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Abstract—Improved characterization of Cyclone Global Nav-
igation Satellite System (CYGNSS) zenith and nadir antenna
gain patterns is incorporated into the calibration algorithms
for Normalized Bistatic Radar Cross Section (NBRCS) and
reflectivity. The updated patterns result from work described in
two companion papers (Part I and Part II). Calibration errors
directly attributable to antenna gain patterns are reduced by
40-90% across all nadir channels, while NBRCS consistency
and uncertainty with respect to reference European Center for
Medium-Range Weather Forecasts Reanalysis v5 (ERAS) data
are improved by an average of 35%. Similarly, more than 80%
of reflectivity measurements exhibit reduced uncertainty and
improved correlation with coincident Soil Moisture Active Passive
(SMAP) soil moisture measurements. The updated patterns also
improve calibration consistency between satellites in the constel-
lation, with a ~60% reduction in root mean square differences
between them.

Index Terms—Cyclone global navigation satellite system,
CYGNSS, Global Navigation Satellite Systems Reflectometry
(GNSS-R), GPS EIRP, NBRCS, Reflectivity, Level-1 calibration,
microwave remote sensing

I. INTRODUCTION

ENSING of the Earth’s dynamic properties using space-

borne L-band observatories is motivated by their reduced
sensitivity to the confounding effects of atmospheric con-
stituents as well as heavy rain and cloud cover thereby en-
abling continuous all weather operation [1], [2]. This enables
concurrently achieving sensitivity to a wide range of disparate
properties including soil moisture [3]-[6], vegetation indices
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[7]-[9], ocean wind speed [10], [11], and inland water dy-
namics [12]-[14] that may be retrieved. Traditionally, sensing
these properties has been attempted by radiometers like Soil
Moisture and Ocean Salinity (SMOS) [15] or Soil Moisture
Active Passive (SMAP) [16], scatterometers like Aquarius
[17] or synthetic aperture radars like NASA’s NASA-ISRO
Synthetic Aperture Radar (NiSAR) [18] or ESA’s upcoming
Radar Observing System for Europe at L-band (ROSE-L) [19].
The properties of each of these systems makes them well
suited for the applications they were intended to support. For
example, while systems like SMOS and SMAP exhibit clear
sensitivity to soil moisture and related dynamics their coarser
spatial resolutions makes their observations ill suited for the
mapping of inland water bodies or analyzing inundation,
particularly at kilometer level footprints or finer. Conversely,
SAR systems’ superior spatial resolutions addresses this need.
In both cases however, this is achieved at revisit times on
the order of 3 days or longer. The costs associated with the
design and launch of constellations of these more traditional
systems to reduce revisit time are prohibitive, such that insights
into dynamic changes occurring on shorter time scales may be
limited.

Conversely, constellations of GNSS-R systems like Cyclone
Global Navigation Satellite System (CYGNSS) [20] are well
suited to address these concurrent needs motivating continued
exploration of the means with which the representativeness
of their observables to geophysical properties of interest may
be enhanced. In this third and final part, the effects the use of
updated zenith (direct channel) gain patterns derived using the
methodologies explored in Part I (see [21]) and updated nadir
gain patterns derived using the methodologies explored in Part
II (see [22]) on the mission’s Level-1 observables are explored.
Compared to preceding characterizations, updated patterns
are thought to be more representative of in-orbit behaviors.
Observed Normalized Bistatic Radar Cross Section (NBRCS,
o) behaviors are explored in the context of the constellation’s
ocean surface observations and their correspondence to surface
winds while the behavior of measured reflectivities (I';, g) over
land is explored in the context of their correspondence to soil
moisture.

