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GPM-Derived Climatology of Attenuation Due
to Clouds and Precipitation at Ka-Band

Alessandro Battaglia™, Kamil Mroz, Daniel Watters

Abstract— Attenuation from clouds and precipitation hinders
the use of Ka-band in SARs, radar altimeters and in satellite link
communications. The NASA-JAXA Global Precipitation Mea-
surement (GPM) mission, with its core satellite payload including
a dual-frequency (13.6 and 35.5 GHz) radar and a multifrequency
passive microwave radiometer, offers an unprecedented opportu-
nity for better quantifying such attenuation effects. Based on four
years of GPM products, this article presents a global climatology
of Ka-band attenuation caused by clouds and precipitation
and analyses the impact of the precipitation diurnal cycle.
As expected, regions of high attenuation mirror precipitation
patterns. Clouds and precipitation cause two-way attenuation
at 35.5 GHz in excess of 3 dB about 1.5% of the time in the
regions below 65°, peaking at as much as 10% in the tropical
rain belt and the South Pacific Convergence Zone and at circa 5%
along the storm tracks of the North Atlantic and Pacific Oceans.
Confirming previous findings, the diurnal cycle is particularly
strong over the land and during the summer period; while over
the ocean, the diurnal cycle is generally weaker some coherent
features emerge in the tropical oceans and in the northern
hemisphere. Results are useful for estimating data loss from
(sun-synchronous) satellite adopting active instruments/links at
a frequency close to 35 GHz.

Index Terms— Attenuation, cloud and precipitation, Ka-band,
radar.

I. INTRODUCTION
ILLIMETER radars offer unprecedented capabilities in
cloud and precipitation and ocean/land remote sensing
due to their greater potential for finer resolution and improved
sensitivity. In particular, Ka-band frequencies in the range
between 26.5 and 40.0 GHz have been increasingly used
and proposed for satellite missions and, due to the higher
bandwidth they offer, in satellite communication links [1].
The first Ka-band precipitation radar at 35.55 GHz was
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launched in 2014 as a part of the Global Precipitation Measure-
ment (GPM) mission payload [2]; several mission proposals
and notional concepts targeting cloud and precipitation and
their dynamics [3]-[6], including Cubesat platforms [7], are
based on measurements close to such frequency. Some of
the altimeters are currently operated at Ka-band (AltiKa at
35.75 GHz [8]), whereas missions targeting ocean currents
(e.g., the SKIM mission [9], [10]) do also envisage the use
of the Ka-band Doppler radar; similarly, synthetic aperture
radars have been proposed at Ka-band [11], [12] and SWOT
is a cross-track SAR interferometer targeted at water level
measurements [13].

One of the main drawbacks of the use of the Ka-band
is related to the attenuation caused by rain and atmospheric
liquid water at such frequencies [14]. At 35.5 GHz,
the absorption coefficient (one-way) for cloud water ranges
between 0.6 and 1 dB/km/(g/m3) for temperatures between
25°C and 0°C, respectively; rain is much more efficient than
cloud in attenuating Ka radiation (roughly up to a factor of
six more when mean mass-weighted diameters exceed 2 mm
for the same liquid water amount [14]). For rain, there is an
almost linear relationship between one-way attenuation, Ap,ip,
and rain rates, RR, of the form [15]

Apain[ dB/km] = 0.28 RR [mm/h]. (1)

Similarly, the specific attenuation model for rain at
35.5 GHz proposed by the International Telecommunication
Union-Radio Communication Sector (ITU-R) in the Recom-
mendations ITU-R P.838-3 is

Arainrrur[ dB/km] = 0.34 (RR [mm/h])®-887, @)

While such attenuation can be used to retrieve precipita-
tion [15], it is generally detrimental to the altimeter wave-
form [16], [17] and the SAR images [18] and, thus, causes
errors in the retrieval of the geophysical parameters. Due to its
nearly global coverage, the NASA-JAXA GPM mission offers
a unique opportunity to understand how strongly Ka-band
signals are attenuated by weather systems, which areas and
seasons are mostly affected, and how the diurnal cycle can
modulate such effects.

