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Abstract—A method for mapping the dynamics of the South
Asian monsoon season is proposed based on the use of the coherence
of CYGNSS Level 1 delay-Doppler Map measurements. Because
the apparent coherence of the specular forward scattering observed
by CYGNSS provides information on the presence of inland water,
it can be related to different phases of the monsoon season. Results
reported from 2017 to 2020 illustrate inter-annual variations in
the seasonal monsoon, and show high degrees of correlation with
SMAP soil moisture maps over the Indian subcontinent. Compar-
isons with precipitation information from the global precipitation
measurement mission also show relationships indicative of the
monsoon’s dry and wet phases. The analysis presented in this work
highlights the potential of using spaceborne GNSS-R systems for
the operational mapping of monsoon dynamics.

Index Terms—Bistatic radar systems, coherency, cyclone global
navigation satellite system (CYGNSS), global navigation satellite
systems reflectometry (GNSS-R), inland water dynamics, rough
surface scattering.

I. INTRODUCTION

THE South Asian monsoon appears as a seasonal pattern
of extended periods of drought and several months of

torrential rainfall. The implications this process has on agricul-
tural productivity, food security, sudden flooding and disaster
preparedness are of particular importance [1]–[6]. Owing to
the vastness of the regions it affects (an area greater than 4
million km2) within the Indian subcontinent extending from ap-
proximately 5◦ N 63.5◦E to 32.5◦N 99.5◦E, spaceborne remote
sensing provides an important tool for monitoring the monsoon’s
development, effects and for acquiring observations to support
its prediction [7]–[9].

The properties of the cyclone global navigation satellite sys-
tem (CYGNSS) mission make it well poised to address this
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need. CYGNSS’s L-band frequency makes its measurements
of surface specular scattering insensitive to cloud cover and to
the heavy rain rates that often accompany the monsoon’s wet
phase. Further, its fine temporal sampling (mean and median
revisit times of 7 and 3 h, respectively, for latitudes within ± 38◦

[10], [11]) provides an opportunity to map monsoon dynamics
at revisit rates as short as 1 d.

This article presents a method for mapping monsoon dynam-
ics over the Indian subcontinent through the use of the coherence
of CYGNSS’s Level 1 delay Doppler maps (DDMs) [13]. The
method is shown to mark the start, end, and evolution of the
monsoon’s characteristic phases. The results demonstrate the po-
tential for using spaceborne GNSS-R systems in an operational
capacity in the mapping of large scale weather phenomena.

The next section provides an overview of the fundamental cir-
culation mechanisms that give rise to the South Asian monsoon,
including the basic properties of its “dry” and “wet” phases. It
also provides an overview of the CYGNSS mission, the mea-
surements it provides, and the physical mechanisms underlying
their sensitivity to various stages of the monsoon. Section III
then describes the proposed dynamic monsoon mapping method.
Section IV extends the proposed method to the available record
of CYGNSS Level-1 data, and illustrates the method’s ability to
detect and map different cycles of the monsoon. Qualitative and
quantitative assessments are also performed through compar-
isons with soil moisture and precipitation datasets provided by
other sensors. Potential limitations of the method are discussed
in Section IV, and recommendations for future work and final
conclusions are provided in Section V.

II. BACKGROUND

A. Description of the Monsoon Season

The South Asian (Indian) monsoon is caused by interactions
between near surface ocean air, varied levels of atmospheric
moisture content, and impinging solar radiation. As sunlight
heats the ocean’s surface near the equator, evaporated water
mixes with warmed air creating a flow of wind propagating
northwards. The transfer of this large mass of warm moist
air creates a region of low pressure with dry air known as
the intertropical convergence zone (ITCZ) [14]. This stage of
the solar-surface interaction brings about the dry stage of the
monsoon season characterized by an absence of rainfall and arid
conditions throughout the Indian subcontinent predominately af-
fecting Pakistan, India, Nepal, Bhutan, Bangladesh, Sri-Lanka,
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and Myanmar. The drought phase typically prevails for a total
of 8 mo starting from October and ending in May [14]. As the
warmed, humid air reaches its greatest Northward extent, it cools
and begins its descent towards the subtropics, where a process of
condensation ensues. This marks the beginning of the wet phase
and brings about heavy rainfall culminating in transient flooding
and inundation over different parts of the Indian subcontinent.
The wet phase typically lasts for a period of 4–5 mo from June
to early October [14]. This cyclical atmospheric circulation,
the Hadley Circulation [15], is the fundamental driver for the
monsoon season.

