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Institute for Sustainability & Food Chain Innovation (IS-FOOD), Department of Engineering, Public University of Navarre (UPNA), Arrosadía Campus, 31006 Pamplona, 
Spain   

A R T I C L E  I N F O   

Keywords: 
Azimuthal anisotropy 
Incidence angle 
Normalization 
SAR 
Sentinel-1 
Wheat 

A B S T R A C T   

Dense time series of Sentinel-1 imagery are an invaluable information source for agricultural applications. 
Multiple orbits can observe a specific area and their combination could improve the temporal resolution of the 
time series. However, the orbits have different acquisition geometries regarding incidence and azimuth angles 
that need to be considered. Furthermore, crops are dynamic canopies and the influence of incidence and azimuth 
angles might change during the agricultural season due to different phenological stages. The main objective of 
this letter is to evaluate the influence of different acquisition geometries in Sentinel-1 backscatter time series over 
wheat canopies, and to propose a strategy for their correction. A large dataset of wheat parcels (~40,000) was 
used and 344 Sentinel-1 images from three relative orbits were processed during two agricultural seasons. The 
first analysis was a monthly evaluation of the influence of incidence angle on backscatter (σ0) and terrain flat-
tened backscatter (γ0). It showed that terrain flattening significantly reduced the backscatter dependence on 
incidence angle, being negligible in VH polarization but not completely in VV polarization. Incidence angle 
influence in VV backscatter changed in time due to wheat growth dynamics. To further reduce it, an incidence 
angle normalization technique followed by an azimuthal anisotropy correction were applied. In conclusion, 
γ0 enabled a reasonable combination of different relative orbits, that may be sufficient for many applications. 
However, for detailed analyses, the correction techniques might be implemented to further reduce orbit dif-
ferences, especially in bare soil periods or winter months.   

1. Introduction 

Synthetic aperture radar (SAR) imagery has proven to be useful for 
agricultural applications (Liu et al., 2019), such as crop classification, 
yield forecasting or soil moisture estimation (Steele-Dunne et al., 2017). 
The launch of the Sentinel-1 mission in 2014 made freely available an 
unprecedented collection of worldwide systematically collected C-band 
observations (Berger et al., 2012). Currently, the mission consists of two 
twin satellites that allow a nominal temporal resolution of 6 days. Yet, 
there can be multiple orbits with different acquisition geometries 
(incidence and azimuth angles) observing a specific area, whose com-
bination can reduce the revisit time to less than two days in many parts 
of Europe (Weiß et al., 2021). These denser time series could be inter-
esting for several different applications. However, the combination of 
time series acquired with different orbits might not be so straightfor-
ward, due to the sensitivity of backscatter to image geometry, mainly 
incidence and azimuth angle variations (Bartalis et al., 2006; Gauthier 

et al., 1998; Rizzoli and Bräutigam, 2014; Ulaby et al., 1982). 
In effect, observed backscatter values vary depending on the inci-

dence angle (Ulaby et al., 1982). However, the magnitude of these 
variations depend on target characteristics and scattering mechanisms 
(Ardila et al., 2010). Smooth targets dominated by the specular 
component of surface scattering were found to be particularly sensitive 
to incidence angle variations (Skriver et al., 1999). Conversely, very 
rough soils or vegetation covers, where volume scattering predominates, 
have a lower incidence angle dependence. Similarly, azimuthal effects 
are more prominent in surface scattering situations with predefined 
directional structures. Certainly, both incidence and azimuth angle ef-
fects increase in areas with moderate to strong topography. 