Section II provides a brief background followed by an analy-
sis of NBRCS behaviors in Section III. Practical considerations
relating to the use of land reflectivities for the assessment of
Level-1 calibration quality are explored in Section IV followed
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Fig. 1: Example FMO07 antenna gain difference levels computed as Gupdated — Gewisting (2) Zenith (b) Port (c) Starboard

by an analysis of a 5 year CYGNSS I'j i record. This is com-
plemented with tests of the constellation’s ‘self consistency’
that are more independent of reference geophysical datasets or
the properties of the surfaces observed in Section V. This is
then followed by final conclusions and discussions in Section
VI

II. BACKGROUND

To maintain a healthy power budget, each CYGNSS flight
model undertakes commanded roll maneuvers that are intended
to maximize the exposure of their solar panels to sunlight.
During these periods nominal science operations continue such
that the constellation provides both ‘non-rolled’ and ‘rolled’
measurements using their zenith antennas that are used to track
Global Positioning System (GPS) Effective Isotropic Radiated
Power (EIRP) in real-time as well as their port and starboard
nadir antenna modules that are intended to track specular
reflections off the Earth’s surface. The observation geometry
properties in differing roll states were shown in Parts 1 [21]
and II [22] to be instrumental in both identifying potential
mischaracterizations in existing estimates of these patterns,
highlighting the relationship these may have with Level-1
calibration artifacts impacting observables and ultimately with
developing procedures intended to improve characterizations
of in-orbit antenna patterns across all channels.

An illustrative example of how the updated patterns compare
to preceding estimates for FM07’s three antennas is illustrated
in Fig. 1. Simple gain bias, that is a constant offset across the
complete polar space between different sets of patterns, is not
expected to compromise the calibration quality of observables.
Instead, this would have the effect of shifting the means of
observables by a factor commensurate with the gain offset.
Conversely, it is the form of non-uniform differences that are
depicted in Fig. 1 that are expected to have a more significant
impact on calibration quality as it may increase or decrease

the variance of measurements depending on how representative
the patterns are of ‘true’ in-orbit behaviors.

In the case of FM07, for each of the antennas, updated
estimates would suggest that true in-orbit gain levels are either
~2 dB lower than previously thought or more than ~3 dB
higher compared to preceding characterizations depending on
the subset of polar co-ordinates where a specular measurement
maps. Part I [21] presented methodologies applicable for the
constellation’s zenith (direct signal) channels while those in
Part IT [22] are concerned with nadir antennas. The analyses
presented in what follows contrast observables’ behaviors us-
ing a Level-1 calibration scheme that incorporates the updated
patterns with one that relies on preceding estimates. The
results make clear that updated characterizations of antenna
patterns are more representative of in-orbit levels.

III. OBSERVED OCEAN TRENDS

Given the correspondence measurement incidence angles
have to distinct polar subsets within the respective antenna
patterns, it is of interest to assess NBRCS anomalies 6 (6;, ©;)

N, N
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as a function of incidence angle 6; and roll angle ¢,., with
N, indicating the number of rolled measurements and Ng
indicating not-rolled measurements. Illustrative examples are
depicted in Fig. 2 showing the impact of nadir antenna pattern
mischaracterizations on roll specific NBRCS anomalies that
can exceed +20% depending on incidence angle, channel and
roll angle. The examples in Fig. 2 also show the benefits of the
updated patterns. Significant improvements are noted where
the anomalies exhibit a reduced dependence on incidence
angle and are typically less than 5%. Some residual calibration
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Fig. 2: NBRCS anomalies for observations with 6 < u19 < 8 m/s ERAS wind speeds at roll angles ¢, = +10° and ¢, = —10°. View

is limited to the range of incidence angles over
FMO1-Port (e) FM04-Port (f) FMO08-Port

which 90% of the measurements exist (a) FMO02-Star (b) FMO05-Star (c) FMO7-Star (d)

TABLE I: The 90th percentile of NBRCS anomalies || across all incidence angles contrasting NBRCS measurements recorded
over surfaces whose ERAS wind speed at the time and location of observation are in the range 6 < ujg < 8 m/s across the
roll angles —8° < ¢, < —12° (i.e. -10°) and 8° < ¢, < 12° (i.e. +10°). All quoted values are in units of %. Entries are
additionally binned by port-side antennas (P) and starboard-side antennas (S).