During the dry phase, water resource management, improved
water conservation, and distribution practices, and the moni-
toring of agricultural productivity all are crucial and can have
profound implications for food security [1]–[6], [14]. Tracking
wet phase dynamics is of particular importance for disaster pre-
paredness due to the heavy and sustained rainfall that can cause
flooding, loss of life, and destruction of property [5], [6]. The
ability to predict and monitor monsoon dynamics is complicated
by its sudden onset and the linkage of its underlying circulation
mechanisms, the Hadley Circulation, with other larger scale
phenomena such as the El Nino and Southern oscillation (ENSO)
phenomenon [14]. As a result, the prediction of monsoon onset
and evolution remains challenging with current models [16],
[17], motivating exploring the use of remote sensing systems
like the CYGNSS constellation.

B. CYGNSS Mission

The CYGNSS mission operates an eight satellite constella-
tion using a mode of remote sensing known as global naviga-
tion satellite system-reflectometry (GNSS-R) [10], [11]. Each
CYGNSS satellite hosts a GNSS-R payload that receives L-band
transmissions from global positioning system (GPS) satellites
that have been specularly scattered from Earth’s surface.

The received scattered fields arise from a variety of locations
including the specular point and the surface surrounding it
known as the glistening zone [12], resulting in a diversity of
forward scattered contributions. Each contribution occurs at a
distinct delay (τ ) relative to the specular point. Due to the relative
motions between the CYGNSS receiver(s), GPS transmitter(s),
and the Earth’s surface, the observed forward scatter contribu-
tions also occur at different Doppler shifts (fD). Based on the
intersections of ellipses of constant delay and hyperbolas of con-
stant Doppler shifts projected onto Earth’s surface, a mapping
occurs from Earth’s surface into delay-Doppler space, giving rise
to the fundamental GNSS-R measurement, the delay-Doppler
Map (DDM) [12]. For CYGNSS, the mapping is done by each of
the receivers’ delay-Doppler mapping instrument [18] payload
into a “Full DDM” comprised of 128 delay bins (at ≈0.25
μs sampling) and 20 Doppler bins (at ≈500 Hz sampling).
About the Full DDM’s peak amplitude representing the specular
point on the surface, a smaller 17 × 11 delay-Doppler cropping
window is used to form, compress and downlink the standard
Level-1 DDM product. Motivated by its global availability
(in contrast to other less frequent special CYGNSS modes of
operation), this work uses only CYGNSS’s standard Level-1

Fig. 1. Illustration of CYGNSS Level-1 DDMs. (a) Dominated by noncoherent
scatter. (b) Dominated by coherent reflection.

DDM products. Examples of Level-1 DDMs are depicted in
Fig. 1.

C. Sensitivity to Transient Flooding and Inundation

Numerous previous studies have explored the use of ra-
diometers [19], [20], synthetic aperture radars [21], [22], and
optical [23] systems for examining monsoon effects. In mi-
crowave radiometry, the flooding and inundation effects asso-
ciated with the monsoon wet phase can cause a decrease in
brightness temperatures that can provide indications of monsoon
dynamics [19]. In contrast, studies analyzing SAR backscattered
normalized radar cross section for vegetated land surfaces have
modeled received signals as [24], [25], the sum of three mech-
anisms describing the aggregated contributions of surface, vol-
ume, and surface-to-volume scatter. Through varied interactions
between the three fundamental contributions, flooding, and in-
undation may increase or decrease backscatter levels depending
on surface roughness and vegetation conditions. For CYGNSS,
one sensitivity to inundation occurs due to direct proportionality
of peak received DDM power to surface reflectivity [26], [27]
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Here ΓLR(εs, θi) is the surface’s Fresnel reflectivity in polar-
ization LR (right hand circular incidence and left hand circular
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Fig. 2. Changes in CYGNSS surface reflectivity in response to flooding in the
vicinity of the Indus river coinciding with the monsoon wet phase.

