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Using the Angular Dependence of the Polarization
Ratio to Analyze Aircraft Passive Microwave
Measurements Over Land

Richard de Jeu™, Member, IEEE, Susan S. Steele-Dunne™, Timothy Lang", Corey G. Amiot*,
Marian Klein”, Member, IEEE, Madison Eble, and Diego G. Miralles

Abstract—The derivation of geophysical parameters from
passive microwave observations over land has always been
challenging. Soil conditions, land cover, and the atmosphere affect
the measurements to varying degrees, and it is difficult to isolate
these individual contributions. In this study, we assess whether
multiangle observations provide additional information that can
strengthen existing retrieval algorithms. Between October and
November 2024, a series of airborne flights carrying the advanced
microwave precipitation radiometer (AMPR) were conducted
over the United States. Three land-based flights with multiangle
observations from 0° to 45° and dual-polarized measurements
at 10.7, 19.35, and 37.1 GHz were analyzed. The data showed
a strong linear relationship between the microwave polarization
ratio and the incidence angles within the 25°—45° range (e.g.,
R?* > 0.9 for 71.2% of all flight scans analyzed at 10.7 GHz).
The linear model for the polarization ratio showed a similar
performance in terms of root-mean-square error (RMSE) to sim-
ulations based on a T—w radiative transfer model and commonly
used assumptions. The observed linearity was further evaluated
with satellite observations from the AMSR2. This evaluation
confirmed the observed linearity across all three frequencies.
The slope of the relationship between the polarization ratio
and the incidence angle was calculated for each multiangle
flight scan, which was sensitive to both soil moisture (SM)
and vegetation. This new parameter, which was derived from
multiple observations, appeared to be consistent in time and
space, revealing similar patterns along flight lines acquired at
different times. The slope was used as input in regression models
(RMs) to derive SM. A model solely based on 10.7-GHz data
revealed a strong correlation (R> = 0.81) with Level-3 SM
from the SM active passive (SMAP) mission, demonstrating the
potential of multiangle retrievals with established SM products.

Index Terms—Airborne remote sensing, multiangle observa-
tions, passive microwave radiometry, polarization ratio.
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I. INTRODUCTION

HE interpretation of passive microwave observations over

land has been a topic of scientific inquiry for several
decades. The basic capabilities of these observations for soil
moisture (SM) sensing are well understood [1]. Soil emis-
sivity at low microwave frequencies (<20 GHz) is strongly
influenced by moisture content due to the large dielectric
contrast between dry soil and water. Fluctuations in SM can,
therefore, be measured by microwave radiometers. However,
many other factors also influence these observations, including
surface roughness, soil type, vegetation cover, and atmospheric
conditions, making their modeling challenging [2]. Microwave
observations at multiple incidence angles could provide a
means to disentangle these contributions.

In the active microwave domain, the added value of obser-
vations at different angles has been demonstrated. Satellite
instruments with multiangle capabilities, such as the advanced
scatterometer (ASCAT) of European Space Agency (ESA),
were specifically designed for this purpose. The TU Wien
change detection algorithm, for example, illustrates how angu-
lar dependence can be exploited by leveraging multiangle
ASCAT observations to retrieve SM and vegetation dynamics
[3], [4], [5], [6]. Other researchers also utilized the multiangle
capabilities of this instrument to retrieve wind products [7]. In
the passive domain, most microwave radiometers measuring in
low frequencies (<20 GHz) have a fixed incidence angle. The
only exception is the SM ocean salinity (SMOS) mission of
ESA [8]. The SMOS payload consists of an interferometric
radiometer operating in the L-band frequency (i.e., 1.4 GHz)
across a range of incidence angles from 0° to 65°. In more
than 15 years of operation, its multiangle measurements have
shown many benefits compared to single-angle observations.
The multiangle design of SMOS revealed a better physi-
cal separability of soil and vegetation parameters [9], [10],
options for noise and bias mitigation through angular fitting
or smoothing [11], and additional constraints in retrievals and
data assimilation [12]. By contrast, single-angle missions, such
as the SM active passive (SMAP), require angle normalization
or alternative strategies to achieve similar ends.

The L-band frequency is considered ideal for SM retrieval.
It has a soil penetration depth of a couple of centimeters, lower
sensitivity to vegetation than higher frequencies, and is only
weakly attenuated by the atmosphere. This is also the reason

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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why dedicated SM missions like SMAP and SMOS made use
of this frequency. However, large (and expensive) antennas
are required to derive reliable measurements, and the spatial
resolution that can be achieved with these instruments is still
coarse, on the order of several tens of kilometers. At higher
frequencies (e.g., X-band, between 8 and 12 GHz), anten-
nas are considerably smaller and provide reliable brightness
temperatures at a much finer spatial resolution. An upcoming
mission that will exploit this is ESA’s Copernicus Imaging
Microwave Radiometer (CIMR), which will be measuring at
multiple frequencies. The spatial resolution of the proposed
L-band instrument will be 58 km, whereas for X-band the
resolution will be 15 km [13]. The penetration depth at
X-band will be shallower (approximately 1 cm) than at L-band.
However, with multiangle observations, it might be possible
to better mitigate atmospheric and vegetation effects, leading
to more accurate SM retrievals at this frequency.

Currently, one of the biggest threats to passive microwave
remote sensing is the presence of radio frequency interference
(RFI). RFI consists of unwanted electromagnetic emissions
that degrade receiver performance, and observations from
microwave radiometers can be strongly affected by such
signals. The origin of RFI can be traced to various sources,
ranging from accidental out-of-band emissions to intentional
jamming [14]. Although most passive microwave radiometers
operate in protected frequency bands, RFI contamination has
been observed across multiple frequency bands, from L- to
K-band [15], [16], [17]. For the derivation of geophysical
parameters, it is therefore important not to focus on a sin-
gle frequency but to maintain a broad perspective on what
information other frequencies can provide.

Multiangle passive microwave observations at frequencies
higher than L-band have been limited to a few field and
aircraft experiments [18], [19], [20], [21]. With the recent
availability of multiangle passive microwave data over land
from the Westcoast and Heartland Hyperspectral Microwave
Sensor Intensive Experiment (WszMSIE, [22]), conducted in
October and November 2024 and covered multiple landscapes
in the United States, there is now an opportunity to further
explore this potential. During WH2yMSIE, passive microwave
observations at four frequencies (i.e., 10.7, 19.35, 37.1, and
85.5 GHz) were collected with the Advanced Microwave
Precipitation Radiometer (AMPR) [23].