This article is structured as follows. First, different GPM
products used in the study are outlined (see Section II).
Second, the global climatology of attenuation due to clouds
and precipitation and an analysis of the precipitation diurnal
cycle are presented in Section III. Finally, conclusions and
future work are summarized in Section IV.
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II. GPM DATA SET

The GPM mission aims at better understanding the physics
underpinning and the spatial and temporal distribution of
global precipitation [19]. The mission is a coordinated effort
between a “Core Observatory” satellite (launched in 2014) and
a constellation of satellites carrying cross track or conically
scanning passive microwave radiometers (see [2, Table I] for
an updated list). The Core Observatory hosts the Ku- and
Ka-bands’ dual-frequency precipitation radar DPR) and the
GPM microwave imager (GMI), a multifrequency radiometer
designed to be the calibration reference standard for the
radiometers of the whole constellation. The DPR scans through
a 120-km swath at Ka-band and a 245-km swath at Ku-band,
while the GMI provides precipitation data on an 885-km-wide
swath. A gamut of products is produced from GPM data rang-
ing from instantaneous intercalibrated brightness temperatures
to gridded precipitation products (a complete list is provided
in [2, Table II]). In this article, three GPM products have been
exploited:

1) the Level 2 DPR product, version 05A;
2) the Level 2 GMI-GPROF product, version 05A;
3) the Level 3 IMERG product, version 05A.

The DPR product provides estimates of the Ku- and Ka-bands’
path integrated attenuation (PTIA) for gases, cloud water, and
precipitating hydrometeors. Preliminary to any DPR algorithm,
a correction method for attenuation by cloud liquid water
and gases is implemented. Such attenuation is calculated by
using atmospheric profiles of temperature, pressure, water
vapor, and cloud water extracted from the Japanese Meteo-
rological Agency operational analysis (GANAL) for the non-
precipitating areas and the 3.5-km-mesh global Nonhydrostatic
ICosahedral Atmospheric Model (NICAM) for precipitating
areas, as described in [20]. The estimation of the attenuation
caused by the precipitating hydrometeor is based on the
surface reference technique (SRT). Note that this includes both
the rain and melting snowflakes and precipitating ice. The SRT
methodology is thoroughly described in [21], whereas [22]
provides an initial assessment of the performance of the
different SRTs. PIA estimates are generally more reliable over
the ocean because of the more robust modeling of the ocean
normalized backscattering cross section and due to a lower
surface variability.

There are two products available in the GPM data set for

Ka-band PIAs.

1) The 2A.GPM.DPR Product: The differential PIA
between Ka- and Ku-bands, 6PIA(Ka-Ku), is derived by
comparing surface returns in and outside the rain area.
PIA(Ka) is then computed by assuming a fixed ratio
PIA(Ka)/PIA(Ku) = 6.

2) The 2A.GPM.Ka Product: PIA(Ka) is directly derived
by comparing surface returns inside and outside the rain
areas. Note that this product is available both in the
normal sensitivity matched scan (KaMS) and in the high
sensitivity (KaHS) scans.

An intercomparison between the PIA computed from the
DPR and from the KaMS products (see Fig. 1) shows a
very good correlation. For the DPR and the KaMS products,
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Fig. 1. Scatterplot of the two-way PIA computed from the DPR and from
the KaMS products.

the dynamic ranges of both estimates are similar (up to
circa 50 dB) since the maximum attenuation is limited by
the Ka-band receiver noise (Ka suffers larger attenuation
and has less sensitivity). For HS scans, the dynamic range
of the PIA(Ka) is about 5 dB better (up to circa 55 dB,
not shown) because of the better sensitivity when a longer
pulse (1 km) is transmitted. In the following, we have used
the first product. The dynamic range depends also on the
surface normalized backscattering cross section, which is a
strong function of the incidence angle and the surface type.
As explained in a previous research [23], [24], PTA estimates
based on the SRT are strongly affected by nonuniform-beam-
filling effects within the footprint of the radar instruments.
Generally, they tend to underestimate the (antenna-averaged)
PIA in the presence of highly inhomogeneous rainfall fields.
For instance, if half of the beam encounters a PIA of x dB
and the other half a PIA of y dB with x > y, then the PIA
estimated by the SRT is approximately y + 3 dB and not
0.5(x +y) (which is the correct value of the antenna-averaged
PIA), where the 3-dB term accounts for the fact that only half
of the surface is effectively illuminated by the radar. On the
other hand, PIA-SRT is exactly the quantity that is relevant for
scatterometers and altimeters in order to quantify the extent
to which the surface return is reduced by the atmosphere, and
as a result, it is a strong function of the instrument antenna
pattern. Therefore, our findings are particularly relevant for
all the instruments that have footprints similar to the GPM
Ka-radar (= 5 x 5 km?). Instruments with smaller (larger)
footprints will tend to produce broader (narrower) probability
distribution functions (pdfs) of SRT-based PIAs. Note that for
altimeters, the shape of the waveforms in the presence of
cloud/precipitation is affected more by the variability of rain
within the altimeter footprint than by the mean value of the
PIA [25], e.g., patchy rain/cloud cells can distort the wave-
forms more adversely than heavier but more homogeneous
rainfall.

