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Abstract 
 
Surface roughness serves as one of key inputs to traditional 
scattering models to predict bistatic scattered fields; these 
model predictions can then be used to support the 
calibration and/or validation of GNSS-R land observations. 
Lidar datasets over the San Luis Valley and the vicinity of 
White Sands were acquired in two airborne campaigns to 
provide information on surface properties for this 
application, including non-detrended and detrended root 
mean square (rms) height, mean slopes, and the variance of 
slopes over a fixed patch size of 30 meters. A spectral 
analysis of surface roughness using the power spectral 
density (PSD) was also conducted. The 2-D PSD shows the 
different characteristics of ‘flat’ and ‘rough’ surfaces. A 
normalized 1-D PSD derived by averaging 2-D results over 
azimuth. A parameterization method is proposed to 
describe this 1-D spectrum using a power law function with 
an exponent and a scale length. The parameterized 
spectrum can be applied in further studies of scattering 
models and the cal/val of GNSS-R land returns. 
 
1 Introduction 
 
Interest in GNSS-Reflectometry has significantly grown 
following the launch of TechDemoSat-1 [1] in 2014 and 
NASA’s Cyclone Global Navigation Satellite System 
(CYGNSS) [2] mission in 2016. Analysis of datasets from 
the two missions has revealed the presence of coherent 
reflected signals over land and thus motivated multiple 
investigations focused on modeling the near specular 
reflection of GNSS signals from Earth’s land surface [3-8]. 
 
To model scattering fields and calibrate GNSS-R land 
returns, traditional scattering theories require knowledge of 
the geometry, the frequency of operation, and a description 
of the land surface roughness. Existing topographic digital 
elevation models (DEMs), such as the SRTM standard 30-
m product [9], are used to infer surface roughness 
information. However, these products’ coarse spatial 
resolution and meter-scale vertical uncertainties make it 
impossible to reveal the ‘intermediate’ scale roughness 
using existing DEMs alone. In contrast, airborne lidar 
measurements can provide finer spatial resolutions and 
higher vertical accuracies over low vegetation areas. 
 
Two areas (in the San Luis Valley, CO and in the vicinity 
of the White Sands, NM) have been selected as CYGNSS 

land calibration/validation (cal/val) sites and instrumented 
with Soil Moisture Sensing Controller And oPtimal 
Estimator (SoilSCAPE) wireless sensor networks [10]. As 
given in Figure 1, an analysis of CYGNSS returns over the 
two areas shows that: 1) The complex topography of the 
San Luis Valley may create coherent returns in some 
situations, however, they are not consistently repeated as 
the coherent recurrence stays below 50% over most of the 
area; 2) The coherent returns in the White Sands area are 
more consistently repeated, and very high coherent 
recurrence appears in the southern part of the area [11, 12].  
 

  
(a)                                           (b) 

Figure 1. Coherence recurrence map computed from 
CYGNSS mission observations for (a) San Luis Valley site 
(b) White Sands site. 

To support CYGNSS land cal/val activities, airborne Lidar 
measurements were acquired by Survey And Mapping, Inc. 
(SAM) over the two areas. The lidar data consists of full 
waveform data, point cloud data, a DEM at 30 cm grid 
resolution, and a DEM at 10 cm grid resolution interpolated 
from the 30 cm DEM. The waveforms represent the lowest-
level data product, while point clouds contain 4D-
position/time, intensity, scan angle, etc., and the DEM is 
the highest-level data product. 
 

       
                  (a)                                       (b) 

Figure 2. Lidar survey area of (a) San Luis Valley site; (b) 
White Sands site. 



2 Surface Roughness 
 
Areas within the 30 cm resolution lidar DEM were first 
sub-divided into “patches” of a specified horizontal size, 
e.g. 30 m. The surface roughness properties, including the 
root mean square (rms) height, mean slope, and variance of 
slopes were then computed for each patch. Examples of the 
DEM, rms height, detrended rms height of the White Sands 
area at 30 m resolution are shown in Figure 3. It is noted 
that the southern part of the survey area has the lowest rms 
height, mean slope, and variance slope, which corresponds 
to the area with highest recurrence of coherent reflections 
[13]. 
  

 
(a)                                           (b) 

  
(c)                                           (d) 

 
(e)                                           (f) 

Figure 3. White Sands site: (a) DEM, (b) rms height, (c) 
mean slope East, (b) mean slope North, (e) variance slope 
East, (f) variance slope North 

 
The patches were also detrended by subtracting a best-fit 
plane from the raw data for each 30 m patch, and the rms 
height of the detrended surface obtained, as shown in 
Figure 4. 
 

