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Key Points: 13 

• A low-cost altimeter to measure water levels of lakes or coastal seas has been 14 

achieved by two classical GNSS receivers on a small UAV 15 

• The accuracy is improved by recursive constraints of temporal continuity, suppressing 16 

large high-frequency variations  17 

• The accuracy depends on elevation angles of GNSS satellites, and also is sensitive to 18 

contaminations of unexpected reflections from lands   19 
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Abstract 20 

Global Navigation Satellite System (GNSS) signals reflected at the water surface are received 21 

together with direct GNSS signals by two low-const receivers deployed to an unmanned 22 

aerial vehicle (UAV). From relative delay of the reflected signals with respect to the direct 23 

ones, the height of the UAV above the water surface can be determined by GNSS 24 

Reflectometry (GNSS-R). The height estimation is originally conducted independently for 25 

each epoch, but by forcing temporally continuous constraints on differences of two receiver 26 

clocks, estimates of whole epochs during the study period are then contributed in the 27 

recursive estimates of the height. Applying the new method to GNSS-R altimetry data during 28 

an approximately 3-min hovering period at around 120-m altitude, the mean and RMS 29 

differences from the measured and estimated heights become improved from 0.72 and 5.87 m 30 

to 0.35 and 3.74 m. The accuracy of measurements is also found strongly depends on 31 

elevation angles of GNSS satellites, and also is sensitive to contaminations of unexpected 32 

reflections such as from lands or ships.  33 

 34 

Plain Language Summary 35 

Recently, a low-cost altimeter mounted on an unmanned aerial vehicle (UAV) has been 36 

developed, which enables to measure water surface height at any time and location. Since 37 

Global Navigation Satellite System (GNSS) signals reflected at the water surface and 38 

received at the UAV always travel longer than the signals directly received at the UAV, the 39 

excess path length of the reflected GNSS signals is used to estimate the height of the UAV 40 

above the water surface. These estimations were conducted independently at each 5-Hz 41 

sampled observation time, but the new method proposed in the present study forces to 42 

contribute whole observations during the study period in estimations at each observation 43 

time, assuming that clock precision of the GNSS receivers does not change abruptly. The 44 

accuracy of the height estimation has been improved to reduce 50% of estimation errors.  45 

 46 

 47 

 48 

1 Introduction 49 

Measurements of water surface height are one of the most fundamental research 50 

activities for disaster preventions (e.g. tsunami and flood), monitoring water mass volumes 51 

(e.g., rivers, lakes, points and global oceans) and also researches of oceanic variations (e.g. 52 

waves, tides and geostrophic velocities). Satellite altimeters have provided unique 53 

observations of the sea surface height in open oceans (e.g. Fu and Cazenave, 2001), but their 54 

use in coastal areas is  limited since an conventional altimeters’ assumption of homogeneous 55 

reflections of microwaves within footprints often corrupts in coastal areas (e.g. Passaro et al., 56 

2014; Ichikawa et al., 2020). Instead, various types of water level gauges are available at 57 

fixed positions along coastlines or lakesides.  58 

Nevertheless, more frequent and/or dense observations of water surface would be 59 

necessary since temporal and spatial variations in coastal areas, lakes or ponds are generally 60 

small. Moreover, some fixed gauge stations may not be in operation  in cases of disasters. 61 

Therefore, a method is required to measure water levels at an arbitrary time and place. Note 62 

that this method would be also useful to calibrate new wide-swath altimeters, such as SWOT 63 

(Surface Water and Ocean Topography) mission (Fu et al., 2017).  64 
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Global Navigation Satellite System (GNSS) is one of most practical solutions to 65 

determine water surface height at an arbitrary time and place. GNSS receivers deployed on 66 

surface drifters or mooring systems can directly measure water level, although difficulty of 67 

their deployment and recovery may limit periods and locations of measurements. Meanwhile, 68 

significant mobility of measurements would be expected for shipborne and airborne 69 

altimeters (e.g. Cretaux et al., 2011) . These altimeters consist of two measurements; precise 70 

height estimations of GNSS receivers on the ships or aircrafts and additional measurements 71 

of vertical distance between the GNSS receivers and the water surface beneath.  72 