¢r L,ANT — | 1P | 2P | 3P [4P | 5P | 6P | 7P | 8P | 1S | 2S |3S |4S |5S |6S | 7S |8S

Prelaunch, -10 125 | 139 | 11.0 | 143 | 113 | 17.8 | 19.6 | 129 179 | 16.0 | 174 | 187 | 181 | 205 | 188 | 17.1

Updated, -10 5.1 4.1 44 4.2 3.7 5.7 4.9 4.5 3.0 34 22 3.5 22 2.1 33 3.5

Reduction 59.0 | 70.3 | 60.0 | 709 | 67.6 | 67.8 | 75.1 | 64.9 83.1 | 78.6 | 87.1 | 81.2 | 88.0 | 89.9 | 825 | 795

Prelaunch, +10 | 16.3 | 13.8 | 12.0 | 155 | 129 | 12.6 | 160 | 14.1 149 | 182 | 169 | 187 | 174 | 215 | 144 | 198

Updated, +10 3.0 2.9 3.0 3.6 2.6 3.5 2.5 3.2 9.0 5.8 6.2 6.9 5.8 7.7 7.8 7.0

Reduction 81.7 | 792 | 753 | 76.8 | 79.6 | 723 | 843 | 7715 394 | 679 | 633 | 629 | 665 | 644 | 458 | 64.6
uncertainties can still contribute anomalies that approach 8-9%  respectively.

at higher incidence angles (see Fig. 2(c)). As will be shown
in what follows, the impact this has on other figures of merit
appears minimal. Corresponding statistics capturing the 90th
percentile || (i.e. 90% of anomalies have a value less than
that quoted in the table) are summarized in Table I. Anomaly
reduction levels vary between 39.38-89.88% depending on the
specific antenna and roll angle. Mean relative reductions of
71.53% and 72.64% occur for the port and starboard channels,

While similar trends are observed over other wind speed
ranges, the choice to illustrate these effects using the subset of
measurements occurring over ocean surfaces with 6 < uyg <
8 m/s wind speeds is primarily motivated by considerations
relating to measurement densities given the need to subset o
by roll angle, flight model, antenna and incidence angle.

NBRCS statistics expressed as a function of reference ERAS
(European Centre for Medium-Range Weather Forecasts Re-
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Fig. 3: Joint CYGNSS NBRCS, ERAS5 winds speed PDFs. First row utilizes prelaunch patterns while second row highlights the impact of
incorporating updated zenith and nadir antenna patterns. All other aspects of L1 calibration kept the same (a) FM02 (b) FM04 (c¢) FMO06 (d)
FMO02 (e) FM04 (f) FM06

TABLE II: Mean NBRCS spread over the wind speed range 6 < w19 < 20 m/s for Level-1 calibration algorithms that
utilize initial prelaunch patterns compared to those incorporating updated patterns. Data from all incidence and roll angles is
incorporated as part of this analysis. Entries are additionally binned by port-side antennas (P) and starboard-side antennas (S).

Version |, ANT — | 1P | 2P [ 3P | 4P [ 5P | 6P | 7P | 8P || 1S |2S |3S [4S |5S [ 6S |7S |8S

Initial (%) 79.8 | 780 | 76.6 | 732 | 79.4 | 75.7 | 84.2 | 769 || 76.0 | 71.9 | 69.9 | 73.8 | 755 | 73.6 | 76.8 | 72.8
Updated (%) 473 | 459 | 47.0 | 465 | 465 | 484 | 479 | 463 || 493 | 479 | 482 | 483 | 48.1 | 51.3 | 482 | 475
Reduction (%) 40.8 | 41.1 | 38.6 | 365 | 414 | 36.0 | 43.2 | 39.8 || 351 | 33.4 | 31.0 | 346 | 362 | 302 | 37.2 | 347

TABLE III: Mean NBRCS uncertainty over the wind speed range 6 < w9 < 20 m/s for Level-1 calibration algorithms that
utilize initial prelaunch patterns compared to those incorporating updated patterns. Data from all incidence and roll angles is
incorporated as part of this analysis. Entries are additionally binned by port-side antennas (P) and starboard-side antennas (S).