The aim of this study is to examine the added value of the
AMPR multiangle observations over land. To do so, we focus
on the microwave polarization difference index (MPDI) and
on how its angular dependence can be used to explain the
different contributors to the signal, particularly vegetation and
SM. This index is used because it can be directly calculated
from measured dual-polarized brightness temperatures. The
MPDI is defined as follows:

Ty vi = Tom
Tovi + Th

MPDI = (1
where T}, is the measured brightness temperature at polariza-
tion P ([V] or [H]). The MPDI is regarded as a powerful
tool for characterizing soil and vegetation properties from
microwave observations because it minimizes the influence of
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Fig. 1. ER-2 aircraft ground tracks as part of WH2yMSIE over different states
of U.S. for the three different flights over land.

temperature (e.g., [24], [25], [26]). The angular response of the
MPDI to different vegetation and moisture conditions for the
AMPR observations at three frequencies (i.e., 10.7, 19.35, and
37.1 GHz) is explored using both a radiative transfer model
and a statistical approach. In addition, the AMPR observations
are compared with SMOS data to provide insights into the
impact of scale and frequency. This analysis of multiangle
observations will help advance our understanding of passive
microwave observations over land.

II. FLIGHT CAMPAIGN

The multiangle passive microwave data used in this
study were collected during WH?yMSIE [22]. This field
campaign was a partnership between the National Aeronau-
tics and Space Administration (NASA) and the National
Oceanic and Atmospheric Administration (NOAA), with the
aim of characterizing the thermodynamic structure of the
planetary boundary layer (PBL). Hyperspectral microwave
measurements, which provide thousands of channels in the
50-58- and 175-191-GHz ranges, were combined with data
collected from other passive and active sensors by the NASA
ER-2 aircraft. The ER-2 was chosen as the aircraft platform
for WH?yMSIE because it can fly over even the tallest
thunderstorms. Ten flights were conducted between October
18, 2024 and November 13, 2024. Three of these flights flew
over land and are used in the present study. The other seven
flights were over the ocean. The tracks of the three flights
over land are shown in Fig. 1. The flights departed from
NASA Armstrong Flight Research Center in CA, flying first
west to east and then returning east to west. On October 22,
the aircraft crossed multiple states and turned around at the
Atmospheric Radiation Measurement (ARM) Southern Great
Plains (SGPs) Observatory in OK. On October 25, the aircraft
flew farther and turned around in IL. On October 31, the flight
was identical to that of October 22 over TX and OK, but
the flight shifted slightly farther north over NM and AZ. The
flights from east to west took place mainly between 17:00 and
20:00 h, and the return flights from west to east took place
between approximately 20:00 and 23:00 h, all in UTC.

I1I. DATA
A. Aircraft Data

Multiangle brightness temperatures were measured with
AMPR at 10.7, 19.35, 37.1, and 85.5 GHz during the three
ER-2 aircraft flights over land. AMPR consists of two lens-
horn antenna systems and a reflector scanning system for data
collection and calibration. The lens-horns were designed to
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Fig. 2. AMPR brightness temperature (7}) observations at 10.7 GHz for the land flight of October 22, 2024. (a) and (b) Horizontally polarized brightness
temperatures. (c) and (d) Vertically polarized brightness temperatures. (e) and (f) Measured incidence angles.

have equal-size footprints at the two lowest frequencies (i.e.,
19.35 and 10.7 GHz). This was done to facilitate accurate
comparisons between these two frequencies. At the cruising
aircraft altitude of 20 km, AMPR, measured with relative
footprint sizes at the surface of 0.6 km (85.5 GHz), 1.5 km
(37.1 GHz), and 2.8 km (19.35 and 10.7 GHz). Brightness
temperatures were retrieved in both horizontal and vertical
polarization with a radiometer temperature sensitivity between
0.2 and 0.5 K. The radiometer scanned the Earth surface
between —45° and 45° angles in 50 steps across an approx-
imately 40-km swath perpendicular to the flight line [23].
The data were sampled using the 85.5-GHz channel’s 0.6 km
footprint in cross-track direction, resulted in oversampling at
the other three frequencies [27]. Data were prepared by NASA
and for this study the AMPR WH?yMSIE Science Dataset
Level 2B, Version 1 (R1) [28] was used.

Prior to their use in this study, AMPR brightness temper-
atures were corrected for cross-track and absolute bias using
radiative transfer adjustments following [27]. To aid with this,
atmospheric profiles and ocean surface information from the
global data assimilation system (GDAS) 6-h analysis product
[29] were remapped onto the AMPR swath. Cloud-free, over-
water portions of the October 23, 2024, November 7, 2024,
and November 12, 2024 flights were combined and used to
develop median brightness temperature slope corrections for
all flights. The corrected mixed-polarization measurements at
each frequency were then deconvolved to pure horizontal and
vertical polarizations following [30].

The brightness temperatures from the three flights over land
were selected, whereas the data at 85.5 GHz were excluded
from this study because this frequency provides limited land

surface information. Only observations with a land fraction
larger than 90% and a stable high altitude (>19.8 km) were
selected to exclude water-dominated pixels and minimize the
variation in footprint size. Moreover, observations with inci-
dence angle values beyond 45° caused by aircraft maneuvers
as well as noisy data and outliers were excluded using the
provided quality flags. Additional atmospheric radiative trans-
fer modeling revealed a negligible atmospheric contribution to
the signal for all three frequencies—more detailed information
on this analysis can be found in Appendix A. Figs. 2 and 3
show the observed brightness temperatures at multiple angles
for 10.7 GHz from the three different flights over land. The
other frequencies (not shown) show similar patterns.