Light Detection And Ranging (LiDAR) altimetry (e.g., Zlinszky et al., 2017; Lin et 73 

al., 2019; Fayad et al., 2020) is often used in airborne altimeters to measure the distance from 74 

the water surface. It can accurately measure a range between the LiDAR sensor and the 75 

reflection points on the water surface, but since its nadir footprint is narrow, accuracy of the 76 

range measurements would be sensitive to the attitude of the LiDAR sensor, slope of the 77 

water surface caused by waves, or presence of floating materials on the water surface.  78 

 79 

 80 

Figure 1. Schematic figure of GNSS-R altimetry in Ichikawa et al. (2019). The height of a 81 

UAV with respect to the water level, ℎ, was measured by the PPK positioning method 82 

referring to an in situ base station. Meanwhile, ℎ was estimated from simultaneous 83 

observations of the delays, ∆𝐿𝑖, of reflected signals of GNSS satellites whose elevation 84 

angles are 𝐸𝑖 (𝑖 = 1, 2, … , 𝑁).  85 

 86 
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GNSS Reflectometry (GNSS-R) is another solution to obtain vertical distance 87 

between the water surface and ships or aircrafts. As shown in Fig.1, the path length of GNSS 88 

signals reflected at water surface is always longer than that of the direct GNSS signals. 89 

Therefore, from the temporal delay of the reflected signals with respect to the direct signals, 90 

vertical distance of the water surface and the receiver, h, can be obtained (e.g., Lowe et al., 91 

2002; Martin-Neira et al., 2002; Ruffini et al., 2004; Roussel et al., 2014). In order to 92 

accurately obtain the temporal delay, the direct and reflected GNSS signals should be 93 

recorded by synchronized receivers, otherwise floating clock difference between the two 94 

receivers will be included as an unknown error.  95 

Recently, Ichikawa et al. (2019) has reported a low-cost GNSS-R altimeter that uses 96 

two independent classical receivers on a small unmanned aerial vehicle (UAV); generally, 97 

synchronized receivers are significantly expensive than classical receivers. Since signals of 98 

all GNSS satellites are recorded at the same time, the difference of the clocks of two 99 

receivers are common for all GNSS satellites at a given epoch. Therefore, the clock 100 

difference can be solved for each epoch by the least square method applied to signals of 101 

several GNSS satellites. Their method has achieved 0.03-m accuracy in observing the water 102 

level of a lake, although which strongly depends on the number of available GNSS satellites 103 

and the altitude of the UAV; with the smaller number of available GNSS satellites and the 104 

higher UAV altitude, the worse the accuracy becomes. In addition, the estimated height h 105 

includes significantly large high-frequency fluctuations, reaching the root mean squared 106 

(rms) difference exceeding 3 m even at the best estimates.   107 

In the present study, we further extend the method in Ichikawa et al. (2019) to force 108 

temporally continuity of independent estimations at each single epoch. The clock accuracy of 109 

a receiver may be influenced by environmental factors such as mechanical vibrations, 110 

temperature and pressure, but its variation should be temporally gradual under calm 111 

environmental changes. Based on this assumption, we constrain gradual temporal changes of 112 

the floating clock differences that have been estimated independently for each epoch. The 113 

modified method will be applied in this study to the data during the period when the UAV 114 

was hovering at a high altitude, namely the worst estimates in the Ichikawa et al. (2019). The 115 

materials and methods used in this study are explained in Section 2, followed by descriptions 116 

of the results in Section 3. Discussion and summary are described in Section 4. 117 

 118 

2 Materials and Methods 119 

Ichikawa et al. (2019) made experimental flights at the western coast of Lake Biwa  120 

(35.319°N, 136.077°E), Japan on 7 January 2017, during the period 12:00–14:00 JST. Two 121 

antennas (Tallysman TW4721 and Antcom 4G15L-A-XS-1) were mounted on a quadcopter 122 

(DJI Phantom 2 Vision+) to receive the direct and reflected GNSS signals, respectively. 123 

These were recorded at the 5 Hz rate by two independent classical receivers (ublox NEO-124 

M8T). Due to the limitation of the antennas, only Global Positioning System (GPS) L1 band 125 

signals were used. In addition, since all flights were conducted at the lakeside, signals of GPS 126 

satellites located to the west of the UAV were eliminated since their reflection points could 127 

be on lands rather than on the water surface.  128 

A geodetic 1-Hz GNSS receiver (Hitz NetServe RE) was additionally deployed as an 129 

in situ base station, whose height was 2.75 m above the water level Hs. The vertical height of 130 

the UAV, HPPK, was  estimated using the post-processed kinematic (PPK) positioning method 131 