Version |, ANT — | 1P | 2P | 3P [ 4P | 5P | 6P |7P | 8P || 1S |2S |3S [4S [5S [6S | 7S |88

Initial (unitless) 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Updated (unitless) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Reduction (%) 40.5 | 395 | 381 | 379 | 39.2 | 333 | 41.3 | 37.6 || 279 | 362 | 31.1 | 32.0 | 36.7 | 29.2 | 36.5 | 36.5

analysis v5) winds were analyzed next. ERAS reference winds  developed seas’ (FDS) GMF (i.e. for tracks with lower winds
are used as the main input for deriving CYGNSS’s ‘fully that typically do not include storms). For an initial qualitative
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assessment, example joint 0® — u;o PDFs are depicted in
Fig. 3, and illustrate behaviors that arise from a Level-1
calibration algorithm that utilizes initial patterns compared
with that utilizing the updated patterns. This includes data
from both nadir antennas on each of the example receivers,
all incidence angles and all roll angles. While both sets of
subplots indicate a declining NBRCS as a function of wind
speed (a result of the associated increased roughening of the
ocean surface), the appreciably higher uncertainties associated
with ‘initial NBRCS’ in plots (a)-(c) is readily identifiable
as evidenced by the increased spread of NBRCS across all
wind speeds. Results with the updated patterns retain a similar
physical behavior while reducing the variability in NBRCS
estimates. The remaining spread in NBRCS at a given wind
speed with the updated patterns can in large part be explained
by variations in other properties of the ocean surface roughness
not directly correlated with local wind speed, and are therefore
not necessarily an indication of residual uncertainties in the
antenna patterns. The extent of improvement in the patterns
is described using two quantitative measures that include the
initial uncertainty o;nitiar(U10)/ initial(u10) relative to the
updated uncertainty oupdated(U10)/ fupdated(t10) as well as
a spread metric v (2) expressed as function of wind speed

100 - (o90(u10) — o10(u10))
o50(u10)

2

U(ulo) =

While the uncertainty measure, incorporating the NBRCS
standard deviations o and means p, had been previously de-
fined and utilized as a figure or merit [21], the spread measure
aims to quantitatively describe the width of the NBRCS PDF
at every wind speed by comparing the difference between the
90th (0gg) percentile NBRCS to the 10th percentile NBRCS
(010) relative to the median NBRCS (o59) and therefore
capturing the ‘width’ of the PDF and how repeatable a given
NBRCS estimate at a prescribed wind speed is. The resulting
trends for example port and starboard antennas are depicted
in Fig. 4. While over the range 6 < w19 < 20 m/s both
metrics are observed to be weakly dependent on wind speed,
it is observed that the uncertainties are considerably reduced
across all example channels and wind speeds using the updated
patterns. For example, in the case of FMO1-starboard in plot
(a), the mean spread is reduced by 40.8% approaching levels
as low as 45% while the uncertainty is on average 100%
higher using the initial patterns. Estimates of both across all
channels are summarized in Tables II and III. The mean spread



(a) (b)
I, | | ! | | I
0 5 10 15 20 2 30 3 40 45 50 55 60 65 70 75

Correlation (%)

Fig. 5: CYGNSS reflectivity to SMAP soil moisture correlation map computed over a 31 day time series centered about March 1st, 2025.
Regions where no correlation is reported are those flagged out by SMAP (a) Using prelaunch patterns (b) Using updated patterns
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Fig. 6: Mask identifying pixels retained for use as part of further
reflectivity correlation and uncertainty analysis

reduction is 36.86% and the mean uncertainty reduction is
35.83%.

