
Study area
• 64 individual vineyards in the Po Valley region, a flat

(average slope ~ 0), heavily cultivated and irrigated area in
Northern Italy, characterized by high landcover and
crop heterogeneity (Fig. 4).

• Azimuth of crop rows is measured manually with GIS
software.

Introduction
• Backscatter observations (σ0) from Sentinel-1 (S-1) (SAR, C-band) are key data for agricultural applications as they can be used to

sense soil moisture levels and vegetation health. However, these data are characterized by significant uncertainty [1] which can
limit their effectiveness for such applications.

• The value of σ0 depends, other than the dielectric properties of the surface (e.g., related to soil moisture and vegetation) and
roughness also on the relation between viewing radar geometry and the crop rows orientation (Fig. 1), i.e., azimuthal angles of
crop rows. Since this relation can lead to differences up 1.5 dB, removing the azimuthal dependency is critical when aggregating full
resolution σ0 observations (~ 10 m) to larger grid scales (e.g., >100m) that comprise multiple fields to use them to retrieve
geophysical variables such as soil moisture.

• With this work, we aim to answer these research questions:
1. What is the magnitude of azimuthal anisotropies of σ0 over an agricultural region, evaluated at the parcel level (~1 ha)?
2. Can we develop a normalization procedure to remove the azimuth dependence?
3. Does the σ0 VS azimuth curve show any seasonality? And if so, how is it related to vegetation growth?

Normalization steps and a new azimuthal normalization
• Sentinel-1 σ0

VV ground range detected (GRD) observations are collected at nominal resolution (~ 10
m) for each individual field and then averaged over individual fields (with areas ~ 1 to 10 ha) and over 5
years from 2018 to 2023. The study area is covered by 4 orbits (2 ascending and 2 descending) with
average local incidence angles (LIAs) between 33° and 45°.

• Fig. 5a-5c show the effect of normalization procedure on both θ and φ already developed and applied
in literature [1, 2]: observations are normalized at θ=40° (1b), then corrected for azimuth dependence
due to ascending/descending passes (5c).
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Background
• The viewing geometry is described by two angles: the (local)

incidence angle θ (Fig. 2a) and the azimuth angle φ (Fig. 2b),
i.e. the angle between the projection of the orbit on the
surface and some reference direction, usually north, or in
this case the direction of crop rows.

• Dependence from θ: linear, can be normalized with different
techniques [2, 3], usually to a reference angle of 40° (Fig. 5).

• Dependence from φ: periodic, usually considered
negligible. Can be due to multiple factors (e.g. sloping
terrain, aligned crop rows, buildings, wind-induced ripples
on water or sand), has no analytical description for S-1 [4].

• A generic, theoretical description of σ0 - φ over crop rows [5]
(Fig. 3) shows that it depends only on small-scale
roughness comparable to the radar beam’s wavelength,
which could be related for instance to vegetation growth
and geometry (e.g. branches, leaves, grass, etc…). It is also
expected that σ0 is maximum for aligned crop rows
perpendicular to the radar beam (φ = 90°).

Discussion and conclusions
• σ0

VV shows a dependence on ϕ which is in line with the theoretical expectations (Fig. 3), and ϕ
anisotropies contribute for ~ 1.5 dB and are only due to crop rows orientation.

• The new II order azimuthal normalization reduces the range of σ0 – φ from 1.5 to <1 dB without
affecting θ normalization (Fig. 5d). This normalization, however, can only be applied when information
on φ is available for a sufficient number of fields and φ values.

• Fitting the bi-monthly σ0-ϕ curve (Fig. 7) reveals its dependence on seasonality, and that the
amplitude of the σ0-ϕ curve is dominated by summer months (mainly May to August). This
supports the hypothesis that the σ0-ϕ dependence is mainly due to vegetation growth and could be a
proxy of the phenological stage. On the other hand, the mean value of bi-monthly observations is
related to moisture, both in the soil and vegetation.

Modified from Fig. 10-27, Ulaby et al.,
2014 [5].
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• Fig. 5d shows the II order azimuthal

normalization procedure developed
in this study: observations are fitted
with a harmonic cosine series [3] (Fig.
6) and bias is removed with respect to
the reference value at 40° to which
the observations were normalized in
b).

• The same fitting procedure of the σ0 –
φ curve is repeated on not-
normalized data from orbit 168 by for
bi-monthly observations to assess
seasonal patterns for the azimuthal
dependence (Fig. 7).
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Fig. 6

Take-home message
Crop row orientation contributes to an azimuthal anisotropy on σ0 of about 1.5 dB, when
observations are aggregated over extended agricultural areas (>100 m). This contribution depends
on vegetation growth and is maximum during the growing season: it may be enough to hide irrigation
inputs on individual fields, especially from drip systems, which contribute to σ0 for about < 1 dB,
leading to lower estimates with higher uncertainties.
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