(RTKLIB, 2018). Since the antenna receiving reflected GNSS signals was deployed 0.15 m 132 
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below the other antenna for the direct GNSS signals, its measured height above the water 133 

level, Ha, is determined as Ha = HPPK +2.75 -0.15 m (Fig. 1).  134 

For a given GNSS satellite with the elevation angle Ei, (Fig. 1), the path length of the 135 

reflected GNSS signal is longer than the direct GNSS signal by 2hsinEi, where h is the height 136 

of the antenna on the UAV (Fig. 1). Meanwhile, the observed delay ∆𝐿𝑖 would be affected by 137 

an unknown floating clock difference between two receivers, ∆𝑇. Since all GNSS satellites 138 

are observed at the same time, the clock difference is common for all GNSS satellites. 139 

Therefore, from 𝑖 = 1, 2, … , 𝑁 satellite observations at an epoch, the following simultaneous 140 

equations can be formulated.  141 

[
∆𝐿1

⋮
∆𝐿𝑁

] = [
2 sin(𝐸1) 1

⋮ ⋮
2 sin(𝐸𝑁) 1

] [
ℎ

𝑐∆𝑇
] + [

𝜖1

⋮
𝜖𝑁

],  (1) 

where c is the speed of light and 𝜖𝑖 is an observational noise. Using the least square method, 142 

the height ℎ and the clock differences ∆𝑇 can be estimated simultaneously as in the following 143 

equation, 144 

[
∑ ∆𝐿𝑖 sin(𝐸𝑖)

∑ ∆𝐿𝑖
] ∼ [

2 ∑ sin2(𝐸𝑖) ∑ sin(𝐸𝑖)

2 ∑ sin(𝐸𝑖) ∑ 1
] [

ℎ
𝑐∆𝑇

].  (2) 

 145 

 146 

Figure 2. Time series of the estimated height h (red) and measured height Ha (blue) (left 147 

ordinate) at one of the flights in Ichikawa et al. (2019). The simultaneously estimated ∆𝑇 is 148 

also plotted by greed dots (right ordinate). The abscissa is the elapsed time in minutes from 149 

noon on 7 January 2017 (JST).  150 

 151 

Figure 2 shows an example of results in Ichikawa et al. (2019). The UAV moved 152 

straight upward and hovered for nearly four minutes at an approximately 120-m altitude, then 153 

moved downward. The estimated height h clearly followed the measured height Ha, although 154 

high-frequency fluctuations whose amplitudes are larger than 10 m are included during the 155 

hovering period (from 27.5 to 31 min). Meanwhile, the simultaneously estimated floating 156 
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clock difference ∆𝑇 showed constant gradual changes, independently from the altitude of 157 

UAV.   158 

 159 

Figure 3. Temporal change rate of the estimated floating clock difference ∆𝑇 shown in Fig. 2 160 

(red dots) and that of the quadratic-fitted ∆𝑇𝑒 (green dots) estimated by the least square 161 

method applied to ∆𝑇. 162 

 163 

 164 

However, the temporal change rate of ∆𝑇 was not actually constant. The change rate 165 

𝑑(∆𝑇) 𝑑𝑡⁄  during the hovering period (when the vertical speed of the UAV, 𝑑𝐻𝑎 𝑑𝑡⁄ , was 166 

within ±0.1 ms-1) at approximately 120 m altitude indicates that it also includes high-167 

frequency fluctuations around the mean value (Fig. 3). Since ∆𝑇 is mainly caused by 168 

difference of clock accuracy of the receivers, which should not change abruptly with the 169 

steady environmental conditions during the hovering, these high-frequency fluctuations of the 170 

estimated ∆𝑇 would not be real changes but errors of the ∆𝑇 estimations associated with 171 

wrong estimations of h that is simultaneously determined . Therefore, temporally-gradual 172 

∆𝑇𝑒 determined by the quadratic-fit of ∆𝑇 is introduced to eliminate these high-frequency 173 

noises (Fig. 3). By subtracting ∆𝑇𝑒in Eq. (1), the simultaneous equations becomes  174 

[
∆𝐿𝑒

1

⋮
∆𝐿𝑒

𝑁

] = [
∆𝐿1 − 𝑐∆𝑇𝑒

⋮
∆𝐿𝑁 − 𝑐∆𝑇𝑒

] = ℎ [
2 sin(𝐸1)

