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ABSTRACT

This study is the first to reach a global view of the precipitation process partitioning, using a combination of
satellite and global climate modeling data. The pathways investigated are 1) precipitating ice (ice/snow/graupel)
that forms above the freezing level and melts to produce rain (S) followed by additional condensation and
collection as the melted precipitating ice falls to the surface (R);2) growth completely through condensation and
collection (coalescence), warm rain (W); and 3) precipitating ice (primarily snow) that falls to the surface (SS).
To quantify the amounts, data from satellite-based radar measurements—CloudSat, GPM, and TRMM—are
used, as well as climate model simulations from the Community Atmosphere Model (CAM) and the Met Office
Unified Model (UM). Total precipitation amounts and the fraction of the total precipitation amount for each of
the pathways is examined latitudinally, regionally, and globally. Carefully examining the contributions from the
satellite-based products leads to the conclusion that about 57% of Earth’s precipitation follows pathway S, 15%
R,23% W, and 5% SS, each with an uncertainty of =5%. The percentages differ significantly from the global
climate model results, with the UM indicating smaller fractional S, more R, and more SS; and CAM showing
appreciably greater S, negative R (indicating net evaporation below the melting layer), a much larger percentage
of W and much less SS. Possible reasons for the wide differences between the satellite- and model-based results
are discussed.

1. Introduction Earth’s energy budget, convective instability, and sur-
face water supply. Major recent advances in under-
standing the energy budget, and the occurrence of the
ice phase, have been provided by satellite data and

globally gridded reanalyses (e.g., Trenberth et al. 2001;

The phase of clouds and precipitation, whether it
be liquid and/or ice, has far-reaching implications for
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Trenberth and Stepaniak 2003a,b; Miilmenstéadt et al.
2015). It is well known that the ice phase has a major
impact on the thermal equilibrium of the planet in terms
of how it affects Earth’s radiation budget and its effect
on the dynamics of convection due to the release of ice
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latent heat upon condensation and loss of heat due to
melting of ice (Matus and L’Ecuyer 2017). The focus of
our study is on the impact and prevalence of the ice
phase to the global distribution of surface precipitation,
be it in the form of rain that has some component of
melted ice/snow/graupel, rain with no contribution from
the ice phase, or snow that falls to the surface.

Most satellite-based retrievals of precipitation have
focused on the total precipitation at the surface, not
partitioning by the phase. Adler et al. (2017) examined
global surface precipitation over a 23-yr period, using
the Global Precipitation Climatology Project (GPCP).
The monthly precipitation data from the GPCP product
are obtained by merging a variety of data sources, in-
cluding passive microwave-based rainfall retrievals, in-
frared rainfall estimates, and surface rain gauges. They
reported on key features of the global and latitudinally
averaged distribution of global mean precipitation, yield-
ing an estimated mean precipitation rate (PR) globally of
2.6mmday ! (2.8mmday ' for oceans, 2.1 mmday ! for
land). Updating that work by using 36 years of GPCP data,
they found that the global precipitation value has shown no
significant upward trend over the 23-yr period, an unex-
pected result given that has been explained as resulting
from the dual influences of green has warming and
aerosol cooling (Salzmann 2016). More recently, Skofronick-
Jackson et al. (2019) used 1 year of GPM-based PR
retrievals, derived from both active and passive satellite
data, to examine the latitudinally averaged global mean
daily precipitation and the annual mean accumulated
precipitation. These were compared to the GPCP prod-
ucts. Overall, there was good agreement between GPCP
and retrievals from measurements for 1) the GPM Ku-band
radar, 2) the GPM dual-wavelength measurements,
and 3) the GPM passive microwave precipitation (GPROF)
product. They also used 1 year of GPM Microwave
Imager (GMI) data, which does have the ability to
sense light rain and falling snow, to characterize the
average fraction of precipitation that fell as snow
and the average snow rate. Although they cautioned that
the results were not validated, they found that on average,
the snow rates were <l mmh™?, except at coastal areas,
and the fraction of snow events showed a clear latitudinal
dependence, with nearly 100% frequency of annual oc-
currence above a latitude of +55°. It is important to point
out, however, that there can be substantial disagreement
between the precipitation products used. Sun et al. (2018)
concluded that there are substantial disagreements be-
tween 30 global surface precipitation datasets, depending
upon whether they were derived from surface rain gauges,
satellite-based, or reanalysis products. They noted that
the reliability of precipitation datasets is mainly limited
by the number and spatial coverage of surface stations,
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the satellite algorithms, and the data assimilation
models.