  
(a)                          (b)                          (c) 

Figure 4. Detending a 30 m by 30 m patch: (a) raw DEM, 
(b) best-fit plane, (c) detrended DEM  

 

The computed rms height map using the detrended DEMs 
is shown in Figure 5. Compared with the non-detrended 
rms height in Figure 3(b), the detrending process 
minimizes the effect of topographic variations. 
 

 

Figure 5. Detrended rms height of the White Sands site 

 
The surface roughness properties for San Luis Valley and 
White Sands sites are being made available to the public on 
the NASA/JPL Physical Oceanography Distributed Active 
Archive Center (PO.DAAC). 
 
3 Spectral Analysis 
 
3.1 2-D Power Spectral Density 
 
The power spectral density (PSD) decomposes surface 
roughness into contributions from different spatial 
frequencies [14, 15]. The 2-D PSD for a given surface 
patch can be computed by taking the amplitude squared of 
the 2-D FFT of the surface roughness [16, 17]. 
 
Examples of 30 m patches and the calculated PSD are 
shown in Figure 6. It is noticed that surface structure affects 
both the absolute power and directional spreading of PSD: 
the relatively flat surface has a smaller absolute power and 
less variability over the azimuth; while the rougher surface 
has much larger absolute power and more azimuthal 
spreading. 
 

 
(a) 

 
(b) 

Figure 6. Examples of 2-D PSD calcualtion:  (a). relatively 
flat surface; (b) rough surface. Left plots: non-detrended 
patch DEM, middle plots: detrended DEM, right plot: 2-D 
PSD using a logarithmic amplitude scale (zero 
wavenumber at leftmost corner) 
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3.2 1-D PSD vs. Patch Size 
 
The 2-D PSD 𝑊 𝑘 , 𝑘  can averaged over the azimuth to 
obtain a 1-D PSD 
 

𝑊 𝑘
1
𝑁

𝑊 𝑘𝑥, 𝑘𝑦  (1) 

 
where N denotes the number of azimuthal cuts. 
 
The 1-D PSD can further by divided by its peak value to 
obtain a normalized PSD 𝑊 𝑘  
 

𝑊 𝑘
𝑊 𝑘

𝑚𝑎𝑥 𝑊 𝑘
 (2) 

 
A DEM near the Jornada cal/val site JR-1, as shown in 
Figure 7(a), was selected to demonstrate the PSD 
calculation. The normalized 1-D PSDs for different patch 
sizes at 30m, 90m, and 180m were then computed and are 
plotted in Figure 7(b). It is noted that the high-frequency 
parts of the spectrum from three cases are close to each 
other, while the low-frequency part varies as should be 
expected for increasing patch dimensions. The consistent 
apparent power law behavior at large wavenumber in the 
three cases suggests that the high frequency portion of the 
spectrum remains stationary in this region of over length 
scales 30 to 180 m. 
 

 
(a) 

 
(b) 

Figure 7. (a). Selected DEM near JR-1 site; (b) normalized 
1-D PSD vs. wavenumber for different patch sizes 

 
3.3 Parameterized Spectrum 
 
The normalized 1-D PSD was calculated for all 30 m × 30 
m patches and then fit with the functional form [18, 19]  
 

𝑊 𝑘 1 𝑘 𝐿  (3) 

where the exponent 𝛾 is determined by fitting the slope (in 
log-space) using the high-frequency part of the spectrum, 
and the scale length 𝐿 is determined by minimizing a cost 
function: 
 

𝑐𝑜𝑠𝑡 𝐿 log 𝑊 𝑘, 𝛾, 𝐿 log 𝑊 𝑘  (4) 

 
where 𝑘  is the cutoff wavenumber of the spectrum. 
 
Preliminary results for the exponent 𝛾 and scale length 𝐿 
are shown in Figure 8. Note that the two parameters are 
dependent on the type of spectral function as well as the 
selected patch size and spatial resolution of the DEM. 
Further analyses are in progress with results to be reported 
at the presentation. 
 

 
(a) 

 
(b) 

Figure 8. Parameterized surface spectrum for White Sands 
site: (a) exponent 𝜸 (b) scale length 𝑳 (m) 

 
4 Summary 
 
Airborne lidar datasets are essential for assessing the 
presence of roughness on the “intermediate” ~ 1 – 30 m 
horizontal scales of surface topography. Surface roughness 
results from multiple airborne lidar campaigns and their 
spectral analysis were reported in this paper. The derived 
roughness properties and parameterized spectrum could 
serve as key inputs to electromagnetic wave scattering 
models and play a significant role in the cal/val of 
CYGNSS land data. In combination with the in-situ soil 
moisture measured by SoilScape sensors, these may be 
helpful for other GNSS and signal-of-opportunity 
reflectometry missions. 
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