B. Satellite Data

AMSR? level 1B brightness temperatures (version 2.2) were
collected from the Global Portal System of Japan Aerospace
Exploration Agency (JAXA). For this study, the dual-polarized
data from 10.65, 18.7, and 36.5 GHz were selected for the
dates and locations corresponding to aircraft overpasses on
October 22, 25, and 31, 2024. The AMSR?2 instrument is a
conical-scanning passive microwave sensor, operating at an
altitude of 700 km since July 2012. It has an ascending
equator-crossing time of 1:30 P.M. and a descending time of
1:30 A.M. In this study, both the ascending and descending
observations were used. The instrument has an incidence
angle of 55°. The 10.65-GHz frequency has a bandwidth
of 100 MHz and a ground resolution of 24 x 42 km?. The
18.7-GHz frequency channel, which has a bandwidth of
200 MHz, provides a ground resolution of 14 x 22 km?. The
36.5-GHz channel, with a bandwidth of 1000 MHz, provides a
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Fig. 3. AMPR brightness temperature (7) observations at 10.7 GHz for the land flight of October 25 and 31, 2024. (a), (b), (e), and (f) Horizontally polarized
brightness temperatures. (c), (d), (g), and (h) Vertically polarized brightness temperatures.

ground resolution of 7 x 12 km?. All channels had a sampling
interval of 10 km [31].

The application for extraction and exploring analysis ready
samples (AppEEARS) [32] was used as a tool to extract SM
and vegetation information from SMAP and the moderate
resolution imaging spectroradiometer (MODIS), respectively.
SMAP Level 3 Radiometer global daily 9-km SM data (version
6), based on the dual channel algorithm (DCA, [33]), were
obtained for the three days covering the different flight lines.
Both datasets from the descending (with a local solar time
of 6 A.M.) and ascending (with a local solar time of 6 P.M.)
overpasses were used to achieve the highest coverage. SM
information refers to the top few centimeters of the soil and
is expressed in volumetric units (m® - m™®). Quality flags
were used to screen the data for outliers and spurious values,
and only SM values for which the retrievals were labeled as
having recommended quality were used. In addition, due to
the presence of low vegetation cover over the flight lines,
the SM error was estimated to be within the 0.04-m? - m™3
range [34]. A 16-day MODIS normalized difference vegetation
index (NDVI; MYDI13A2 v6.1) image from October 23 was
collected to represent the vegetation variability for the three
different days.

Multiangle L-band (1.4 GHz) brightness temperature data
from the ESA SMOS mission were obtained. In this study,
the Center Aval de Traitement des Données SMOS (CATDS)

Level-3 brightness temperatures dataset [35], [36] from oper-
ational processing was used. In this dataset, the horizontally
and vertically polarized brightness temperatures are provided
in the Equal-Area Scalable Earth 2 (EASE-2) grid [37]
25 x 25 km? grid-cell size. On each overpass, SMOS measures
an incidence-angle profile of the brightness temperature rang-
ing from 0° to 65°. The brightness temperatures used in this
study were selected for the region between 34°N and 40°N,
and 117°W and 88°W for the three flight days in October 2024.
Data from the descending (6 A.M.) overpass and ascending
(6 P.M.) overpass were used. The provided quality flags were
used to screen for potential contamination caused by the Sun
or RFL

IV. METHODS

A. Microwave Model

Brightness temperatures measured by microwave radiome-
ters can be simulated using radiative transfer models. The most
widely used model is the 7—w model [38], which describes
microwave emission from a land surface with a vegetation
cover through three terms: 1) soil radiation attenuated by
vegetation; 2) direct vegetation emission; and 3) vegetation
downward radiation reflected by the soil and attenuated by
the canopy. When the atmospheric contribution is also taken
into account, the observed brightness temperatures (7) at
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polarization P ([V] or [H]), as measured by a satellite or
aircraft, can be expressed as follows:

Th,P = Th,au,P + Fa [Fvers,PTs + (1 - rv) (1 - ‘U) Tv
+ (1 - Fv) (1 - W) Tv (1 - ers,P) 1—‘v
+T}7,ad,P (1 - ers,P) F%] (2)

where T p and T g p are the upward and downward atmo-
spheric brightness temperatures, respectively, and I, is the
atmospheric transmissivity. I, is the vegetation transmissivity,
w is the single scattering albedo of the vegetation, and e p
is the rough surface emissivity. 7T is the soil temperature and
T, is the vegetation canopy temperature, both in Kelvin. The
vegetation transmissivity is a function of the vegetation optical
depth (7,) and the incidence angle (u), such that

T, = exp ™%, 3)

The rough surface emissivity (e p), which is equal to 1 minus
the rough surface reflectivity (R, p), can be derived from
Fresnel relationships in combination with a roughness model.
The Fresnel relations describe the smooth surface reflectivity
(Rss.p) as a function of the dielectric constant of the soil (k)
and the incidence angle (i) as follows:

R ‘kcosu— Vk —sin’ u @
ss,[V] =
” kcosu+ Vk—sin’u
cosu— Vk—sin’u
Ry 1m = . (5
” cosu+ Vk—sin’u

The dielectric constant of the soil is related to SM and can
be modeled with dielectric mixing models (e.g., [39], [40],
[41]). The rough surface reflectivity can be calculated from
the smooth surface reflectivity using the Q parameter for
cross polarization mixing and & for the roughness length [42]
according to the following equations:

Rrs,[V] = (QRss,[H] +1- Q) Rss,[V]) exp-hcos(u) (6)
R im = (QRss,[V] +1-0) Rss,[H]) expeos) | (7)

According to Meesters et al. [43], the MPDI can be expressed
as a function of vegetation and soil emissivity using the T—w
model in combination with a set of assumptions: 1) the soil
(T,;) and vegetation canopy temperatures (7)) are assumed
to be equal; 2) both vegetation parameters 7, and w are
considered independent of polarization; and 3) the atmospheric
contribution to the MPDI is assumed to be negligible. Under
these assumptions, the MPDI can be modeled as follows:

€rs,[V] — €rs,[H)

MPDI,_,, = (8)
2a + exs vy + ersim
where
201 N
4% 2ar, 12
and
1 w
d=-———. 10
21 -w (10)
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B. MPDI Analysis

At the start, a simulation was conducted using the MPDI,_,,
model, as described in (8)—(10). This analysis was done to
demonstrate its sensitivity for vegetation, SM, surface rough-
ness, and incidence angle.