IV. OBSERVED LAND TRENDS

CYGNSS’s land reflectivities have been used for sensing
a variety of geophysical properties such as soil moisture
(my), for which numerous retrieval algorithms have been
proposed [3]-[6]. The reflectivities are derived from measured
Level-1 delay Doppler Maps (DDMs), as the peak power
that is later calibrated using a formulation that follows the
Friis transmission equation. The mission’s baseline retrieval
approach [23] leverages the linear relationship between re-
flectivity, when expressed in decibels, and reference SMAP
(Soil Moisture Active Passive) estimates to develop a site
specific GMF and facilitate retrievals accordingly. It follows
that a relevant figure of merit relates to assessing the impact of
the updated patterns on CYGNSS reflectivity correlations to
SMAP’s reported soil moistures. An example of this reported
on a 36 km Equal-Area Scalable Earth (EASE) grid is shown
in Fig. 5. While the maps in plots (a) and (b) nominally amount
to March 1st, 2025 correlation maps using initial and updated
patterns, respectively, they are constructed using a 31 day time
series of daily averaged CYGNSS reflectivities and SMAP
soil moistures using +/-15 days about March 1st, 2025; the
correlations are subsequently reported on a per-pixel basis.
While it is instructive to examine the example maps in Fig.
5, reliance on these ‘snapshot’ correlation maps is found to
be a highly unreliable indicator of relative correlation and

reflectivity uncertainty differences, in the context of Level-
1 calibration and validation activities. This is in part due
to the fact that the two vary significantly depending on the
day of year (DOY), specific regions and in particular their
corresponding land covers along with level of soil moisture
dynamics also varying in time and space. This motivated
limiting comparisons to regions meeting prescribed conditions:

1) Soil moisture dynamics: It is well established that in
dry regions such as the Middle East and North Africa
(MENA) and significant transects of Australia exhibit
highly limited soil moisture variability such that cor-
relations of both CYGNSS reflectivity to SMAP’s soil
moisture and SMAP’s soil moisture to in situ gauges
are low. As a result differencing these low, and unrepre-
sentative, measures gives rise to highly noisy estimates.
Instead, an 8 year record of SMAP’s soil moisture is
used to interrogate dynamics while noting pixel specific
differences in the 10th and 90th pixel specific percentiles
of soil moisture as a measure of dynamics. Subsequently,
the pixels that exhibit dynamics (i.e. differences in high
and low soil moistures) that fall in the 50th percentile
or greater are retained for further analysis.

2) Physical dependence: While the magnitude of measured
reflectivities will undergo changes as a function of a
variety of surface properties including texture, sand
and clay fractions, bulk density, temperature, roughness,
vegetation cover and the like its permittivity undergoes
the largest increases as a function of its volumetric
soil moisture content. In turn, this increases measured
reflectivities such that a line whose slope is positive re-
lating CYGNSS reflectivities and SMAP soil moistures
is the expected physical relationship. Nonetheless, the
confounding effects of other surface properties, inland
water body contamination, interference and the like
can cause some pixels to exhibit behaviors where the
slope of the line of best fit relating the two approaches
zero. Differences over corresponding regions similarly
provides noisy figures of merit. A similar climatology
was developed and only the regions whose reflectivity
vs m,, slope falls in the top 50th percentiles was used
in subsequent analysis.

3) Correlation: Closely related is the fact that due to the
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Fig. 7: CYGNSS reflectivity vs SMAP soil moisture correlation Hovmoller diagram (a) Using prelaunch patterns (b) Using updated patterns
(c) Correlation difference computed as updated - initial (i.e. positive numbers indicate improvements)

impacts of the same confounding effects the extent of
CYGNSS reflectivity correlations to SMAP’s soil mois-
tures is also highly varied such that a further requirement
is placed for pixels to be used, their reflectivity/soil
moisture correlations must also fall in the top 50th
percentiles.

