements from 20 April to 11 June 1993 (when the maximum vegetation height, 1 m,
was measured). The correlation coefficient with 25 observations was 0.996.

biomassary = 1.11 x height— 0.19 (S8)

with biomassary (in situ above-ground dry biomass measurements) in kg m= and height (in situ
measurements) in meter.
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Figure S6 - In situ wheat canopy height measurements (25 black dots) and in situ wheat above-
ground dry biomass measurements (brown dots) from 20 April to 11 June 1993 (adapted from
Wigneron et al., 2002).

Reference:

Wigneron, J.P., Chanzy, A., Calvet, J.C., Olioso, A. and Kerr, Y.: Modeling approaches to
assimilating L band passive microwave observations over land surfaces, Journal of Geophysical
Research: Atmospheres, 107(D14), 2002.



GPS retrieved vegetation height difference
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Figure S7 - The difference between retrieved vegetation height at a given date and retrieved
vegetation height 15 days before, from 31 January to 11 June 2015.



Scores

The mean absolute error (MAE) is a quantity used to measure how close retrievals are to the

observations, MAE is given by
1 : OBS GPS

MAE == VSM % —VSM | (S9)
NI

VSMO9BS represents the in situ VSM observations, VSM®™S represents the retrieved soil
moisture by GPS data, n is the valid number of data.
The root mean square error (RMSE) represents the sample standard deviation of the

differences between retrieved values and observed values:

i (VSM iOBS _VSM iGPS )2

RMSE = |/-= - (S10)

The standard deviation of the difference between observations and retrievals (SDD) is

3 (6, —%)°

i=1

SDD = (S11)

n
x, =VSM " —VSM °®* | X is the mean value of x.

The fraction of explained variance is represented by the squared Pearson correlation
coefficient, R?.