Then, multiangle passive microwave measurements at 10.7,
19.35, and 37.1 GHz from aircraft scans over land were
analyzed. The MPDI was calculated for each brightness tem-
perature observation based on (1) and its angular dependence
was examined. A signal-to-noise ratio (SNR) for the MPDI
was calculated for each flight day to assess the retrieval
skill of each frequency, the role of incidence angle, and the
overall stability of the instrument across flights. This SNR was
calculated using the following equation:

o2

SNR = 1010g10( 4§°‘45°)

Ogo_se

where SNR is expressed in decibels (dB). Noise was deter-
mined from the variance (0?) of the MPDI in the range
of 0°-5°. Within this angle range (i.e., close to nadir), the
microwave radiation emitted from a surface is not polarized
[44], and the horizontally and vertically polarized brightness
temperatures are assumed to be equal. Therefore, the variation
of the MPDI within this range is taken as representative of
the noise. At higher angles, the emitted microwave radiation
from a surface is partly polarized. The degree of polarization
depends on the soil dielectric constant and the incidence angle
and can be estimated by means of the Fresnel relations as
shown by (4) and (5). When the soil is characterized by
a random rough surface, the degree of polarization depends
on the roughness parameters as well and decreases as the
roughness increases [as illustrated in (6) and (7)]. The polar-
ization difference is largest and most sensitive to SM at the
highest angles. Therefore, the range of 40°—45°, where the
MPDI exhibited its highest amplitude, is used to calculate
the variance. The variance of the MPDI over this range is
considered the signal.

After the calculation of the SNR, the MPDI,_, model was
used to fit the measured MPDI for the individual scan lines
perpendicular to the flight direction (i.e., 25 measurements
from 0° to 45° over a 20-km strip). The model was opti-
mized for angles between 25° and 45° by minimizing the
root-mean-square error (RMSE) between the observed and
simulated MPDI over a range of soil dielectric constant (k) and
vegetation optical depth (7,) values. Both model performance
and the retrieval accuracy of the geophysical parameters were
evaluated.

In addition to the MPDI,_, model, an empirical RM was
applied to characterize the angular linearity of the MPDI with
observations between 25° and 45°. The RMSE between the
observations and a linear fit of the data was calculated, and the
performance of this approach was evaluated by comparing its
RMSE to that of the radiative transfer model (i.e., MPDI,_,).
Statistical analyses were conducted on all scans to assess
the presence of linearity across the different frequencies. The
angular linearity was further investigated by extrapolating the
derived linear regression to 55° using AMPR data and compar-
ing it with independent AMSR2 MPDI satellite measurements

(1)



4402915

(a) 1

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 64, 2026

— = k=3,u=25" | R k=3,0=0 | (& k=3, h=0
— K3, usd5 08 — ke3,1=0.05 os — k=3,h=0.25
— — k=30, u=25" ’ — — k=3,w=0.1 ’ — — k=3,h=05
— k=30,u=45" | [} k=30,w=0 | [ EW2 k=30, h=0
0.6 —— k=30, =005 0.6 — k=30, h=0.25
- — — k=30, =01 - — — k=30,h=05
[ [
0.4 0.4
0.2 0.2
0 0 C
0.15 0 0.05 0.1 0.15 0 0.05 0.1 0.15
MPDI MPDI (45°) MPDI (45°)

Fig. 4. Simulations of MPDI,_,, for dry (k = 3, red) and wet (k = 30, blue) conditions over a range vegetation optical depth values (r,) with different
(a) incidence angles, (b) single scattering albedo values (w), and (c) surface roughness length (%).

at all three frequencies. A clear 1:1 relationship would be
expected if the MPDI exhibited angular linearity.

For each scan, the linear angular slope of the MPDI was
determined from AMPR observations between 25° and 45°
and compared with SM and vegetation variations derived from
SMAP and MODIS, respectively. The slope was expressed
as AMPDI, representing the change in MPDI per degree of
incidence.

The AMPDI derived from the AMPR data was compared
with the AMPDI calculated from SMOS for the flight days
during which the two datasets overlapped. The similarity
between the AMPR- and SMOS-derived AMPDI values was
examined. This analysis was conducted to obtain an initial
assessment of the effects of scale, frequency, and instrument
architecture. Details on the derivation and presentation of the
SMOS AMPDI can be found in Appendix B.

Finally, a series of RMs was tested to assess whether
AMPDI could serve as an additional indicator of SM. In these
models, SMAP SM was used as a reference. The models
employed the following equation:

AMPR SM = Cix; + Crxs + C3 (12)

where x; and x, denote the input parameters and C;—Cj;
represent the derived coeflicients. AMPR SM is the derived
SM in m® - m™ from AMPR measurements. Four RMs
were tested. RM1 used only AMPDI as x;; RM2 used the
NDVI as x, in addition to AMPDI as x;; RM3 used the
average horizontally polarized brightness temperature over
the 25°—45° range as x,; and RM4 uses the average vertically
polarized brightness temperature as x;.

In this study, scatter density plots were used to reveal
potential structures that may be obscured by the large number
of data points.

V. RESULTS
A. MPDI Modeling

The MPDI;_,, model was used to investigate the sensitivity
of the MPDI. The model simulated MPDI values for a range
of vegetation optical depth values for dry (k = 3) and wet
(k = 30) conditions with different input parameters. Fig. 4

provides a graphical representation of the simulations. As
an initial setup, a cross polarization mixing value (Q) of
0.1, a single scattering albedo (w) of 0.05, and a surface
roughness length (%) of 0.25 were used. These parameters
were adopted from the ESA Climate Change Initiative (CCI)
baseline algorithm for SM [45]. In Fig. 4(a), the influence
of incidence angle is illustrated with a substantial reduction
in sensitivity to SM and vegetation optical depth when the
incidence angle is reduced from 45° to 25°. The influence
of the single scattering albedo on this relationship is limited,
as shown in Fig. 4(b), with a fixed incidence angle of 45°.
However, surface roughness length (#) does have an influence
on the relationship [as illustrated in Fig. 4(c)]. A smooth
surface (A = 0) would provide the highest sensitivity to SM
and vegetation optical depth, whereas a rough surface (2 = 0.5)
would reduce it.