For a pixel to be retained for further assessments, all three
conditions were enforced resulting in the mask depicted in
Fig. 6. Only reference soil moistures that SMAP identifies
as being of recommended quality are used in this analy-
sis. This analysis is intended to test not the superiority of
one instrument compared to another for the sensing of soil

moisture but rather selects pixels that will be most useful in
assessing the impacts of various calibration schemes in terms
of observables’ sensitivity to soil moisture. Subsequently, for
every DOY over the period January 2020 to August 2025 a 31
day time series (+/- 15 days centered about ‘current DOY”)
is constructed and a corresponding ‘daily’ correlation map is
produced. The mask in Fig. 6 is then applied and each of
the daily correlation maps is then averaged along longitude
and used to develop the latitude-time Hovmoller diagrams
in Fig. 7. The process is repeated using both initial and
updated tables with the corresponding trends captured in plots
(a) and (b) respectively. These Hovmoller diagrams provide
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Fig. 8: CYGNSS reflectivity uncertainty Hovmoller diagram (a) Using prelaunch patterns (b) Using updated patterns (c) Uncertainty difference
computed as updated - initial (i.e. negative numbers indicate improvements)

a more comprehensive, and succinct, summary of behaviors
across both space and time. Additionally, the temporal trends
in Fig. 7 are directly related to hemispheric seasonal soil
moisture dynamics. For example, the diagonal structure of
higher correlation beginning at the equator on March 2020 and
traversing North over a period of ~4 months while repeating
year-to-year coincides with periods where reference SMAP
soil moistures undergoes more significant changes that are
typically on the order of 0.2-0.25 m3/m?®. Similar effects are
also noted in the southern hemisphere albeit phase shifted
in time given contrasting seasonality. It follows that periods
exhibiting reduced correlations are also associated with lower

soil moisture variability, analysis of which suggests changes
on the order of Am, < 0.15 m?/m?.

A similar process is applied to assess the differences in
uncertainty, expressed in terms of the ratio of reflectivity stan-
dard deviation relative to the mean, resulting in the uncertainty
Hovmoller diagrams in Fig. 8. Similar seasonal trends are
also observed where in periods exhibiting lower soil moisture
dynamics, a higher level of reflectivity uncertainty is noted.
Nonetheless, an initial visual assessment of plots (a) and (b),
utilizing initial and updated patterns respectively, highlights
the higher mean level of uncertainty associated with the use
of prelaunch patterns.
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Fig. 9: PDF summarizing correlation differences using respective
Hovmoller diagrams. Differences computed as correlation obtained
when using updated patterns compared to those achieved when using
prelaunch patterns. Positive numbers indicate improvement.

Subsequently, to further assess the impact of the updated
patterns, the correlation difference PDF in Fig. 9 is generated
by differencing Fig. 7(a) and (b). It is assessed that the
updated patterns improve reflectivity correlations to SMAP’s
soil moisture across 83.14% of the entries assessed with a
mean increase of 4.06% globally, with some regions exhibiting
correlation increases > 20%. Greater increases appear to be
less dependent on specific land-covers and instead appear to be
related to soil moisture variability where for areas experiencing
higher levels of dynamics within the duration of a given time
series, larger improvements are observed. This is also done
in Fig. 10 where it is observed that uncertainties are reduced
using the updated tables across 98% of the entries analyzed
with a mean reduction of 10%.

It is also noted that the along-time ‘stripes’ that appear in
Fig. 7 and Fig. 8 at latitude ~ 0° are a consequence of there
being very few longitudinal pixels available for analysis near
the equator (see Fig. 6) as opposed to the feature being telling
of distinct CYGNSS behaviors in those regions.

