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Figure S1 - Locations of the GPS specular reflection poiftts a GPS receiver on the
Lamasquére measurement site. This simulations ane @én 21 January 2015. Satellite
elevation angles range from 5 to 20 degrees.



SNR data

At the Lamasquere site, data from GPS satelliteslldhin theory be received twice per day.
However, in practice, some of the satellites wetlg ceceived once per day.

Figure S2 shows two typical satellite SNR time erior one day (21 January 2015). For
GPSO01 (top figure), only one ascending track (flom elevation to high elevation) and one
descending track (from high elevation to low elexat were recorded. For GPS18 (bottom
figure), there were two ascending tracks and twsxeeding tracks. The observation area (i.e.
the reflecting surface) for the ascending trackeddd from the area seen by the descending
track. Thus, we separated the ascending data fedenaf the descending satellite tracks. For
GPSO01, we obtained two time series (ascending asdetiding), and for GPS18 we obtained
four time series. Furthermore, GPSO01 reached Higlagon angles (its maximum elevation
angle was about 77°), making its elevation anglange faster than that of GPS18 (its
maximum elevation angles were about 45° and 298¢aBse these differences in maximum
satellite elevation angle and elevation angle chamge substantially affected the period of
the SNR data, we only used the satellite tracké it least 40° maximum elevation for
retrieving vegetation height. In the case of Fig, ®is means that we only used the GPS01
track and the morning GPS18 track. The evening GR&k was discarded. Then, within
selected tracks, only a valid segment SNR dat&lfaration angles between 5° and 20° were
used.
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Figure S2 - Recorded S1C SNR data at Lamasquere for (top0&RNnd (bottom) GPS18,
on 21 January 2015.



Wavelet Analysis

The WaveletComp R package analyzes the period tsteuaising the "mother” Morlet
wavelet:

W(t) = ﬂ—1/4ei(ute—t2/2 (S1)

The angular frequency is set to 6, as recommended by Torrence and Cdt§#8). The
Morlet wavelet transform of the multipath SNR tinseries (SNRy) is defined as the
convolution of the series with a set of "waveleuglaters” generated by the mother wavelet
by translation in time by and scaling bg:

Wave(r,s) = Y SNR %w’* ¢ (S2)

where (*) denotes the complex conjugate. The laedliestimates of the particular daughter
wavelet in the time domain is determined by thaliaing time parameter being shifted by

a time increment of tddepending on the sampling interval. The wavelandform is
computed for a wavelet scalg 6et of interest, which is a fractional power pf 2

S = Swn2”,j=01,...,d (S3)

The minimum (maximum) scale is fixed via the choadehe minimum (maximum) period
interest depending on the possible relative antdmight change through the conversion
factor 6/(27). In this study they were set as 128 s and 1024spectively. The wavelet
transform can be separated into real part and maagipart, thus providing information on
both local amplitude and instantaneous phase ofpanpdic process across time. The local
power of any periodic component of the time seuieder investigation is

Power (7,s) = %[\Nave(r, s)|2 (S4)

which is called as the wavelet power spectrum.
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Data sorting for vegetation height retrieval

The wavelet analysis is able to detect situatiamsnd which vegetation height retrieval is not
possible. This is illustrated in Fig. S3 for SNRal&lack line in Fig. S3a) acquired on 15
June 2015. There are two peaks in the average psp&strum as shown in Fig. S3b.
Furthermore, the maximum average power is only @bith is significantly smaller than the

maximum average power of 1.4 observed on 21 Jar@y (see Fig. 1b). In Fig. S3a, the
reconstructed SNR data (red line) correspondinipedy (322.5 s in this case) cannot fit the
SNR data as well as in Fig. 1a. The SNR patteralse clearly more noisy, with smaller

amplitudes and less clear pattern in Fig. S3a tharig. 1a. A possible cause is the more
inhomogeneous reflecting surface after the lodgwgnt. Fig. S4 gives the dominant period
(Tgy) time series derived from GPSO01 ascending tracks f16 January 2015 to 15 July 2015
and the green crosses indicate poor quality datashwvere excluded from thi time series.

(a) elevation (degrees) (b)
5 7 9 11 13 15 17 20 o
— ' ' ' ' ' ' ' "1 © [ A 3225054
8- 2 <
> 8_ of ,
S of o [
e o or
(e} —
(% or % 7
19:00 19:10 19:20 19:30 19:40 e 200 4(I)0 6(lJO 8(l)0
2015-06-15 time (UTC) period (s)

Figure S3 - Example of an unusable track data set: (a) ShiR (black line) and (b) average
power spectrum for the ascending track of GPS01%®dune 2015. The red line in (a) is the
reconstructed SNR data by the daughter waveleegponding to the maximum peak period
(322.5 s) in (b). The green crosses in (b) showetlage two peak periods in this track data,
indicating bad quality, unusable data.
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Figure $4 - SNR dominant periodTf) time series (black dots in the bottom sub-figure)
derived from the GPS01 ascending tracks, with tieerycrosses indicate more than one peak
are recognized as bad quality data, from 16 Janwafyp July, 2015. And (top) the average

power spectrums and (middle) power spectrums orséhexted days (red dots in the bottom
sub-figure) are also shown.