The dual-polarized brightness temperatures, as measured
by AMPR on October 22, were converted to MPDI values
and plotted against the incidence angle. Fig. 5 presents this
relationship for the three frequencies. The MPDI at 10.7 GHz
shows the largest MPDI range at higher incidence angles,
reaching up to 0.08. At 19.35 GHz, this range decreases
to approximately 0.065, and at 37.1 GHz, the range fur-
ther decreases to 0.06. These findings are consistent with
[46], which explained the difference in the MPDI range by
stronger vegetation attenuation at higher frequencies (i.e., a
given vegetation cover would have higher 7, values at higher
frequencies). The density plot at 37 GHz at one scan side,
as shown in Fig. 5(c), is different than the other side [see
Fig. 5(f)], particularly between 10° and 40°. This difference
occurs only at this frequency and might be related to the minor
cross-track sinusoidal noise signal detected at this frequency,
as described in [28]. In addition, the MPDI at 10.7 GHz
appears more scattered than for other frequencies. For the other
two days, the scatter density plots appear similar (not shown).

Table I provides the estimated SNR for the MPDI at
each frequency. The SNR varies from day to day, reflecting
differences in conditions and flight lines. However, the order
of magnitude is similar with high-SNR values for both 10.7
and 19.35 GHz and lower values for 37.1 GHz. With SNR
values between approximately 20-30 dB, the MPDI signals
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Fig. 5.
(a) and (d) 10.7 GHz, (b) and (e) 19.35 GHz, and (c) and (f) 37.1 GHz.

TABLE I
SNR OF THE MPDI FOR THE DIFFERENT FREQUENCIES CALCULATED
FOR THE THREE DIFFERENT FLIGHTS
Frequency SNR 22/10 SNR?25/10 SNR 31/10
[GH?Z] [dB] [dB] [dB]
10.7 30 27 28
19.35 31 29 26
37.1 24 19 20

from AMPR during these flights over land can be considered
suitable for determining variations in SM and vegetation. The
results also indicate that high incidence angles are required to
derive vegetation and SM variations with the MPDI.

The measured MPDI at 10.7 GHz was simulated with the
MPDI,_, model and the RMSE between the observed and
MPDI;_,, model at angles between 25° and 45° was calculated
for a range of dielectric constant values, representing different
SM conditions [i.e., from k = 3 (dry) to k = 30 (wet)], and
vegetation densities represented by optical depth (7,) values
ranging from O to 1. The surface roughness length, cross
polarization mixing, and scattering effects were adopted from
the ESA CCI baseline algorithm for SM [45], as previously
described, with a cross polarization mixing of O = 0.1, a
roughness length value of 4 = 0.25, and a single scattering
albedo of w = 0.05. Figs. 6 and 7 show model performance
for two scans with different conditions. Fig. 6 illustrates an
example of an agricultural area in OK (Lat = 36.2684°N and
Lon = 97.799°W) with a sparse vegetation cover and dry and
wet SM conditions. Fig. 7 shows the results for an agricultural
area in OK (Lat = 35.8573°N and Lon = 98.3451°W) with
denser vegetation. The dry conditions correspond to the first
flight on October 22, and the wet conditions to October 31.

Incidence angle in degrees

Incidence angle in degrees

Scatter density plots of the incidence angle compared to the AMPR MPDI measurements from October 22 for both sides of the scan for
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Fig. 6. A selected multiangle AMPR MPDI observation scan at 10.7 GHz
over a 20-km swath with sparse vegetation conditions over an agricul-
tural area in OK. Angular behavior during (a) and (b) dry conditions and
(c) and (d) wet conditions. In (a) and (c), radiative transfer model simulation
(MPDI;_,) with the lowest RMSE is given in red, and the linear regression
for the points between 25° and 45° is given as a dashed line. The calculated
slope in MPDI per degree is added as AMPDI. (b) and (d) Variation in RMSE
between MPDI;_,, and observations for a range of dielectric constants and
vegetation optical depth values. The SM values are derived from SMAP and
the NDVI from MODIS.

These plots demonstrate that different combinations of dielec-
tric constant and vegetation optical depth are possible with
similar RMSE values. Dry conditions show a tight range in
dielectric constants for low vegetation optical depth values
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Fig. 8. Scatter density plot of the RMSE of the MPDI,_,, model and the
RMSE of the MPDI based on a linear regression. The 1:1 line is added as a
dashed line for visualization purposes.

(i.e., T, < 0.5), whereas wet conditions reveal a narrower range
of vegetation optical depth at dielectric constant values above
10. The MPDI,_,, model (indicated with a red line) represents
the result with the lowest RMSE. The linear regression (black
dashed line) and the derived AMPDI are also shown in these
plots. AMPDI increases during wet conditions compared with
dry conditions; this increase appears smaller under dense
vegetation cover.

Both MPDI;_,, and the linear RM were applied to all scans,
and the calculated RMSE of each approach was compared.
Fig. 8 provides the results of this comparison. The linear
regression reveals a similar performance as the MPDI,_,
model in terms of RMSE, with slightly more RMSE values of
MPDI;_,, lying below the 1:1 line.

B. Angular Linearity as a Tool

The observed linearity of MPDI over the incidence
angle was further investigated, and the derived correlation
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TABLE I

PERCENTAGE OF CALCULATED R? VALUES AS PART OF THE LINEAR
REGRESSION BETWEEN THE MPDI AND THE INCIDENCE ANGLES
BETWEEN 25° AND 45° BASED ON ALL FLIGHT SCANS

Frequency RZ? >0.7 R2>08 R2>0.9
[GH ] [%] [%] [%]
10.7 875 83.1 712
19.35 79.4 71.2 52.5
37.1 443 32.9 16.0

coefficient, as part of the linear regression, was analyzed for
each frequency. Table II provides a statistical summary of this
analysis. For 10.7 GHz, a strong linearity was found with
87.5% of the 20857 analyzed scans having an R? > 0.7. For
an R* > 0.9, the percentage remained high at 71.2%. Low
correlations were sparse and predominantly found in regions
where the flight scan covered a heterogeneous landscape. At
the other two frequencies, the percentages were lower, partic-
ularly at 37.1 GHz. This reduction is primarily attributable to
the smaller MPDI range at these frequencies.