V. CONSTELLATION SELF CONSISTENCY

The use of a ‘distributed” observation architecture where a
total of 16 physical receive nadir antennas, each with its own
set of calibration biases, along with a wide range of transmit-
ters as is the case with GNSS-R observations increases the
likelihood of varied errors impacting their measurements. Ad-
ditionally, while the preceding assessments were informed by
independent reference geophysical datasets it is also instructive
to explore the impact of the updated patterns on observable
quality irrespective of the geophysical properties of the surface
at the time of observation. A relevant test of the effectiveness
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Fig. 10: PDF summarizing uncertainty differences using respective
Hovmoller diagrams. Differences computed as the uncertainty ob-
tained when using updated patterns compared to those achieved when
using prelaunch patterns. Negative numbers indicate improvement.

with which such errors are accounted for entails exploring the
‘self consistency’ of CYGNSS observables using colocations
across different receive pairs over spatial and temporal colo-
cation windows where surface properties can be assumed to
be constant. Importantly, this makes no assumptions regarding
the properties of the surface and therefore circumvents related
uncertainties. An example of this is shown in Fig. 11 where
plot (a) reports the joint PDF of NBRCS colocated pairs
over a 25 km footprint and 15 minute separation using the
initial patterns. This facilitates 1.063 million colocated pairs.
The same analysis is repeated in plot (b) using the updated
patterns. This includes measurements made across all roll
states, surface wind speeds and observation geometries using
an identical population of measurements. Given the physical
dependence of ¢” on incidence angle, only colocations aris-
ing from different antennas across different receivers whose
incidence angles differ by 6; < 3° are retained. In both cases,
it is observed that colocations are highly correlated and are
centered near the 1-1 line. In the case of plot (a) correlation is
~ 78.28%; using the updated patterns in plot (b) correlation
increases to 87.14%. Importantly, as a result of the various
mischaracterizations of zenith and nadir antenna patterns the
overall variability of NBRCS estimates that utilize prelaunch
patterns are considerably higher as evidenced by the increased
‘spread’ about the 1-1 line. The uRMSE is 21.38 m?/m? in
plot (a) whereas it is 12.99 m?/m? in plot (b). Closely related
is the fact that the range of NBRCS difference across colocated
pairs is reduced from 4.23 m%/m? to 1.97 m?/m? on average.

The geophysical properties over land vary on longer time
scales such that the temporal window colocation used in
the analysis in Fig. 12 is 24 hours. In contrast to analysis
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of the ocean surface however, the heterogeneous nature of
land measurements motivates selecting a finer 3 km spatial
colocation window. Together, these conditions provide 49049
colocated reflectivity estimates for analysis. Similar trends are
also observed where reported estimates are highly consistent
across a wide range of reflectivities. In the case of land
reflectivities, the RMSD is reduced from 3.35 dB to 3.09
dB while the correlation increases from 88.01% to 89.09%.
The range of reflectivity difference across colocated pairs is
reduced from 1.55 dB to 1.23 dB on average.

VI. CONCLUSION

Accurate reconstruction of in-orbit direct (zenith) and re-
flected (nadir) signal channel antenna patterns is crucial for en-
hancing observables’ correspondence to geophysical properties
of interest and reducing related Level-1 calibration discrep-
ancies. While pre-launch ground based characterizations can
alleviate some of these uncertainties, the costs associated with
fully testing spacecraft flight models (FMs) may be prohibitive
and may often inadequately capture in-orbit behaviors given
the thermal, mechanical and electromagnetic effects receivers
are impacted by once deployed into Low Earth Orbit (LEO),
all leading to departures from nominal behaviors.

Over this three part series, the utility of in-orbit roll ma-
neuvers for enhancing calibration quality through improved in-
orbit pattern characterization was demonstrated. To maintain a

healthy power budget, each CYGNSS flight model undertakes
commanded roll maneuvers that are intended to maximize the
exposure of their solar panels to sunlight. During these periods
nominal science operations continue such that the constellation
provides both ‘non-rolled’ and ‘rolled’ measurements using
their zenith antennas that are used to track Global Positioning
System (GPS) Effective Isotropic Radiated Power (EIRP) in
real-time as well as their port and starboard nadir antenna
modules that are intended to track specular reflections off the
Earth’s surface.