Different methods exist to normalize the incidence angle influence 
on backscatter. One of the most common techniques is the cosine 
correction (Ulaby et al., 1982), based on Lambert’s law for optics, that 
was also modified to account for the dynamics of maize (Feng et al., 
2021). Other methods are based on regression analysis (Phung et al., 
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2020; Wagner et al., 1999), statistical techniques (Mladenova et al., 
2013; Ye et al., 2015), on the backscatter and incidence angle product 
(Kaplan et al., 2021), on radiative-transfer models (Ardila et al., 2010) 
or on empirical relationships with NDVI (Fieuzal et al., 2013). Regarding 
the correction of azimuthal effects, Schaufer et al. (2018) found that 
azimuthal anisotropy was mainly caused by the orientation of topo-
graphic slopes and proposed a matching method for its correction. 
However, some studies identified a different azimuthal behavior for 
different land covers (Bartalis et al. 2006), and eventually a reduced 
influence of azimuthal angles for wheat when compared to incidence 
angle variations (Weiß et al., 2021). On the other hand, Small (2011) 
proposed a radiometric terrain correction method that ‘flattens’ back-
scatter values and potentially enables the combined use of multi-track 
and multi-sensor backscatter time series. 

The case of agricultural land-covers is peculiar, since most crops are 
dynamic targets, and thus scattering mechanisms change during the 
agricultural season. This might change the influence of incidence and 
azimuth angle in backscatter. Wheat is one of the main crops cultivated 
worldwide, with more than 200 million ha cultivated per year (FAO-
STAT, 2021), and it has been extensively investigated using remote 
sensing data, in particular SAR data (Liu et al., 2019). Despite its global 
importance, the effect of incidence and azimuth angle variations in 
backscatter time series, and the dynamics of these effects during the 
growing season of wheat have not been sufficiently studied. Therefore, 
the objective of this letter is to evaluate the influence of incidence and 
azimuth angles on Sentinel-1 backscatter time series acquired over 
wheat fields with different orbits, and to propose a strategy for their 
correction. 

2. Study area and data 

2.1. Study area 

The study area corresponds to the agricultural areas of the province 
of Navarre (Northern Spain) (N42◦40′4.8′′ and W1◦38′52.8′′). This 
province is relatively small (10,391 km2), but the diversity of landscape 
and climate conditions creates regions with marked differences in terms 
of cropping patterns and agricultural management strategies, and as a 
result the province can be divided into seven agricultural regions (Arias 
et al., 2020). 

2.2. Sentinel-1 images 

All available Sentinel-1A and B ground range detected (GRD) images 
covering Navarre from 1 September 2016 to 31 August 2018 were used 
for the analysis. These corresponded to one ascending node (103ASC) 
and two descending nodes (8DESC and 81DESC). In total, 344 images 
were used. The median incidence angle for 103ASC was 41◦, for 8DESC 
was 43◦ and for 81DESC was 34◦. 

Scenes were processed using an automated pipeline in SNAP Graph 
Processing Toolbox that followed this process: 1) thermal noise removal; 
2) slice assembly; 3) apply orbit file; 4) calibration; 5) speckle filtering 
(3x3 Gamma-MAP); 6) range-doppler terrain correction and 7) subset to 
the extent of Navarre. This process produced σ0 backscatter values in dB 
units. A second processing chain was implemented including the terrain 
flattening algorithm (Small, 2011) and resulting in γ0 backscatter co-
efficients (in dB units too). For the terrain flattening and terrain 
correction steps the SRTM 1sec HGT DEM was used. The resulting im-
ages had an output pixel size of 20 m. As an additional output, the local 
incidence angle map was generated for each scene, and used for sub-
sequent analyses. For conciseness, the local incidence angle will be 
referred to as incidence angle in the article. 

2.3. Wheat parcels dataset 

Wheat is cultivated as a winter crop in Navarre. It is typically sown in 

the months of October or November and harvested at the end of June or 
in the first week of July. All wheat parcels for agricultural years 2017 
and 2018 were extracted from the EU Common Agricultural Policy 
(CAP) declarations database provided, as an anonymized version, by the 
Agricultural Department of the Government of Navarre. A 5 m inner 
buffer was applied to the vector file and parcels smaller than 0.5 ha were 
discarded. The median backscatter time series per parcel were calcu-
lated for each orbit. With the aim to exclude parcels that might be 
wrongly declared as wheat, 10% of parcels most dissimilar to the typical 
(median) wheat time series were masked out (Arias et al., 2020). The 
final number of wheat parcels used was 18,750 for 2017 and 20,374 for 
2018. 