For each scan and each frequency, the calculated linear
relationship was used to extrapolate the MPDI to 55°, which
is the incidence angle of AMSR2. Fig. 9 presents the com-
parison between the extrapolated MPDI at 55° based on the
AMPR data and the MPDI of AMSR2. Linear relationships
close to the 1:1 line were observed across all frequencies,
despite differences in footprint size, overpass time, observation
frequency, and bandwidth. This analysis further confirms the
strong angular linearity in the MPDI at these frequencies.
This analysis was based on 6570 data pairs. The simulated
10.7-GHz AMPR MPDI at 55° provided a correlation coef-
ficient (R?) of 0.69 and an RMSE of 0.0107 relative to the
AMSR?2 MPDI. The statistics for the other frequencies were
similar with lower RMSE values: R> = 0.78 and RMSE =
0.0075 for 19.35 GHz, and R* = 0.67 and RMSE = 0.0075
for 37.1 GHz.

The observed angular linearity can be captured by the
AMPDI. The sensitivity of this new parameter to SM is illus-
trated in Fig. 10. The derived AMPDI values from 10.7 GHz
are plotted for a transect between 103°W in TX and 97°W
in OK, where the flight path was identical across three days,
but SM conditions changed (particularly on October 31). A
clear positive shift in AMPDI appeared as SM conditions
changed, illustrating its sensitivity to SM variability. Between
100°W and 97°W, AMPDI exhibited greater fluctuations on
October 31 than SMAP SM. This difference may be attributed
to variations in spatial resolution. AMPDI originates from the
10.7-GHz observations with a 2.8-km footprint [23], whereas
SMAP SM is derived from footprints with a resolution of
approximately 40 km [47]. In addition, AMPDI is sensitive
to vegetation (as shown in Figs. 6 and 7), and spatial patterns
in vegetation density may influence the sensitivity of AMPDI
to SM changes in this region.

The sensitivity of AMPDI to both vegetation and SM for
these three flights is illustrated in Fig. 11. In this scatter
plot, AMPDI was plotted against the MODIS NDVI for four
different SM classes as derived from SMAP. The graph reveals
a similar pattern to that shown in the MPDI simulations (i.e.,
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Fig. 4). Due to the presence of low-NDVI values (NDVI <0.3)
over the flight lines, representing relatively sparse vegetation
covers, AMPDI appears to be primarily sensitive to SM. For
NDVI values >0.3, the sensitivity to SM starts to decline.
On both October 22 and 25, there were regions within the
flight lines where SMOS and AMPR overlapped. SMOS is
the only low-frequency multiangle microwave satellite in orbit,
and the AMPDI of SMOS at L-band (1.4 GHz) was calculated
and compared with the AMPDI at 10.7 GHz of AMPR for
these regions. On October 22, the overlapping region covered
an area between 110°W and 100°W. On October 25, the
region was slightly farther to the east, covering an area
between 106°W and 96°W. Fig. 12 represents the AMPDI
of both microwave instruments over these two regions on
these two days. Both ascending and descending SMOS data
were available. The aircraft carrying AMPR flew the same
flight lines on the return flight from east to west for both of
these regions, which provided an opportunity to evaluate the

Fig. 11. Scatterplot of the AMPDI of AMPR and the MODIS NDVI for four
different SM classes based on SMAP data.

consistency of the derived AMPDI. The longitudinal plots of
AMPDI as derived from the ascending and descending SMOS
measurements follow a similar pattern to that of AMPR. With
AMPDI values up to 5 x 1072, the magnitude of the SMOS
AMPDI was almost twice as large as AMPR. The AMPDI
of AMPR exhibited a higher spatial variability than SMOS
AMPDI, although SMOS followed the general trend. The
difference in variability is most likely caused by the difference
in spatial resolution between the instruments. The SMOS data
was stored in a 25 x 25-km grid, but the spatial resolution
is similar to that of SMAP and on the order of 35-50 km.
Fig. 12 also shows that the AMPDI of AMPR from the EW
and WE flights was almost identical. The comparison yielded
an R?> = 0.90 and an RMSE of 1.9 x 107 for 779 AMPDI
data pairs from the two flights on October 22 between 110°W
and 100°W. For October 25, the values were similar with
an R> = 0.83 and an RMSE of 1.4 x 10~ for 808 data
pairs for the flights between 106°W and 96°W. These statistics
demonstrate the strong consistency of the AMPDI of AMPR
at 10.7 GHz.

For 10.7 GHz, only the AMPDI values for which the linear
relationship had an R*> > 0.9 were selected. This selection
criterion ensures focus on the most robust AMPDI values.
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TABLE III

STATISTICAL SUMMARY OF THE REGRESSION ANALYSIS FOR THE FOUR
DIFFERENT RMS BASED ON 10.7-GHzZ AMPR DATA

# x1 x2 C Cs Cs RMSE R2
m3m*3

1 AMPDI - 1225 B 0.02 0.059 057

2 AMPDI NDVI 1404 0416 -0.12 0053  0.64

3 AMPDI T,y -444 -0.006 171 0.039 0.8l

4 AMPDI T,y 1515 0007  2.04 0.038  0.81

The four different RMs, as described in Section IV, were
applied to 7601 data pairs where both SMAP SM and the
selected AMPR measurements were available. The summary
of this analysis can be found in Table III. RM1, with only
the AMPDI as input, already yielded an R?> of 0.57 and
an RMSE of 0.059 m? - m™3. There is an increase in the
R? of 0.64 when vegetation information, in terms of NDVI,
is added. Surprisingly, the biggest gain occurred when the
original AMPR brightness temperatures are used, with a jump
to R*> values of 0.81 for both horizontally and vertically
polarized brightness temperatures, respectively. This means
that without using additional datasets such as MODIS NDVI, a

high correlation can be achieved with only multiangle AMPR
data. Fig. 13 provides a graphical visualization of the results
from RM4, in which the SMAP SM is plotted against the
derived AMPR SM. The data points in this graph are unevenly
distributed along the dashed line, with a large cluster at low-
SM values (around 0.1 m?-m™3), which illustrates a limitation
of this analysis. The analysis was applied to the three flights,
which exhibited reduced SM variability and primarily low
vegetation densities (i.e., most MODIS NDVI values along the
flight lines were below 0.4). As such, more tests are needed
to determine the robustness of the approach. When RM4 was
applied to 19.35-GHz data with similar selection criteria for
AMPDI (i.e., only using AMPDI values with R?>0.9), an R?
of 0.74 was achieved with an RMSE of 0.048 m® - m~3 for
4959 data pairs. The performance was lower at this frequency
than at 10.7 GHz, but the difference was relatively small.