TABLE I
SUMMARY OF RELEVANT STATISTICS FOR CASE STUDY ILLUSTRATING THE

SENSITIVITY OF CYGNSS MEASUREMENT SURFACE REFLECTIVITY TO

FLOODING EVENT DETECTED BY MODIS NRT IN THE BASIN ON THE

INDUS RIVER, PAKISTAN

scattering for CYGNSS) and is a function of the surface relative
complex permittivity εs. For land surfaces, εs depends strongly
on the volumetric soil moisture content of the soil [28], [29].
As the monsoon’s wet phase begins, increased levels of rainfall
cause a significant increase in moisture content. Surface re-
flectivity therefore undergoes seasonal variations, experiencing
increases during flooding and inundation events and a steady
decline as volumetric moisture content diminishes during the
monsoon’s dry phase [30]–[35].

The sensitivity of CYGNSS measurements to these effects is
illustrated in Fig. 2, where the surface reflectivity derived from
calibrated CYGNSS Level-1 DDMs (corrected for instrument
and geometry related parameters) is depicted for one month
periods before (July 2019) and after (August 2019) a monsoon
related flooding event in the vicinity of the Indus River took
place. Table I summarizes properties of these measurements and
includes information on the normalized difference vegetation
index (NDVI) derived from advanced very high resolution ra-
diometer (AVHRR) observations. The modest changes in NDVI
show that other properties of the scene remains similar over the
July–August 2019 period. Within the same area, the moderate
resolution imaging spectroradiometer (MODIS) near real time

(NRT) suggests that over the month of August, flood occurrence
exceeded 50% within the test region. The occurrence percentage
is determined based on the portion of MODIS measurements
associated with the detection of water relative to total measure-
ments made, with flood state declared based on the number
of water observations exceeding “normal” water levels for a
given region based on yearly MODIS water masks. The reported
flooding event is expected to be the primary driver for the
observed 17.06% in mean CYGNSS surface reflectivity after
the flooding event.

While CYGNSS’s sensitivity to inundation, through increases
in its measured surface reflectivities, is apparent in Fig. 1, the
reliance on signal amplitude alone represents a significant chal-
lenge. In particular, signal amplitudes can be affected not only by
inundation but also by surface roughness, vegetation, and other
properties. Signal amplitudes are also subject to any calibration
uncertainties in the CYGNSS Level 1 products. Accordingly, an
alternate method is presented in what follows that avoids these
limitations.

III. PROPOSED METHOD

Instead of using variations in the magnitude of CYGNSS
observables, the proposed method aims to map the dynamics of
the South Asian monsoon by detecting the dominant scattering
mechanism of a DDM. The two relevant scattering mechanisms
are incoherence and coherence. Incoherent scattering occurs
when the received power is scattered from a surface whose height
variation is significant compared to the L-band wavelength
(19 cm). Due to the random path lengths taken over such a
surface, the resulting received surface scatter has a phase that
decorrelates rapidly as the satellite moves.

In contrast, coherent scattering occurs when the scattering
surface is smooth compared to the wavelength, giving rise to
mirror like reflections off the Earth’s surface. The resulting
scattered fields add constructively, resulting in increased signal
amplitudes and a distinct DDM waveform shape [27]. The
prevalence of one scattering regime versus another over a given
location depends on the level of surface roughness. The studies
of [27] and [37] have shown that the roughness scales necessary
at the L1 1.575 GHz center frequency are on the order of 3–5 cm
or less to support coherence, and the studies of [13] have shown
that incoherent scattering occurs for more than 90% of inland
returns. For measurements classified as coherent, approximately
80% were found to be associated with the presence of inland
water bodies within a measurement’s first Fresnel zone. The
high correlation between the presence of inland water and the
dominance of coherence is the result of the low surface rough-
ness of inland water bodies. For a given location, a transition
from incoherence to coherence can result when flooding and
inundation occurs. This work therefore aims to apply the recently
developed Level-1 detector [13] to detect these transitions and
to use them as indicators of monsoon dynamics.

A “power spread” detection method is used in [13] to de-
tect coherence, based on the characteristic waveform shape of
coherent scattering which concentrates power within the ±2 τ
and ±3 fD region surrounding the DDM peak. This limited
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Fig. 3. Level-1 coherence metric for all CYGNSS observations made throughout 2019 for a 36 km footprint centered about 25.76◦N 84.09◦E. Illustration depicts
the transition from a dominant incoherent scattering state during the dry phase of the monsoon to a dominant coherent scattering state during the wet phase of the
monsoon.

power spread is captured through a Level-1 coherence metric,
the power ratio, that divides the DDM power within this limited
region by that within the remainder of the 17 × 11 larger DDM.
For coherent returns, the power ratio is expected to be high. For
incoherent returns, there is a greater spread of power within the
DDM and the power ratio is low. A globally fixed coherence
detection threshold of PR ≥ 2.0 is recommended as indicative
of dominant coherence in [13].