From phaseto volumetric soil moisture
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Figure S5 - Volumetric soil moisture (VSM) GPS retrievalsrses in situ VSM observations
(m°’m™) from 16 January to 5 March 2015, with fitted €lop 0.0033 rfm>ded for satellite
tracks whose phase presents a linear correlatidmiwsitu soil moisture higher than 0.9. This
occurred for the ascending tracks of GPS 13, 213@4nd for the descending tracks of GPS
05, 09, 10, 15, and 23.



VSM and multipath phase (g,,, )

We compared the multipath phase time series wiitinVSM observations and ISBA VSM
simulations from 16 January to 15 July (the entwesat growth cycle). It is separated into
two time periods, from 16 January to 5 March (withsignificant vegetation effect8sorm >
0.78) and from 6 March to 15 July (with big vegetateffects Anorm < 0.78). There is a good
linear correlation (0.92, with 47 valid observaspibetween multipath phase and in situ VSM
observations from 16 January to 5 March when thereo significant vegetation effects.
During this time period, the same results are olethiwith or without unwrapping of the
phase. The correlation coefficient is 0.86 (with w8id data) between multipath phase and
ISBA simulated VSM during the same time period. Bfier 5 March, multipath phase is not
related to either observed or simulated VSM. We garad the multipath phase with the
observed and simulated VSM, with or without unwiagp The correlation coefficient is 0.48
(with 51 valid data) between the unwrapped mulhigattase and the observed VSM, and the
correlation coefficient is -0.10 (with 114 validtdabetween the unwrapped multipath phase
and the simulated VSM. Figure S6 also shows theaanhpf not unwrapping the phase.
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Figure S6 - Example of a track data set (descending traots fGPS10): (top) from 16
January to 5 March, with no significant vegetataffects; (middle and bottom) from 6 March
to 15 July, with significant vegetation effects.the top and middle figures, multipath phases
(black dots) are compared with in situ VSM measwets at 5cm (blue line or dots) and
ISBA simulations (red line). In the bottom figurenwrapped multipath phases (black dots)
are used to compare with in situ and simulated VSM.



Adjusting the threshold of the Anorm
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Figure S7 - Normalized amplitudeAqorm) time series (black dots) and probability disttibn
(grey bars) of low quality tracks among all avaiéabatellite tracks on a daily basis from 16
January to 15 July 2015. The empiriéghm threshold (0.78) is shown by the grey dashed
line, and the soil moisture can be retrieved fr@January to 5 March 2015 depending on it.
Our field estimated\orm threshold (0.88) depending on tAg,m on 1 July is shown by the
red dashed line, and it indicates the soil moistae be retrieved from 16 January to 1 March
2015.



Effect of wheat growth on estimating Anorm

Figure S8a shows SNR data acquired on 1 May 2@ Bdximum average power is close to
1 (Fig. S8b), but it#\,orm is only 0.15 (Fig. S7). Comparing Fig. S8a and K8a, it can be
observed that the signal amplitude is larger onal khan that on 15 June. Biom (0.15) on

1 May is even smaller than tiAgom (0.33) on 15 June. Because the hypothesis of sta@on
effective antenna height is not valid, it is likehatA..m was underestimated on 1 May.
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Figure S8 - Example of a track data set: (a) SNR data (blatk) and (b) average power
spectrum for the ascending track of GPS01 on 1 K@¥5. The red line in (a) is the
reconstructed SNR data by the daughter waveleegponding to the peak period (456.1 s) in

(0).
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Figure SO - The daily standard deviation (STD) score of tbigieved vegetation height from
all available satellite tracks from 16 January $aJuly 2015.



Effect of multipath phase (¢,,, )
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Figure S10 - Example of a track data set: (left) multipatrapé @, , in degrees) in Eq. (5)

and (right) unwrapped multipath phase (in degrémsihe descending tracks of GPS10 from
16 January to 15 July 2015.
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GDD (growing degr ee days) model

Temperatures at 2 meter from a large scale sinomstmade over France with a spatial
resolution of 8 km by 8 km were extracted in ortiebuild the growing degree days (GDD)
model for Lamasquére site. The reference data wasgden year 2009 and 2010, it was sown
on 1 October 2009, and the tillering, flowering aipening were on 26 March, 9 June and 12
June 2010, respectivel¥gpp is calculated as the accumulation of daily meanptratures
(Trean), Trean IS Calculated in the following way:

(S5)

based on the daily minimunT§,) and maximum Tx) temperatureslean iS further forced
to range between 0°C and 35°C. The base temper@igge used here for winter wheat is
0°C and the starting date for the accumulated teatpe is from 1 October 2009, the
accumulated temperaturéspp) is calculated as

Teon = 2, Teen (S6)

This GDD model was applied to year 2015 for oudgfwaccording to th&gpp in the GDD
model, we obtained the following dates for tillgyirflowering, and ripening: 12 March, 31
May, and 3 June 2015, respectively.
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Figure S11 - (left) The growing degree days (GDD) model burid2010 for winter wheat at
Lamasquere and (right) GDD model build in 2015h& $ame site. According to tAgpp
(°C) on the tillering, flowering and ripening in PO, the corresponding phenological stage
dates in 2015 are estimated.
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GPSretrieved vegetation height difference
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Figure S12 - Retrieved vegetation height difference (cm) witle value retrieved 15 days
before, from 31 January to 11 June 2015.
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