Cloud liquid is also a source of attenuation. The GMI cloud
liquid water product [26] is used over ocean where it provides
the most reliable estimates of cloud water both in the absence
and in the presence of rain. The latter condition is indeed cen-
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tral for this study because in that situation, the largest attenua-
tions are expected. Generally, retrieving rain and cloud liquid
water path (LWP) simultaneously has proven challenging both
from spaceborne [27], [28] and from ground-based remote
sensing instruments [29]; as a result, the cloud water content
conditional to rain generally depends upon the cloud/rain
partitioning assumptions in the algorithm [30]. Note that this is
a troublesome area for visible-based algorithms [e.g., the ones
used for the Moderate Resolution Imaging Spectroradiometer
(MODIS)] as well; such methodologies have deficiencies at
large optical thicknesses and past studies suggested that they
tend to overestimate the LWP [28], [31]. Over the land,
the cloud liquid water product from the combined algo-
rithm [32], which is mainly driven by ancillary environmental
data from the Japan Meteorological Agency Global Analysis
product, is used. This combined product overestimates cloud
water compared to the GMI-only product, and it provides
an estimate of the cloud water path only in areas where
precipitation is expected.

The third GPM product used in this study is IMERG;
it provides a 30-min 0.1° x 0.1° gridded precipitation product
from 60°S to 60°N [33]. IMERG is a unified algorithm
that combines active and passive microwave measurements
from the GPM constellation with infrared measurements from
geostationary satellites by using intersatellite calibration, mor-
phing, and neural network techniques. Data from the final
run (which performs a monthly gauge adjustment with a
latency of three months) of IMERG are used in this study.
All GPM products are publicly available at the NASA website
(https://pmm.nasa.gov/gpm).

III. RESULTS

A. Global Climatology of Attenuation Due to Clouds
and Precipitation

Four years of GPM data have been analyzed, and pdfs
for the PIA (all two ways from now onward) caused by
the different contributors have been produced at a 1° x 1°
resolution. Such gridding corresponds to around 19000 DPR
measurements in the tropics, 25000 at 55° latitude, increasing
to 89000 at the edge of the swath at ~ 65° latitude each
year. An example of the generated pdfs is provided in Fig. 2
for the regions corresponding to the magenta boxes in Fig. 6.
From the pdfs of the PIA, any percentile can be computed;
for instance, the 97¢h percentiles are shown in Fig. 3. For this
high percentile, the effect of gas attenuations is generally of
the order of 1 dB and driven by the water vapor amount with
largest values typically smaller than 1.4 dB. Cloud attenuations
are comparable to gases. Cloudy conditional mean values of
liquid water attenuation over the ocean (not shown) generally
agree with the results shown in [34, Fig. 5] with cloud water
paths peaking at 0.25 kg/m? in the Tropics (which roughly
correspond to 0.45-dB two ways). Generally (top right), a dis-
continuity is observed between ocean and land cloud water
paths; such gradient is obviously not physical but is dictated
by the use of different products; the GMI product over ocean
is certainly more trustworthy than that over the land, which
is model driven. The cloud PIAs seem to be underestimated
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Fig. 2. Pdfs of PIA for cloud, precipitation, and cloud + precipitation for a
region in (Top) Central Pacific and (Bottom) North Atlantic as identified by
the two black rectangles in Fig. 3.

with respect to the results from [25] where clouds LWPs
are derived from MODIS high-resolution (1 km) cloud data.
This is particularly acute in the Southern oceans below 40°S
and in the tracks of the storms in the northern hemisphere.
This may be possibly due to the coarser GMI resolution
and to the aforementioned overestimation of the MODIS
product.