2.4. Incidence angle influence on backscatter 

As a preliminary analysis, the dependency of σ0 and γ0 on the inci-
dence angle (θloc) was evaluated by means of the slope of the linear re-
gressions σ0 = f(θloc) and γ0 = f(θloc) fitted for each month. For this, the 
two descending orbits (8DESC and 81DESC) were taken into account, 
covering the complete growth cycle of wheat in Navarre. There, the 
season starts in September and ends in August the year after. Therefore, 
this monthly evaluation comprised both periods of bare and vegetated 
soils. 

Results (Fig. 1) showed clear differences between the slope values 
obtained for σ0 and γ0 backscatter, with typical slope values in VV po-
larization of − 0.25 dB/⁰ for σ0 that decreased to − 0.10 dB/⁰ for γ0. For 
VH polarization slope values (in absolute terms) were smaller but dif-
ferences between σ0 and γ0 backscatter were similar, with slope values of 
− 0.18 dB/⁰ for σ0 and − 0.03 dB/⁰ for γ0. Therefore, the influence of the 

Fig. 1. Monthly slope for wheat parcels. The slope accounts for the linear 
relationship between backscatter and incidence angle. (a) Slope for VH polar-
ization. (b) Slope for VV polarization. 
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incidence angle in backscatter significantly decreased when the terrain 
flattening process was applied. Yet, some residual influence seemed to 
be present. 

There were clear differences between VH and VV polarizations 
(Fig. 1). The slope values were much smaller for VH. The mean slope 
value of − 0.03 dB/⁰ for γ0, indicated an almost negligible influence of 
the incidence angle in γ0 for this polarization. In VV, the obtained slope 
values were larger, illustrating that the influence of the incidence angle 
on backscatter remained after terrain flattening. Slope values were 
slightly larger for the 81DESC orbit that had lower incidence angles. For 
VV polarization, slope values varied during the year. The largest values 
were achieved in periods of smooth bare soils (e.g., November after 
sowing or August after harvest) (~-0.23 dB/⁰ for σ0 and ~ -0.10 dB/⁰ for 
γ0) that decreased steadily with wheat growth reaching a minimum in 
May and June (~-0.16 dB/⁰ for σ0 and ~ -0.04 dB/⁰ for γ0). In these 
months, wheat canopy was at its maximum (BBCH growth stages 5–8) 
and the incidence angle influence was negligible. 

This preliminary analysis recommends applying the terrain flat-
tening algorithm whenever incidence angle variations are significant. 
Yet, some influence remains, so, for detailed analyses an incidence angle 
normalization might be applied to remove eventual biases in VV back-
scatter. Furthermore, this normalization should take into account the 
dynamic nature of crops and the variations in γ0 = f(θloc) relationship 
during the year. 

3. Methodology 

3.1. Backscatter sample selection 

The objective of this analysis is to normalize γ0 VV backscatter time 
series obtained in different orbits, so that they can be used in further 
analyses as a single time series. To evaluate the success of the normal-
ization, a backscatter sample selection is done, selecting for each parcel 
acquisitions of different orbits obtained in a small time-frame. Ideally, in 
case simultaneous acquisitions were available, eventual biases between 
acquisitions would fade after a successful normalization. Longer time- 
frames enhance the probability of backscatter variations between or-
bits due to other ‘disturbing’ factors (e.g., precipitation). Orbits 8DESC 
and 103ASC overpassed the study area the same days at 6:00 and 18:00, 
respectively; and orbit 81DESC 24 h before 8DESC, and thus 36 h before 
103ASC. Since significant changes in wheat conditions are not expected 
in 36 h, backscatter values in this time-frame are considered comparable 
unless a strong weather event or agricultural practice (e.g., tillage or 
harvest) occurred in between. Thus, to mask out these eventual dis-
turbing factors, for each parcel, dates with a γ0 backscatter difference 
between orbit pairs larger than 3 dB were excluded from the analysis. 
This excluded only ~ 15% of the data. To summarize, for each wheat 
parcel a sample of backscatter triplets (in orbits 8DESC, 81DESC and 
103ASC) acquired during the two agricultural seasons was extracted and 
this formed the basis for all subsequent analyses. 