An example is depicted in Fig. 3 for a 36 km grid cell in
northern India that includes parts of the Ganges river, Ghaghara
river, and Suraha lake as well as drier, rough, terrain within
which no known water bodies exist. In contrast to traditional
radar systems mapping swaths of the observed surface, using
CYGNSS the properties of a given surface may be analyzed
through an accumulation of a group of (quasi-random) individ-
ual specular points that are not co-located. The power ratio PR
is plotted throughout 2019 for all of the nearly 20 000 CYGNSS
DDMs (approximately 55 per day on average) falling within this
pixel. An increase in the time series measurement density occurs
beginning July 1st, 2019 because at this time the CYGNSS
mission increased the Level-1 DDM reporting interval from 1 to
2 Hz. The transition was directly in support of land investigations
as it reduces along track spatial smearing, particularly for DDMs
are dominated by coherent reflection, from a distance of 6 to
3 km.

Depending on the precise location of a DDM specular point
within this grid cell, it may be dominated by coherent reflection
or incoherent scatter as evidenced by the numerous transitions
above/below the 2.0PR detection threshold in Fig. 3. Therefore,
the use of the coherence of a single DDM as an indicator
of monsoon effects is expected to give rise to considerable
uncertainty. Instead, the dominant mode of scattering within a
given grid cell is established based on the medianPR value in the
grid cell over a longer time period. The latter is indicative of the
dominant mode of reflection within a series of measurements for
a given location. For days with a daily median power ratio below
the detection threshold in Fig. 3, incoherence is declared to be
dominant and is taken to indicate a dry phase at this location. A
daily median value that exceeds the detection threshold results

in classification in the wet phase. In Fig. 3, the transition to a
dominant mode of coherence, ergo the monsoon’s wet phase,
begins July 9th, and the dry phase transition occurs October
25th, 2019. Note for this location that the daily median PR
value remains above or below the 2.0 threshold throughout the
entire wet and dry seasons, respectively.

Two limitations exist for the proposed method that require
additional consideration. The first relates to the method’s focus
on observing changes in inundation as an indicator of mon-
soon properties. Locations within the subcontinent that produce
dominant coherence year-round therefore are problematic. For
example, 70–90% of Bangladesh’s surface experiences a com-
bination of monsoon floods, river bank floods, rain fed floods,
and flash floods throughout the year. As a result during both
the dry and wet phases of the monsoon, much of Bangladesh is
declared coherent. This is further evidenced in the maps in Fig. 4.
Therefore this region is excluded from subsequent analysis.

The second limitation relates to the elevation of some of
the areas affected by the monsoon. During December 2017, an
update was made to all eight CYGNSS receivers to expand the
specular search window used on-board the spacecraft in support
of land investigations. As a result, the maximum surface eleva-
tion for which useful measurements are downlinked expanded
to include high altitude regions such as the whole of Nepal and
some parts of India and Pakistan. However, the mean 4 km
elevation over much of Bhutan renders ≈75% of all specular
measurements made beyond the minimum permissible delay and
as a consequence much of the downlinked measurements over
Bhutan are not usable. As a result, Bhutan is excluded from the
following studies of this article.

IV. RESULTS AND DISCUSSION

A. Spatial Trends

The dynamics of monsoon induced flooding and inundation
are next explored using the multiyear Level-1 data record made
available by the CYGNSS mission extending from DOY 77,
2018 to DOY 130, 2020. Fig. 4 plots (a) and (b) depict areas
where a dominant mode of coherence is detected before (over
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Fig. 4. Illustration of spatial trends associated with dry and wet phases of the monsoon. (a) Distribution of coherent and incoherent points on 9 km grid during dry
phase based on 30 d medians throughout May 2018. (b) Distribution of coherent and incoherent points on 9 km grid during the wet phase based on 30 d medians
throughout August 2018. (c) Points associated with elevated SMAP soil moistures indicative of inundation on 9 km grid using 30 d mean throughout May 2018.
(d) Points associated with elevated SMAP soil moistures indicative of inundation on 9 km grid using 30 d mean throughout August 2018.