While the magnitude of the signal from clouds is generally
comparable to the gas attenuation (compare the range of values
in the top), the signal from precipitation is generally much
larger. The geographical distributions over the ocean of the
rain PIA (bottom left) mirrors the global precipitation patterns
(see [35]), with maxima in the Tropical rain belt, the South
Pacific Convergence Zone (SPCZ) extending from the mar-
itime continent south-eastward toward Polynesia and along
the storm tracks of the Northern Hemisphere oceans in the
mid-latitudes. The 97th percentiles are null in several places
(where rain occurrences are lower than 3%), and they peak just
above 10 dB in the tropical rain belt. When combining rain
and clouds (bottom right), the pattern of the 97th percentile
of PIA does not differ significantly from the rain only image
(bottom left), except for approximately 15% increase in the
magnitude (see the change in the color bar scale). It shows
that the strongest attenuation is observed in the areas of heavy
precipitation, and the cloud component additionally enhances
the attenuation by several percentages.
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Fig. 3. 97th percentile of the two way PIA expressed in dB for (Top Left) gases, (Top Right) clouds, (Bottom Left) precipitation, and (Bottom Right) total
(i.e., cloud plus precipitation). A combination of GPM products is used to compute the different contributions. Note that different color scales are used in
different plots.
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Fig. 4. Probability of the two-way PIA caused by cloud + precipitation exceeding 3 dB derived from combining DPR and GMI measurements.

In Fig. 4, the probabilities of the PIA caused by clouds hand, for altimeters, the instrument signal-to-noise ratios are
and precipitation exceeding 3 dB are depicted. The 3-dB generally very large (e.g., the data lost due to rain over the
level is usually considered detrimental to altimeter waveform ocean are lower than 0.1% for AltiKa [8]). About 1.5% of data
measurements, whereas even more stringent thresholds must exceed the 3-dB threshold globally, but in the tropical rain
be imposed for the Doppler scatterometers [10]. On the other belt and the SPCZ, as much as 10% of the surface signals are
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Fig. 5. (Top) Histogram density plot of two-way SRT-PIA rescaled by the

height of the freezing level versus the rain rate as derived from the DPR
algorithm; the magenta line is the mean of the two-way PIAs for any given
rain rate. The back and red lines correspond to the two-way attenuation as
derived from the relationship given in (1) and (2), respectively. (Bottom) Rain
rate versus two-way attenuation as derived from a data set of disdrometer data
(courtesy of Dr. Leo Pio D’Adderio).

expected to be more than halved. Similarly, about 5% of PIAs
exceed 3 dB along the storm tracks of the North Atlantic and
Pacific Oceans. The spatial patterns shown in Fig. 4 mirror
those presented in [25, Fig. 9] based on the Topex/Poseidon
rain climatology though their probabilities are slightly higher.

Finally, it is generally interesting to relate the SRT-PIA
(rescaled by the height of the freezing level) to the rain rate
as derived from the DPR algorithm [see Fig. 5(top)]. The
statistical mean relation agrees pretty well with the theoretical
curve for PIAs per unit height smaller than 3 dB/km (though
with a large noise). Nevertheless, for heavier precipitation,
the departure from the linear relationship is more marked with
a strong underestimation of SRT-PIA values (see departure
between magenta and red lines). As mentioned earlier, nonuni-
form beam filling is a plausible explanation for such behavior.
At medium and high rain rates, therefore, the simple use of
the SRT-PIA combined with (1) will obviously lead to a strong
underestimation of the rain rate. Another explanation for the
large variability of the relationship between attenuation and
rain rate could reside in the variability of the drop size distri-
butions. This is, however, ruled out by an extensive analysis
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of in situ measurements of the rain size distributions by the
2-D video disdrometer [36] gathered during field campaigns
and from permanent sites of the GPM Ground Validation
program. Attenuation coefficients computed by coupling the
drop size distribution measurements with extinction cross
sections derived from the T-matrix method [37] are presented
in Fig. 5(bottom) as a function of rain rate. Clearly, there
is not much spread caused by the raindrop size distribution
variability.