In Parts I and II it was shown that this gives rise to distinct
measurement properties (unavailable for non-rolled data) that
were leveraged as part of the proposed techniques to recon-
struct the receivers’ zenith antenna patterns, nadir antenna
patterns and gain patterns across every GPS transmitter whose
reflections were tracked by CYGNSS. In the case of the direct
channel, this is in part facilitated by the fact that the roll
maneuvers give rise to EIRP measurements with multiple off-
boresight angles at a fixed polar co-ordinate in the receivers’
patterns. In an analogous fashion, the roll maneuvers give rise
to measurements taken at multiple incidence angles at a fixed
polar co-ordinate in the receivers’ nadir antenna patterns. It
is instructive to emphasize that for ‘non-rolled’ datasets, it is
typically the case that for a given receiver/transmitter pairing
measurements occur at one (or over a limited range) of off-
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boresight and incidence angle given a fixed body azimuth and
elevation co-ordinate.

For direct channel activities, the proposed technique led
to non-uniform corrections to the CYGNSS zenith antenna
patterns by up to 4 dB relative to prior estimates. Uncertainties
in the Effective Isotropic Radiated Power (EIRP) of the
GPS transmissions are reduced by an average of 33%. The
calibration improvements highlight the efficacy of leveraging
‘rolled data’ for deriving GPS transmitter patterns as well as
demonstrating that data records as short as a single day can be
used with as little as 4% uncertainty in the resulting improve-
ment. Several practical considerations were also provided to
operators of other existing and future GNSS-R payloads. This
included demonstrating that in spite of the ‘coupled’ nature
of multiple EIRP calibration terms, the use of the proposed
methodologies does not require the implementation of an
iterative scheme thereby significantly enhancing their compu-
tational efficiency. Additionally, it was demonstrated that as
few as 100 measurements per off-boresight angle increment
were sufficient to estimate a representative GPS pattern such
that for a receiver operating with a duty cycle comparable
to CYGNSS, a single day of data would be sufficient to
accumulate the necessary number of measurements. For a
more comprehensive overview, see Part L.

For reflected channel activities, it was shown in Part II that
the updated gain estimates differ by -3 to 3 dB in a non-
uniform fashion. In this Part III, the impact of incorporating
the updated patterns into the mission’s standard Level-1 cali-

bration of NBRCS and reflectivity was explored. It was shown
that NBRCS anomalies related to antenna pattern uncertainties
are reduced by an average of ~70% while overall variability
as a function of ERAS reference wind speeds is reduced by
an average of ~36%. Efficacy of the calibration improvements
applied to land reflectivity is assessed using reference SMAP
soil moisture estimates. The results suggest improvements
impacting over 83.14% of measurements, by an average of
4.06% while reducing uncertainty by a mean of 10% across
98% of all observations. The findings presented across this
three part series highlight the utility of in-orbit roll maneuvers
for the improved calibration of Level-1 GNSS-R observables.
Several relevant practical considerations were also provided to
operators of other existing and future GNSS-R payloads. For
example, the operators of future GNSS-R instruments may be
limited in terms of the number of roll angles they may be
able to maneuver their flight models into due to mechanical
constraints or due to other considerations relating to the
interruptions this may cause to their routine science operations.
As such, it was of interest to explore the minimum number of
roll angles needed to pursue the prescribed procedures. It was
shown that a minimum of collections at three roll angles would
likely be required. Other studies of the minimum number of
measurements required for a given body elevation and azimuth
angle showed that as few as 100 measurements per pixel at
these multiple roll angles would be sufficient. For a more
comprehensive overview, see Part II.

Finally, it is also noted that analysis of the properties of



CYGNSS’s observations across varied roll maneuvers suggests
that they present numerous avenues for the improved calibra-
tion of GNSS-R observables. It follows that the methodologies
overviewed in this work constitute a limited subset of a wider
range of techniques that can be leveraged for the improvement
of GNSS-R system calibration quality more generally.
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