⋮
2 sin(𝐸𝑁)

] + [

𝜖1

⋮
𝜖𝑁

].  (3) 

Using the least square method, the height ℎ can be estimated from ∆𝐿𝑒
𝑖  as in the following 175 

equation  176 

∑ ∆𝐿𝑒
𝑖 sin(𝐸𝑖) ∼ 2ℎ ∑ sin2(𝐸1).  (4) 
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Furthermore, if the observational noise 𝜖𝑖 is negligibly small, h can be roughly estimated 177 

from Eq. (3) by ∆𝐿𝑒
𝑖 2 sin(𝐸𝑖)⁄  for each individual GNSS satellite. 178 

 179 

 180 

3 Results 181 

In this study, we choose the worst accuracy case when the UAV was hovering  at a 182 

high altitude (approximately 120 m) in the first flight of Ichikawa et al. (2019). Five GNSS 183 

satellites were available during this study period (Table 1). Since the sampling rate was 5 Hz, 184 

895 epochs are used during the 179-second period, except for one GPS satellite whose 185 

pseudo random noise (PRN) number is 44. Most satellites were located to the northeast/east 186 

of the UAV, but the satellite with PRN 44 was located to the south of UAV. Since a shoal 187 

was extended to the south/southeast of the observation site, missing observations of PRN 44 188 

could be affected by unexpected reflection from the lands.  189 

 190 

Table 1. GPS Satellites used in the Analysis  191 

PRN 
Elevation angles Azimuth angle epochs 

[deg] 

13 58.0 to 56.9  29.1 to  30.6 895 

28 11.3 to 11.6 68.0 to  66.7 895 

30 9.8 to  8.7 39.6 to  39.3 895 

5 43.3 to 42.3 106.8 to 108.2 895 

44 44.3 to 44.6 152.3 to 153.4 758 

 192 

 193 

 194 

 195 
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 196 

 197 

Figure 4. Time series of the original estimated height h as in Fig. 2 (a), and rough 198 

estimations of the height h by ∆𝐿𝑒
𝑖 2 sin(𝐸𝑖)⁄  in Eq. (3) for PRN 13 (b),  28 (c), 30 (d), 5 (e) 199 

and 44 (f). The measured height Ha is plotted by blue dots in all panels for reference.  200 

 201 

After subtracting the quadratic-fitted ∆𝑇𝑒, the height h is roughly estimated for 202 

individual GPS satellites as ∆𝐿𝑒
𝑖 2 sin(𝐸𝑖)⁄  in Eq. (3), assuming that the observational noise 𝜖𝑖 203 

is small (Fig. 4). Comparing with the original estimation of the height h shown in Fig. 2 (Fig. 204 

4a), two panels (Fig. 4b and 4e) show less fluctuations but the others exhibit extremely larger 205 

fluctuations. As shown in Table 2, the RMS difference from the measured height Ha for the 206 

original estimation (5.87 m) is larger than those for PRN 13 (3.30 m) and PRN 5 (3.82 m), 207 

but smaller than those for PRN 28, 30 and 44 (17.07, 26.80, 11.43m, respectively). Similarly, 208 

the mean differences from Ha show the same tendency as that smaller absolute values for 209 

PRN 13 and 5 (0.27, 0.50 m) and larger absolute values for PRN 28, 30 and 44 (-2.50, 3.88, -210 

3.17 m). The accuracy of these h estimation for each GPS satellite is significantly related 211 

with their elevation angles (Table 1), except for PRN 44; estimations become more accurate 212 

when the elevation angles of GPS satellites are high. This relationship, however, does not fit 213 

to PRN 44 since the elevation angles of PRN 44 (approximately 44.4°) is slightly larger than 214 

that of PRN 5 (approximately 42.8°).  215 
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 216 

Table 2. Statistics of the Difference between the Measured and Estimated Heights  217 

Original estimation by Eq. (2) 

PRN 13+5+28+30+44 

Mean diff. [m] -0.72 

RMS diff. [m] 5.87 

Individual GPS estimates in Eq. (3) 

PRN 13 28 30 5 44 

Mean diff. [m] 0.27 -2.50 3.88 0.50 -3.17 

RMS diff. [m] 3.30 17.07 26.80 3.82 11.43 

Least square methods in Eq. (4) 