The CloudSat Cloud Profiling Radar (CPR) is better
suited for measuring light snow precipitation than that
of GPM. Liu (2008) used 1 year of CPR data to char-
acterize the global horizontal and vertical distributions
of surface snowfall rates. He found that there is an
almost zonally oriented high snowfall belt centered
around —60° latitude, where both surface snowfall
frequency and rate are high, whereas in the Northern
Hemisphere, heavy/frequent snowfall areas are locked
to geographical locations (e.g., coast regions near the
Gulf of Alaska). He also found that the zonally and
annually averaged snowfall rate has its maximum value
around 2mmday ', about one-third of the zonally av-
eraged rainfall value found in the intertropical conver-
gence zone, which signified the importance of snowfall
to the hydrological cycle.

Collocated multiple radar datasets have been devel-
oped for the purpose of understanding the strengths and
limitations of each dataset. Turk (2016), Yin et al. (2017),
and Casella et al. (2017) reported on coincident datasets
that provide examples of snowfall events observed by the
CPR and Dual-Frequency Precipitation Radar (DPR).
Using the Turk (2016) dataset, Casella et al. (2017) found
that the occurrence of snowfall events correctly detected
by DPR products was quite small compared to CPR
(around 5%-7%), and the fraction of snowfall mass
was not negligible (29%-34%). Yin et al. (2017) also
matched CPR and DPR positions to yield a coincident
dataset. The primary focus of that study was to charac-
terize W-, Ka-, and Ku-band radar reflectivity signatures
of the ice particles in stratiform versus convective clouds
over ocean. Using calculations for snow aggregates, they
found clear differences in the triple-wavelength signa-
tures in convective versus stratiform clouds. Sindhu and
Bhat (2013) compared radar reflectivity measurements
from CPR and the Tropical Rainfall Measuring Mission
(TRMM) Ku-band precipitation radar for coincident
passes of the CloudSat and TRMM platforms. Above
the TRMM radar detection threshold of about 17 dBZ,
they found that CPR underestimated the radar reflectivity
by about 10dBZ. They explained the difference to be
the result of strong attenuation in precipitating clouds.
In Behrangi et al. (2012), a merged CPR and TRMM
Precipitation Radar database, along with passive remote
sensors, was constructed for the purpose of capturing
rain rates spanning a wide range of rain intensities. They
found that less than 5% of the rain events were under-
estimated by CPR owing to the problem of signal saturation
in the heaviest rainfall. Behrangi et al. (2014) compared
rainfall rates derived from CPR and the TRMM radar,
with the addition of passive remote sensors. They found
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that about one-half of the precipitation events are
measured by TRMM radar when compared to CPR.

Combining radar data acquired at multiple wavelengths
to determine precipitation rates is not straightforward. The
assumptions used for developing the algorithms to retrieve
these rates are different for CPR and GPM/TRMM, the
attenuation differs, as does their footprint sensing areas.
Skofronik-Jackson et al. (2019) found that even when
accounting for differences in profile classification (snow
versus rain), footprint size, and sensitivity, there remains
a difference of 30%—-40% in global mean snowfall rate
between the CPR and GPM Ku-/Ka-band DPR esti-
mates. They found that the mean global snowfall rate
between —66° and +66° latitude was 0.12mm day ' for
CPR and about 0.04mmday ' for DPR. They devel-
oped a composite CloudSat—-GPM Z-S§ relationship to
minimize the algorithm differences. The CPR-DPR
snowfall amount differences were reduced to ~16%
after adopting this diagnostic Z-S approach.

Quantifying changes in snowfall as a result of global
warming has recently been receiving attention, in part
because of the societal impact. Snow is a much more
efficient water resource than rain. As the climate warms,
a lower proportion of winter precipitation falls as snow
(see Tamang et al. 2019, among others), and, as Barnett
et al. (2005) have pointed out, one-sixth of Earth’s
population relies on glaciers and seasonal snowpack for
their water supply. Brown and Robinson (2011) have
shown that the extent of snow cover in the Northern
Hemisphere has undergone significant reductions over
the past 90 years, with the rate of decrease accelerating
over the past 40 years. In mountainous regions, the
snowfall has been decreasing (Howat and Tulaczyk
2005; Knowles et al. 2006; Feng and Hu 2007; Valt and
Paola 2013; Gusain et al. 2014; Guo and Li 2015; Wang
et al. 2016). Tamang et al. (2019) used the surface
dewpoint temperature of 1°C to delineate snow from
rain, together with many surface observation reanalysis
datasets, to document changes in global snowfall over
the past 40 years. They found that over mountainous
regions there has been a significant decrease in the an-
nual mean areas of potential snowfall dominant regions.
They also found that the Northern Hemisphere rain-to-
snowfall transition latitudes were contracting signifi-
cantly. For current and future climate scenarios, it is
important to gain a baseline of the fraction of Earth’s
precipitation that is due to the ice phase and the fraction
due to warm rain involving no ice.