B. Diurnal Cycle

Another aspect of interest to consider, especially when
designing orbits for satellites in sun-synchronous orbits, is the
effect of the diurnal cycle on cloud and precipitation that
immediately mirrors into an attenuation diurnal cycle. The
effects of the diurnal cycle on the water cycle have been
thoroughly investigated in the past. Reference [34] investigated
the cloud diurnal cycle over the ocean (see [34, Fig. 7]); the
strongest cycle occurs mainly in low-cloud coastal regions
(with peaks in correspondence to the stratocumuli off the
coast of South America and Namibia significantly greater
than in their Northern Hemisphere counterparts) with early
morning maxima driven mainly by cloud solar absorption [38].
Furthermore, they find that the amplitude of the 24-h harmonic
generally tends to decrease when moving toward the open
ocean. A significant diurnal cycle is also associated with the
maritime continent where it peaks slightly later (10 A.M.),
likely connected to sea/land breezes triggering deep convec-
tion. Only small diurnal cycles are observed in mid-latitude
storms and in correspondence to the tropical deep convective
regions over the ocean.

Several studies have discussed the rainfall diurnal cycle
as recorded by in situ data (i.e., three-hourly weather report
and hourly rain-gauge data, e.g., [39]) and by satellite remote
sensing instruments [40], [41]. All studies generally agree that:
1) subdaily variability is dominated by the 24-h cycle; 2) the
diurnal cycle is driven by frequency rather than intensity;
3) the amplitude of the diurnal cycle is more prominent over
the land (and during summer) where a marked minimum in the
mid-morning is followed by an afternoon—evening maximum
mainly driven by showery and convective precipitation with
a significant diurnal cycle amplitude (well exceeding 30% of
the daily mean precipitation); 4) over oceans, the amplitude
of the 24-h cycle is significantly muted (with values up to
30%) with a peak from midnight to early morning during
both winter and summer; 5) there is a weak 12-h cycle over
most mid- to high-latitudes land and oceans (with amplitudes
lower than 20% and maxima around 5 A.M. and 5 P.M. LST);
and 6) in remotely sensed precipitation products, the diurnal
cycle resembles that of convective precipitation and is slightly
anticipated (=2 h) compared to that based on the rain-gauge
data.

High spatial and temporal resolution satellite precipitation
products, such as IMERG, offer an unprecedented opportunity
to investigate the diurnal cycle. Reference [42] showed that
the 30-min temporal resolution IMERG well captures the
diurnal and semidiurnal precipitation patterns identified by
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the ground-based radars over the CONUS during the sum-
mer. In a parallel study [43], we have analyzed the diurnal
cycle across the globe using four years of IMERG data
(June 2014—May 2018); for each 5° lat/lon grid box, precipi-
tation occurrence, amount (mean precipitation, including zero
values), and intensity (the conditional mean for precipitation
>0 mm/h) have been computed at half-hour resolution. These
histograms have been fit by diurnal and semidiurnal harmonic
functions with a least-squared-error method [42], weighted
by their random errors [43]. The importance of the diurnal
and semidiurnal cycles has been then evaluated by looking at
the amplitudes of the corresponding harmonics, whereas the
position of the maximum in the diurnal harmonic provides the
timing of the peak.

The key results of our analysis are summarized in Fig. 6.
The strength of the diurnal cycle of precipitation is generally
much stronger over the land (cyan to red colors) than over the
ocean and during the summer seasons. Note that a 30% ratio
of the diurnal harmonic amplitude to the daily mean is indeed
a significant signal (i.e., the diurnal harmonic is responsible
for a minimum-to-maximum variability equal to 60% of the
mean precipitation). Over the land, most of the regions with
strong diurnal cycles during summer (e.g., Western plains
in U.S., sub-Saharan Africa, South Africa and Madagascar,

South Andes, South Brazil, and Paraguay) exhibit a diurnal
peak after 18 LST till late evening. Over the ocean, the diurnal
cycle is much stronger during the summer. Over the North
Atlantic and North Pacific Oceans (bottom), the regions with
stronger diurnal cycles are those between 0° and 45°N with
maxima that tend to occur in the late-night/early morning up
to 6/7 LST with few exceptions close to the continents. In the
Southern Oceans (top), the diurnal cycle is generally weaker
with maxima clustering toward midnight in the high latitude
areas and the late morning (9-12 LST) close to the East and
West coasts of the South America continent (but some of
these areas have low occurrences of precipitation anyhow).
The Tropical oceans within the ITCZ generally feature a weak
diurnal cycle but predominantly peaking between 4 and 8 LST.
During winter, the diurnal cycle over ocean is much weaker.