3.2. Incidence angle normalization 

The goal of normalization techniques is to remove the contribution of 
the incidence angle to the total backscatter. Mladenova et al. (2013) 
proposed a technique based on a histogram matching procedure that can 
account for the nonlinear nature of backscatter – incidence angle rela-
tionship. In this study, this technique was applied individually for the 
different periods explained below. The large dataset used in this study 
allowed calculating the statistics needed for the histogram normaliza-
tion at the agricultural region scale, as follows: 

γ0(ref ) = γ0
ref + γ̂0

ref
(γ0 − γ0)

γ̂0 (1) 

where γ0 is radar backscatter in [dB]; ‘–‘ and ‘^’ indicate mean and 

standard deviation for each 1◦ incidence angle bin; and ref refers to 
reference angle. The reference angle was selected as the median inci-
dence angle of the three orbits. As a result, the 40◦ reference angle was 
chosen. 

Considering the different backscatter dependence on incidence angle 
(Fig. 1), two periods were considered: May-June and the rest of the year. 

3.3. Azimuthal anisotropy correction 

After incidence angle normalization, backscatter time series acquired 
in ASC and DESC orbits were subsequently processed to correct their 
eventual differences due to their different observation directions 
(azimuthal anisotropy) following Schaufler et al. (2018) . If no 
azimuthal anisotropy existed, the orbits’ means should be the same: 

γ0(40o)103ASC = γ0(40o)8DESC = γ0(40o)81DESC (2) 

To achieve this, the azimuthal correction method (Schaufler et al., 
2018) computes first a reference backscatter value as the mean of all 
backscatter data from the three orbits: 

γ0
ref = γ0(40o) (3) 

Then, the difference between this reference value and the mean of 
each orbit is the correction factor dorbit necessary to compensate 
azimuthal effects: 

dorbit = γ0
ref − γ0(40o)orbit (4) 

The azimuthal anisotropy is finally corrected by adding dorbit to each 
normalized backscatter value: 

γ0(40o)az corr = γ0(40o)orbit + dorbit (5) 

All the normalized backscatter data from section 3.2. were processed 
with this algorithm. The two periods were also separated for the 
anisotropy correction. 

3.4. Evaluation of results 

A successful correction of incidence angle and azimuthal anisotropy 
contributions would produce the same parcel scale backscatter values 
acquired in different orbits within the established 36 h time-frames. 
Therefore, the absolute backscatter difference (|Δ|) from the three or-
bits was used as an evaluation criteria. The |Δ| between orbits were 
computed pairwise (8DESC-103ASC, 8DESC-81DESC and 81DESC- 
103ASC) for each parcel. These |Δ| values were grouped per month to 
illustrate the performance of the correction methods throughout the 
year. 

Additionally, the performance of the corrections was evaluated using 
the correlation between backscatter and Red-edge NDVI (reNDVI) 
(Gitelson and Merzlyak, 1994). The rationale of this comparison is that if 
the applied corrections successfully reduced angular effects, then the 
correlation with reNDVI should improve. For this, a ~ 270 km2 pilot 
zone was selected (N42◦42′53.6′’ and W1◦16′12.7′’), containing 855 
wheat parcels with different topographic orientations and slopes. 
Sentinel-2 scenes were searched, but cloud affection is typically persis-
tent during wheat growing cycle in Navarre. Therefore, the correlation 
was assessed for a complete agricultural campaign (2018), but also 
focusing only on its final part, i.e. April-July, where the availability of 
cloud-free scenes improves. This period includes crop maturity, senes-
cence and harvest. In total, 14 cloud-free Sentinel-2 Level-2A scenes 
were obtained. The median reNDVI time series for each parcel were 
obtained and interpolated for Sentinel-1 acquisition dates. The Pearson 
correlation coefficient R was computed between the interpolated 
reNDVI time series and all the backscatter time series (σ0, γ0, γ0(40◦) and 
γ0(40◦)az_corr). 
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4. Results and discussion 