PRN 13+5 13+5+28+30 13+5+28+30+44 

Mean diff. [m] 0.36 0.35 -0.51 

RMS diff. [m] 3.37 3.74 4.12 

 218 

 219 

Among three GPS satellites with less accurate estimations, high-frequency variations 220 

with approximately five-second periods are present during the whole duration in PRN 28 221 

(Fig. 4c) and PRN 30 (Fig. 4d), although they tend to be suppressed at around 29.5 min. 222 

Meanwhile, for PRN 44, these high-frequency variations are less significant but extremely 223 

large spiky outliers are occasionally recorded, i.e. at around 27.75 min and 28.6 min. This 224 

would suggest, as anticipated, that errors from local sources, such as lands, are contaminated 225 

only in PRN 44, which also explains why the estimation accuracy is low in spite of the 226 

relatively high elevation angles.  227 

 228 
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 229 

Figure 5. Time series of the estimated height h by the least square method in Eq. (4) from 230 

data of five GPS satellites (orange), four GPS satellites excluding PRN 44 (magenta) and two 231 

GPS satellites PRN 13 and 5 (green). The measured height Ha is also plotted by blue dots.  232 

 233 

Applying the least square method in Eq (4), the estimated height after the removal of 234 

∆𝑇𝑒 is determined (Fig. 5). The estimation with all five GPS satellites results in the better 235 

accuracy than the original estimation, both in the mean and RMS differences (Table 2). When 236 

the data of PRN 44 that could be contaminated by lands are excluded, the accuracy becomes 237 

better. The mean difference from the measured height Ha is 0.35 m, and the RMS difference 238 

is also reduced from 5.87 m to 3.74 m. Meanwhile, the mean and RMS differences do not 239 

change much when data from low-elevation-angle GPS satellites (PRN 28 and 30) are further 240 

excluded, suggesting that they contribute less to the estimation in Eq. (4). . 241 

 242 

4 Discussion and Summary 243 

As seen in Fig. 5, the recursive constraint of temporal continuity of ∆𝑇 certainly 244 

suppress high-frequency noises seen in the original h estimation (Fig. 4a). However, there 245 

still exist long-term variations with periods exceeding one minute with an amplitude of 246 

approximately 5 m. Since simple quadratic function ∆𝑇𝑒 was applied to the noisy ∆𝑇 in the 247 

present study, more complicated functions could be adopted that allow few-minute variations 248 

of clock accuracy of the receivers. Note that, however, extensively complex functions may 249 

not be meaningful since the estimate of ∆𝑇 itself has already been heavily contaminated by 250 

the use of GNSS satellites with low elevation angles or possible land reflections. The best 251 

functional forms for extracting unknown true ∆𝑇 from noisy observations would be discussed 252 

in future studies. Remind that ∆𝑇𝑒 in the present study is estimated from a large number of 253 

individual ∆𝑇 estimates, so that the practical number of GNSS observations concerning with 254 

a single-epoch estimation of  h in Eq. (4) is consequently increased than the original 255 

estimation in Eq. (2).  256 

Figure 4 and Table 2 indicate that errors in the h estimations are sensitive both to the 257 

elevation angles and unexpected reflections such as ones from lands or ships. The former 258 

errors may not be critical since their contribution to the h estimation is less if GNSS satellites 259 
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with higher elevation angles are available. Meanwhile, unexpected reflections may not 260 

negligible as in Fig. 4.  Since low-const GNSS-R altimeters are supposed to be used in 261 

coastal seas and lakes or ponds where numbers of natural or artificial structures are present, 262 

careful treatments on unexpected reflections other than water surface are necessary.  263 

The present method has improved the GNSS-R measurement accuracy from 0.72 m to 264 

0.35 m, although which would still not be enough for some researches. However, note that 265 

the present study treats the worst case when the altitude of the UAV is high and the number 266 

of available GNSS satellites is small. Easily, the hovering altitude of a UAV can be set lower. 267 

Remind also that a lower altitude will confirm that GNSS-R reflection points will be not far 268 

away from the nadir so that unexpected reflections from ships and lands are less likely 269 

included. The number of satellites can be increased by including other GNSS satellites such 270 

as BeiDou, GLONASS and QZSS. Following these suggestions, experimental observations 271 

with multi-types GNSS satellites at lower hovering altitudes will be reported in separated 272 

papers. 273 
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