C. Diurnal Modulation of the Rain Attenuation

Hourly precipitation data from IMERG can be used to
characterize how the attenuation pdfs are modulated by the
diurnal cycle. The methodology can be summarized by the
following steps.

1) The conditional probability of having rain rates within

a certain rain class, RRy, for a given local time (LST)),
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P (RRg|LST)), is constructed from the IMERG product
for each location. Note that

> P(RR[LST;) = Prin(LST;)
k

the probability of rain at the given LST;.

2) Rain rates are converted into attenuation by applying
an appropriate rain rate versus attenuation relation-
ship. Because of nonuniform-beam-filling, this mapping
depends on the observation geometry and sensor charac-
teristics. For a GPM DPR-like instrument, the histogram
in Fig. 5(top) can be used to calculate the conditional
probability of having attenuation within a certain atten-
uation class, A;, for rain rates within the k— class,
P(A;|RRy). For sensors with small footprints, the his-
togram in Fig. 5(bottom) will be more appropriate.

3) The probability of having attenuation within a cer-
tain attenuation class, A;, at a given LST; is then
computed as

P(AJILST;) = > P(RR¢|LST;)P(4;|RR;). (3)
k

Note that > ; P(A;|LST;) = Prain(LST;).
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4) The probability of having a certain PIA; at a given LST;
is then computed as P(PIA;|LST;) = P(A;|LST;)
with PIA; = A; x FL, where FL is the freezing level
height.

Fig. 7 is produced by this methodology for the same regions
used in Fig. 2. Results are shown for the maximum and
minimum of the diurnal cycle and for two attenuations versus
rain-rate relationships: the DPR-MS (blue and cyan) and the
ITU-R (red and yellow) corresponding to a ~5-km footprint
and very fine footprint, with the latter clearly producing much
larger PIAs. Note that the Tropical Pacific (Atlantic) region
exhibits a weak (strong) diurnal cycle with a peak-to-mean
rainfall equal to 12.1% (18.0%) of the mean rainfall; precipita-
tion occurrence is 19.5% (2.8%) in the diurnal minimum hour,
19 LST (16 LST), and 20.1% (3.7%) in the diurnal maximum
hour, 7 LST (4 LST). The probability of the Ka PIA from
the DPR MS exceeding 3 dB in the diurnal maximum hour is
4.8% (0.3%). The curves in the plots for the different LSTs
nearly overlap due to the use of a logarithmic scale on the
y-axis.

IV. CONCLUSION

The availability of novel products from the NASA GPM
mission offers a unique opportunity for quantifying attenuation
effects caused by clouds and precipitation in the proximity
of 35.5 GHz (Ka-band). Based on four years of GPM products,
this article presents a global climatology of attenuation at Ka
caused by clouds and precipitation and analyses the impact
of the precipitation diurnal cycle. Based on a combination of
measurements from active and passive instruments onboard
the GPM Core Observatory, pdfs of integrated attenuation
caused by clouds and precipitation have been derived over
all latitudes below 65° and at 1° resolution. This provides
probabilities for total attenuation exceeding any given thresh-
old (e.g., in this article, we have presented the probability of
exceeding the 3-dB threshold). Similarly, the IMERG product
with its unprecedented temporal and spatial resolution allows
to study the diurnal cycle of precipitation. Since the higher
percentiles of attenuation at Ka are dominated by rainy pixels,
the combination of both data sets allows for the quantification
of the diurnal variability of the attenuation at any location.
A methodology to map IMERG pdfs of rainfall into pdfs of
attenuation has been described. Results are, therefore, useful
for a variety of applications related to quantifying data loss
from satellite adopting active instruments/links at frequency
close to 35 GHz.

While the new stream of products from the GPM constel-
lation has certainly produced a significant step forward in the
monitoring of clouds and precipitation and their attenuation
effects, further improvements for the global cloud and precip-
itation observing system are certainly recommended along the
following guidelines.

1) A better quantification of attenuation due to cloud water
path over the land must be established. This may require
combining microwave and visible sensors.

2) Nonuniform beam filling effects and their detrimen-
tal effects on rainfall and on PIA estimates must be
mitigated.
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3) Better insight about how cloud and rain water paths

This

covary must be gained.
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