Fig. 2 represents the |Δ| values for all wheat fields during the season 
and for the four different processing alternatives considered: σ0, γ0, 
γ0(40◦) and γ0(40◦)az_corr. σ0 backscatter had the highest |Δ| values, with 
a median of 1.25 dB that represented the significant influence of inci-
dence angle variations in backscatter. γ0 presented a median |Δ| of 0.80 
dB, with October and June being the months with the lowest values 
(~0.67 dB). The significant reduction of |Δ| (~0.45 dB) for γ0 (Fig. 2), 
illustrated the effectiveness of terrain flattening for compensating inci-
dence angle variations in backscatter data, in accordance with Fig. 1. 

|Δ| decreased slightly further after incidence angle normalization 
(γ0(40◦)), with a reduction of 0.15 dB compared to γ0

, and also after 
azimuthal anisotropy correction (γ0(40◦)az_corr), where |Δ| achieved an 
additional reduction of 0.02 dB. Both corrections were effective but the 
reduction was much lower than the initial reduction achieved after 
terrain flattening. The intensity of the incidence angle normalization 
differed between months, and was highest for months with no vegeta-
tion, i.e., July, August; and winter months (BBCH growth stages 1–2), 
where the reductions of |Δ| were greater than 0.16 dB. For May and 
June γ0(40◦) had almost no effect in |Δ|, due to the reduced effect of the 

incidence angle in backscatter during these months (Fig. 1). Conversely, 
γ0(40◦)az_corr was most effective in May, compensating the under-
correction of γ0 and γ0(40◦). In summary, the median |Δ| for all the 
months was 0.65 dB for γ0(40◦), and 0.63 dB for γ0(40◦)az_corr. 

When evaluating |Δ| values per month, it was possible to observe 
that the period after harvest (July and August) achieved the highest |Δ| 
reductions after both corrections (greater than0.21 dB). In September, 
October and November, corrections had a smaller effect (~0.10 dB). 
During these months sowing occurs, leading to a higher soil roughness 
variability between different parcels that might mask potential im-
provements for individual parcels. Tilled or newly sown soils have a 
more Lambertian behavior, leading to a lower influence of incidence 
angle (Ulaby et al., 1982). December, January and February were the 
months that presented the highest |Δ| in the original data and achieved a 
good reduction of differences after incidence angle normalization 
(~0.20 dB). In March and April no significant improvements were 
detected (<0.14 dB). This could be explained by the dynamics of VV 
backscatter during wheat growth cycle. Once wheat initiates the stem 
elongation stage, an attenuation of VV backscatter occurs (Mattia et al., 
2003), leading to lower differences between subsequent acquisitions. 
May and June were the months with the lowest influence of incidence 

Fig. 2. Boxplots of absolute backscatter differences for the three orbits during the year and considering different processing alternatives.  

Fig. 3. Dependence of mean absolute backscatter difference of wheat parcels on terrain slope (upper row) and orientation (lower row); for the different backscatter 
outputs investigated: (a, e) σ0, (b, f) γ0, (c, g) γ0(40◦), (d, h) γ0(40◦)az_corr. 
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angle. While the anisotropy corrections achieved a certain decrease of 
|Δ| in May (0.13 dB), there was little improvement in June (0.02 dB). 

Exploring the influence of terrain slope and orientation on the mean 
|Δ| of each wheat parcel (Fig. 3) it can be observed that terrain flat-
tening successfully reduced the majority of the radiometric effect of 
topography. Yet a residual dependence remained, which could be 
further reduced with the incidence angle and azimuth anisotropy 
corrections. 

The correlation results for reNDVI and backscatter (Table 1) showed 
a negative correlation that responded to the typical backscatter pattern 
of wheat at VV polarization (Mattia et al., 2003). Correlation values for 
the full campaign were rather low, but when focusing on the period 
between maturity and harvest it improved as a consequence of the rising 
backscatter values at this period (Brown et al., 2003; Veloso et al., 2017) 
and the rapid decrease of reNDVI at crop ripening and senescence 
(Fig. 4). The improvements in correlation were minor for the full 
campaign (from 0.40 to 0.42), but more significant from maturity to 
harvest (from 0.59 to 0.69). These results demonstrate that the correc-
tions applied (in particular γ0 and γ0(40◦)) enhance the correlation with 
optical vegetation indices, and hence provide a better description of 
wheat growth. Yet, further studies in areas with a higher availability of 
optical data should be performed to confirm these results. 