VI. DISCUSSION
A. Signal-to-Noise Ratio

In this study, the calculation of SNR for the MPDI was
introduced. By combining low- and high-angle measurements,
it was possible to determine both the MPDI noise and the
signal. This represents a clear added value of multiangle
measurements, since this simple analysis allows insights into
retrieval skill solely from observations. This information could
potentially be used in data assimilation schemes where uncer-
tainty values are a requirement [48], [49], [50]. Here, the
overall SNR was calculated on a daily basis, but it could
eventually also be applied to time series. In addition, this
approach highlighted the capability of each frequency. At
19.35 GHz, the SNR was the highest on two days, despite the
largest MPDI range at high angles occurring at 10.7 GHz. This
high MPDI SNR could be linked to improved SM retrieval
skill and likely explains why the correlation coefficient (R?)
between AMPR SM and SMAP SM based on RM4 remained
high at this frequency (R*> = 0.74 for 19.35 GHz versus
R?> = 0.81 for 10.7 GHz). This high SNR indicates that the
instrument remains capable of retrieving reliable information,
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despite the reduction in SM retrieval accuracy caused by
vegetation attenuation.

B. Radiative Transfer

The MPDI has been used in several models to retrieve
vegetation and SM dynamics [24], [25], [51]. However, these
models have predominantly been optimized for measurements
from single-angle observations [45], [52] or selected angle bins
[53], [54] and used additional strategies to split the vegetation
and SM contribution. For example, Owe et al. [24] used the
MPDI in combination with a radiative transfer model for the
horizontally polarized brightness temperature, incorporating
additional temperature information to derive both SM and
vegetation optical depth. Meng et al. [51] used normalized
brightness temperatures and emissivities in combination with
the MPDI to derive an SM index. Here, the behavior of
the MPDI over multiple incidence angles was specifically
investigated.

The optimized MPDI,_,, model applied to the multiangle
MPDI observations demonstrated a good performance, compa-
rable to that of the linear RM, with RMSE values below 0.002
in most simulations, as shown in Fig. 8. Model simulations
(as shown in Fig. 4) demonstrate the limited sensitivity to
the single scattering albedo (w), and a strong sensitivity to
surface roughness length (%). The surface roughness length
(h) has a similar influence on the model as the dielectric
constant (k). When the model was optimized with a fixed
surface roughness length and single scattering albedo, it did
not produce a unique soil dielectric constant (k)—vegetation
optical depth (r,) combination with the lowest RMSE but
instead yielded a series of plausible solutions, each with a
similarly low RMSE. If the surface roughness length (%) had
been set as a dynamic parameter in the optimization routine,
even more solutions would have been possible. Despite the
low RMSE with the observations, the MPDI,_,, model also
relied on several assumptions, as described in Section IV-A. In
particular, the assumption of equal soil and vegetation temper-
atures may not be valid and could affect model performance.
In addition, the omission of high-order vegetation scattering
and attenuation terms in the 7—w approach could also cause a
mismatch between the observations and the model. Therefore,
we believe the MPDI,_,, model has potential for improvement,
and further research is required to clarify how it can be
optimized and applied more effectively. The derivation of
multiple plausible solutions for the vegetation optical depth
(1y) and the soil dielectric constant (k) with the optimized
MPDI,_, model can also be linked to a recently described
phenomenon, which is called vegetation signal crosstalk [55],
[56]. Vegetation and SM have an opposite influence on the
microwave signal as shown in Fig. 4, and because of this
contradicting influence, spurious vegetation signals can still
remain in established SM products [55]. With the use of
multiangle observations, we have a better understanding of
how vegetation and moisture are represented in indices such
as the MPDI. This understanding helps us further mitigate the
vegetation crosstalk, which could lead to improved vegetation
and SM products.
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C. Angular Linearity

Angular linearity was identified in the AMPR MPDI
observations and was characterized using a slope parameter,
AMPDI. The calculation of this parameter for each scan
was based on 11 observations between 25° and 45°, which
produced a robust estimate. This robustness is illustrated in
both Figs. 10 and 12, where the AMPDI provides a stable
and consistent signal across three different days in both flight
directions, except when SM conditions changed. The relation-
ship of AMPDI with vegetation optical depth (7,) and the
dielectric constant (k) might be comparable to that of a single-
angle MPDI. Fig. 11, where AMPDI is plotted against NDVI
for a series of SM classes, provided a similar relationship
to that shown in the simulations in Fig. 4. The vegetation
dynamics along the flight lines were relatively small, with
primarily NDVI values below 0.4. These low values, which
could be indicative of low vegetation densities, made AMPDI
more sensitive to SM.

Therefore, simple RMs allowed realistic SM values to be
derived. However, these results should be interpreted with
caution. The analysis relied on just three flights over the
United States with limited SM and vegetation dynamics.
Additional analyses using other datasets could further support
the hypothesis of linearity and the usefulness of parameterizing
linearity. For example, the analysis on the multiangle MPDI
relationship at L-band could be very useful, as multiangle data
are available from multiple platforms, including ground-based
observations [57], [58], aircraft campaigns [59], and satellite
missions [8]. Such analyses could help to further verify the
added value of multiangle observations. The analysis of a
few days of SMOS data already revealed potential. In this
small dataset, a clear angular linearity in MPDI was found, as
shown in Fig. 12 and in Appendix B, Figs. 14 and 15, with
high-value patterns up to 6 x 107 in both the descending
and ascending passes. However, SMOS data are more complex
compared with AMPR. The incidence angles are not equally
distributed, with the majority of observations occurring around
40° as shown in Fig. 16 and the number of observations
varies from 6 to 9 within a swath (see Figs. 14 and 15).
Both the unequal distribution of angles and the variation in
number of observations could affect the derivation of AMPDI,
but the degree to which it affects the quality of the derived
AMPDI estimate is still unknown. Therefore, when applying
a methodology to derive AMPDI values over the entire SMOS
archive, these effects need to be taken into account.