May 2018) and after (over July 2018) the onset of the monsoon’s
wet phase on a 9 km spatial grid using 30 d median PR values.
During the dry phase, a total of 5.61% of all grid cells within the
Indian subcontinent were associated with coherent reflection.
Transient flooding and inundation brought about by the wet
phase result in a growth of this percentage to 16.26%.

In the absence of ground truth at comparable spatial and tem-
poral scales, the maps obtained are evaluated using soil moisture
measurements from the soil moisture active passive (SMAP)
mission on a 9 km grid (the enhanced L2 radiometer half-orbit
9 km EASE-grid soil moisture SPL2MPE product) [40]. Here, a
simple approach is applied in which grid pixels having monthly
mean moistures that exceed 45% are declared inundated where
it is noted that similar thresholding practices have previously
been used [41] in the context of agriculture flood mapping
with SMAP data; having shown that the upper volumetric soil
moisture limit for noninundated soils is ≈40% and median sus-
tained volumetric moisture levels during flooding events ranges
between 40% ≤ mv ≤ 45%. During the dry phase, the SMAP
maps in plot (c) suggest that 4.57% of all points are inundated,
while a wet phase increase to 12.51% occurs in the plot (d).
The qualitative similarity of the resulting images confirms the
CYGNSS-based method’s capabilities in identifying inundation
conditions. Some differences in the two maps arise due to the
finer resolution capabilities of CYGNSS at detecting inland
waterbodies [45], for example in the border region between
Pakistan and India. These detections are associated with known
inland water bodies which include the Ramn of Kutch lake,
Shakoor lake, Indus river, and Chehab river. To eliminate the
contributions of static water bodies, differences between the wet
and dry phase maps can be used to estimate the additional area
inundated during the monsoon wet phase. In the case of the
2018/2019 cycle depicted in Fig. 4, CYGNSS detects the wet
phase resulting in transient flooding and inundation that spans
10.65% of the Indian subcontinent or equivalently 43 110 km2

while the reference SMAP dataset suggests that this is 7.94% or
equivalently 32 193 km2. Again the differences between these

extents likely arise due to the differences in spatial resolution of
the water body detections obtained between the two instruments.

Alternatively, to estimate the additional area inundated dur-
ing the monsoon’s wet phase ancillary information [42], [43]
pertaining to static inland water body extent could be used to
subtract their respective signatures from plot (b). This approach
is not used in this work in order to limit the algorithm’s depen-
dence on any ancillary information beyond CYGNSSs Level-1
measurements. Another consideration motivating this choice is
the fact that the temporal resolutions of a number of reference
databases are on the order of >1 year, appreciably longer than
the 1 mo resolution of the CYGNSS products depicted in plots
(a)–(b) thereby limiting their ability to capture the dynamic
changes a number of the water bodies of interest undergo over
the various monsoon phases and their respective intensities.

B. Temporal Trends

While the preceding results highlight the large scale spa-
tial trends associated with the monsoon’s characteristic phases,
tracking the monsoon’s temporal dynamics is also of high inter-
est. Fig. 5 plots the total additional inundated area within India
detected by CYGNSS on a 10 d interval and 12 km grid for the 3 a
period March 2017 to March 2020. The variations between 0%
(dry phase baseline) and ≈25% (wet phase maximum) clearly
illustrate the monsoon cycle in each year. A number of other
recurrent trends are also observed. During the dry phase, the
percentage of points detected as being coherent undergoes a near
monotonic decrease following the wet phase. This is expected
to be the result of prolonged periods of drought resulting in
a sustained drying of previously inundated areas. A minimum
of <1% is typically reached near the end of the dry phase. A
subsequent near monotonic increase marks the onset of the wet
phase.

The total ten-day rainfall over India obtained from the global
precipitation mission (GPM) [44] is also included in Fig. 5. A
lag between the onset of elevated precipitation and CYGNSS
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Fig. 5. Case study over India. Detected inundation percentage relative to total area, on 12 km grid using 10 d medians, and total GPM reported rainfall over four
dry phases and three wet phases of the monsoon season.