The backscatter time series (Fig. 4) showed that the corrections were 
successful as they not only improved the matching of the three orbits but 
also reduced backscatter variability (error bars), since their eventual 
differences due to angular effects also decreased. 

Taking into account that Sentinel-1 radiometric accuracy is 1 dB 
(Berger et al., 2012), for some applications terrain flattened backscatter 
(γ0) computed for different orbits might be comparable without further 
processing given the relatively low influence of acquisition geometry in 
the values observed here. However, for quantitative analyses requiring 
more detail (e.g. soil moisture retrieval) or when different orbits need to 
be combined to enhance the temporal resolution, a closer match be-
tween these orbits might be achieved by implementing incidence angle 
normalization and azimuthal anisotropy correction techniques (Bauer- 
Marschallinger et al., 2021). Our results, validate the correction 
methods applied (Mladenova et al., 2013; Schaufler et al., 2018; Small, 
2011) and recommend their implementation in image processing pipe-
lines and software. Coinciding with our results, recently (d’Andrimont 
et al., 2021), the importance of terrain flattening and incidence and 
azimuth angle corrections for operational applications of Sentinel-1 data 
was stressed out, in particular for crops with prolonged bare soil phases. 

Although a general idea is that agricultural lands occupy flat terrains, 
in many parts of the world, farmers cultivate areas that have significant 
slopes, making these corrections necessary even when working with a 
single orbit, as our results confirm. In particular, it is shown that for 
wheat the incidence angle influence on backscatter changes during the 
season due to its phenological development. Similar studies in other 
crops are recommended to confirm this finding. 

5. Conclusion 

In this study, the influence of acquisition geometry (incidence and 
azimuth angles) on backscatter (σ0) and terrain flattened backscatter 
(γ0) was evaluated for wheat parcels. The analysis revealed that terrain 
flattening markedly reduced the influence of incidence angle in VH and 

Table 1 
Pearson correlation coefficient of reNDVI and backscatter time series for the 
pilot zone.  

Backscatter correction Full campaign Maturity to harvest 

σ0  − 0.396  − 0.587 
γ0  − 0.417  − 0.662 
γ0(40◦)  − 0.419  − 0.686 
γ0(40◦)az_corr  − 0.419  − 0.686  

Fig. 4. Median time series of reNDVI and backscatter for wheat parcels in the 
pilot zone. The error bars represent the interquartile range (IQR): (a) reNDVI 
(b) σ0, (c) γ0, (d) γ0(40◦), (e) γ0(40◦)az_corr. Colors in b, c, d and e represent the 
different orbits. 
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VV polarizations, being almost negligible for VH polarization. In VV 
polarization, the influence of the incidence angle slightly remained, 
although it varied along the growing season, being the least when the 
crop canopy was fully grown. It was thus demonstrated that the inci-
dence angle influence on backscatter varied due to the phenological 
development of the crop. 

The analysis of backscatter differences between the three relative 
orbits studied, showed that terrain flattening could achieve a significant 
reduction of angle variations in backscatter data. Yet, incidence angle 
normalization could further reduce backscatter differences, particularly 
in winter months and bare soil periods. The correlation with reNDVI also 
improved after terrain flattening and normalization, revealing a better 
description of wheat growth. The azimuth anisotropy correction had a 
lower effect that was mainly relevant in May. The differences between 
ascending and descending passes might be partly due to the acquisition 
geometry (incidence and azimuth angles) and partly due to the time of 
the day (eventually dew, frost, soil moisture, etc.), but this has not been 
sufficiently studied yet. 

For applications where different orbits have to be combined, the 
need to further correct terrain-flattened backscatter values will depend 
on the level of precision required. Furthermore, for quantitative studies 
aiming at retrieving a bio-geophysical variable of interest (e.g., soil 
moisture), adding these corrections might provide enhanced results. 
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