Despite the challenges, estimating the AMPDI and using this
parameter in MPDI-based retrieval models such as [26] or [52]
might be a valuable approach to investigate because, as shown
in this study, the AMPDI produces a consistent signal derived
from multiple observations. A more robust MPDI alternative,
such as the AMPDI, could reduce the noise levels of SM
retrievals, which are considered a major limitation in existing
satellite-derived SM products [60]. SMOS data could be used
to explore this.

In this study, the focus was on the MPDI because the
influence of temperature is minimized with this index. One
could also explore the angular relationship with land surface
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Fig. 16. Scatter density plots of the incidence angle compared to SMOS MPDI for the study region, for (a) October 22, (b) October 25, and (c) October 31.

Both ascending and descending data are used in this plot.

emissivity for these flight observations. The advantage of
using surface emissivity is that the effect of temperature is
removed, and the relationship between incidence angle and
surface emissivity has been well described in the literature
(e.g., [44]). However, to extract reliable emissivity values
from the observed brightness temperatures, accurate soil and
vegetation temperatures are required. During the flights, these
temperature values were not directly measured, and alternative
datasets, such as MODIS land surface temperature, are needed

to derive temperature estimates. These alternative datasets
provide measurements at different times and have different
spatial resolutions, which makes this option challenging to
explore.

Furthermore, the results from this study indicate that it
might also be possible to derive high-quality SM retrievals
from higher frequencies than L-band using multiangle obser-
vations. Considering the observed linearity from 25° onward,
only a few observations at fixed angles may be sufficient to
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describe the full angular path of the MPDI. An instrument
design in which a dual-polarized microwave radiometer mea-
sures at a selected set of angles could, therefore, offer an
interesting and cost-effective alternative for SM monitoring.

VII. CONCLUSION

Dual-polarized passive microwave brightness measurements
over land, acquired by AMPR during WH?yMSIE, were
analyzed to investigate whether multiangle observations can
improve the retrieval of SM and vegetation information from
passive microwave data. This research focused on the MPDI, a
powerful index for detecting variations in SM and vegetation.
MPDI measurements at incidence angles ranging from 0°
to 45° for the 10.7, 19.35, and 37.1 GHz channels were
collected over the United States during three flights in October
2024. The study demonstrated the added value of multiangle
measurements, even though the datasets exhibited limited
variation in SM and vegetation. The following conclusions
can be drawn.

First, multiangle measurements allowed us to determine
SNR values for the MPDI. These values provide insights
into instrument performance and reveal the ability of each
frequency to retrieve SM and vegetation dynamics.

Second, angular linearity of the MPDI was observed in the
AMPR data. This linearity was reproduced by a 7—w-based
radiative transfer model and a linear RM, both exhibiting sim-
ilar performance. Although the 7—w-based radiative transfer
model shows potential, it produced multiple plausible solutions
and requires further investigation to improve convergence.

Third, the observed linearity was parameterized using a
slope parameter, AMPDI. For the AMPR measurements,
this parameter, which was based on multiple observations,
appeared to be consistent in time and space, revealing similar
patterns along flight lines acquired at different times. The
AMPDI might have a similar relationship with SM and veg-
etation as a single-angle MPDI. For the study region, with
measurements over low vegetation densities, the AMPDI of
AMPR at 10.7 GHz was highly sensitive to SM.

Fourth, simple RMs demonstrated strong SM retrieval capa-
bilities for these regions using only multiangle observations
and their derivatives.

Overall, this study revealed insights into the behavior of
multiangle passive microwave observations over land that were
not visible in the single-angle satellite measurements. These
insights can help us further enhance our knowledge of passive
microwave measurements and could lead to more reliable
microwave retrievals, such as SM.

APPENDIX A
RADIATIVE TRANSFER ANALYSIS FOR THE ATMOSPHERE

The atmospheric contributions along the flight path were
simulated using the radiative transfer code of Boulder Envi-
ronmental Sciences and Technology (BEST). The code has
been validated against the community radiative transfer model
(CRTM) [61] and has been shown to have a mean bias of
less than 0.12 K and a standard deviation of errors less
than 0.05 K in clear sky conditions at the relevant AMPR
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frequencies. Hourly ERA-5 data [62] were used as input
for the model. A total of 3490 profiles were processed to
estimate the atmospheric transmissivity (I'y) and the upwelling
atmospheric contribution (74,) in Kelvin. For 10.7 GHz,
Iy, was 0.99 and T,,, was 3 K with negligible variations.
At 19.35 GHz, I', was more variable and ranged from 0.95 to
0.98 with an average value of 0.97, while T} ,, ranged between
5 and 14 K with an average value of 8 K. At 37.1 GHz,
the contribution was larger with I, values ranging from
0.93 to 0.97 (average I'; = 0.95) and a T4, ranging from
9 to 20 K with an average value of approximately 13 K. All
the flight paths were mostly free of any significant cloud liquid
water, rain, or snow. The only exception occurred during the
October 25 flight between 19:30 and 20:30 UTC as the
aircraft turned around IL and MO. Therefore, according to
the ERA-5 data, a total column cloud liquid water of approx-
imately 0.3 kg'm~2 was present below the aircraft. Based on
these findings, the atmospheric contributions to the MPDI have
been considered negligible for this study.

APPENDIX B
REGRESSION ANALYSIS ON SMOS

For the three flight days, the MPDI for SMOS was
calculated using the horizontally and vertically brightness tem-
peratures in (1). Each SMOS pixel provided multiple MPDI
incidence angle pairs. Pairs with incidence angles greater
than 25° were used to determine the angular linearity in the
SMOS MPDI data. Fig. 14 shows the correlation coefficient
(R?), number of observations used (N) to determine the linear
regression, and the derived AMPDI for the descending data.
Fig. 15 shows the corresponding results for the ascending data.

In addition, both the ascending and descending MPDI
incidence angle data pairs were collected for the given study
region (i.e., between 34°N and 40°N, and —117°W and 88°W)
and plotted for each day. Fig. 16 is similar as Fig. 5 but now
with SMOS data for three different days. In these plots, both
ascending and descending data were combined and used as
one dataset.
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