Fig. 6. Hovmoller diagram illustrating areas associated with inundation brought about by the monsoon’s wet phase. Trends indicative of the monsoon’s dry and
wet phases with the slope of the magenta line is used to compute eastward propagation velocity.

determined inundated area is observed. The lag is to be ex-
pected, as the proposed mapping methodology detects monsoon
dynamics indirectly through its impact on inundation rather than
rainfall. During the 2017 wet phase, peak rain occurred on July
20th while peak inundation was detected on August 14th, a lag
of 25 d. During 2018 the lag was 21 d. During 2019, however,
peak rain and inundation detection coincide on the same day,
August 14th. In this case, peak rain is not expected to be the
primary driver for the peak in inundation, as peak rainfall in
this case was preceded by prolonged periods of above average
rainfall throughout India as compared to previous years.

While the results depicted in Figs. 4–5 are indicative of the
success of the proposed method in capturing the large scale
spatial trends associated with the monsoon’s two major phases,
dry and wet, their temporal sampling is limited to periods of
1 mo and 10 d, respectively. This is the result of the need to
allow a sufficient accumulation of measurements within a given
grid cell to investigate the dominance of one mode of scattering
over another. Finer spatial grids are therefore inherently associ-
ated with coarser temporal resolutions. More frequent temporal

mapping of monsoon dynamics in contrast is possible using
coarser spatial grids. To illustrate this, a 25 km grid is used that
enables daily updates of coherence estimates and inundation
extent.

Fig. 6 illustrates the total daily inundation area obtained over
the Indian subcontinent as a function of longitude and time
for the three year period March 2017 to March 2020; note the
mean area associated with the preceding dry phase is subtracted
from the subsequent wet phase to highlight monsoon induced
changes. The results clearly illustrate the three wet and four
dry phases over this period, as well as the variation of the
monsoon’s amplitude and duration in longitude. Fig. 7 provides
a comparable illustration of the daily GPM rainfall over the
same time period and area. The results in Figs. 6 and 7 suggest
that the end of the 2017 dry phase was reached, approximately,
on June 2nd, 2017. This was followed by a transitional phase
that lasted 3 weeks where the Indian subcontinent experienced
a combination of transient flooding and inundation. The 2017
transitional dry-wet phase was brought about by rain events in
May–June 2017. The wet phase during the same year is found to
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Fig. 7. Hovmoller diagram of GPM derived rain rates illustrating high rain rates characteristic of monsoon’s wet phase and low rain rates characteristic of
monsoon’s dry phase.

range from June 18th, 2017 to September 23 rd, 2017, reaching
its peak on August 22nd, 2017. A roughly 30 d lag between peak
rain, occurring on July 18th, and peak inundation, occurring
on August 22nd, is observed. The 2018 wet phase beginning
July 8th is found to be delayed by 20 d relative to the previous
year. The duration of the three wet phases are also found to
undergo variability lasting 98 d in 2017, 85 d in 2018, and 91 d
in 2019. The variability in the onset and duration of these phases
is indicative of the need for near real time monitoring.

Fig. 6 also shows that the detected inundation undergoes
a gradual propagation over the subcontinent, as is evidenced
by the lagging onset of comparable levels of inundation along
longitude. The 2018 eastward propagation of these effects is
marked as an example by the solid line in Fig. 6. In observed
propagating speeds are 31.4, 54.9, and 42.4 km/day in 2017,
2018, and 2019, respectively.

V. CONCLUSION

The sensitivity of CYGNSS’s land measurements to transient
flooding and inundation was used to study the spatial and
temporal properties of the South Asian monsoon. To bypass
ambiguities and uncertainties associated with relying on DDM
magnitudes, a Level-1 coherence detection methodology was
specialized to study the monsoon’s dry and wet phases. The co-
herence detection methodology separates DDM measurements
into coherent and incoherent categories. Because incoherence
is expected to be the dominant mode of scattering over non-
inland water surfaces, its persistence over much of the Indian
subcontinent is used as an indicator of the monsoon’s dry phase.
The transition from a mode of incoherence to coherence is used
as an indicator of the beginning of the monsoon’s wet phase.
Comparisons with SMAP soil moistures during the dry and wet
phases of the monsoon indicate highly complementary spatial
distributions of where inundation is detected. The ability to map
the dynamics of the monsoon in near real time with latencies as
short as 1 d was illustrated over CYGNSS’s multiyear dataset
from 2017–2020 and compared to reference GPM precipitation

information. The highly complementary nature of the two further
illustrates the ability to use spaceborne GNSS-R systems to
support, observe, and predict these large scale cyclical events.
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