While it seems counterintuitive to associate precipi-
tation in the tropics with the ice phase, several studies
have shown that this pathway can be significant. Behrangi
et al. (2014) used 3 years of CPR data to derive the global
distribution of total precipitation, rain only (but there
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may be ice aloft), snowfall, and both snow and rain at the
surface. They found that snow is the dominant type of
precipitation poleward of =50° latitude over land; they
also concluded that nearly 50% of global precipitation
occurs in the form of snow, but that less than 50% of
global precipitation is captured by the current suite of
precipitation measuring sensors. Miilmenstddt et al.
(2015) reported on the use of CloudSat radar and
CALIPSO lidar data to produce global climatologies of
precipitation frequency according to its thermodynamic
phase, whether solely through the liquid phase (warm
rain), from snow aloft that melted to rain (cold rain), or
solely due to the ice phase (snow). They found that
the warm rain fraction was highest in the tropical and
subtropical oceans outside of the ITCZ, and cold rain
dominated in the ITCZ over the midlatitude oceans and
over continents. Field and Heymsfield (2015) followed
up that study. Using CPR data, they identified four
precipitation flags: (0) for no precipitation, (1) for snow
at the surface, (2) for rain at the surface, and (3) for rain
at the surface contiguous with snow aloft in the same
vertical column, that is, rain from melting snow. They
compared their results to simulations using a global
climate model and surface-based measurements at two
ground sites, and to the findings from the Miilmenstadt
et al. (2015) study. The correspondence between the
CPR observations and the model and ground-based
observations was favorable. It was concluded that the
CPR observations are a good way to assess the micro-
physical processes incorporated in the global models.
Although the results were generally in agreement with
the Miilmenstidt et al. (2015) study, differences in the
interpreted occurrence of warm rain over land, and a lower
occurrence of precipitation over the Rocky Mountains,
were noted. As we will show, CPR is good for the de-
tection of precipitation, but quantification of the amount
of precipitation is an issue due to attenuation of the
radar beam and non-Rayleigh ice scattering effects at its
radar wavelength.

Our study takes the Behrangi et al. (2014), Miilmenstadt
et al. (2015), and the Field and Heymsfield (2015) studies
one step further by deriving the global distribution of the
fraction of surface precipitation that is a result of ice phase
processes. This is a multipronged approach that uses a
combination of satellite-based data and global climate
model output in the investigation. Section 2 describes
the methodology and section 3 presents the results.
Section 4 summarizes the results.

2. Data

Satellite-based data from the W-band CloudSat CPR
and the Ku-band radar on the GPM mission are used in

Unauthenticated | Downloaded 08/28/22 01:47 AM UTC



2632

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 77

TABLE 1. Data sources for snow rate (), rain rate (R), where Syt is the snow at the top of the melting layer, Ry g is the rain at the base of
the melting layer, and Rsgc is the rain at the surface.

Data source SmLr Ryvis Rspc Attenuation
CloudSat snow product Y — — Significant in regions of supercooled
liquid water
CloudSat rain product N Y Y over ocean Significant
GPM Ku band Y Y Y Generally small
GPM GMI (GPROF) N N Y —
TRMM Y Y Y Generally small
CAM Y N Y —
Met Office Unified Model Y Y Y —
GPCP N N Y —

this study. These data, which are infrequently collo-
cated, are composited using the methods described later
in this section. The GPM Ka-band data and the com-
bined GPM Ka- and Ku-band data are not used because
1) the Ku-band product has a much larger sample size
than the Ka-band data and we are not confident that the
combined data are superior to the Ku-band data because
of the extra assumptions/uncertainties used for the
correction of attenuation and multiple scattering in the
current version 6 products. Although algorithms have
been developed to classify cloud types (CloudSat; Sassen
and Wang 2008; TRMM/GPM; Houze et al. 2015), we
have not opted to classify the satellite-based precipita-
tion components into stratiform and convective com-
ponents. For comparison purposes only, because it does
not cover the latitudinal range we need, we use data
from the TRMM as well. Climate model output from the
NCAR Community Atmosphere Model (CAM) and the
Met Office Unified Model (UM) provide detailed sur-
face precipitation type and rates and precipitation rate
at the melting level. As a constraint on global precipi-
tation, data from GPCP are used. Table 1 summarizes
some of the details of the data sources used in this study.

a. CloudSat cloud profiling radar

The CPR is a nadir-looking radar that measures
the backscattered power from cloud and precipita-
tion at 94 GHz. Its minimum detectable reflectivity is
about —30dBZ. The horizontal spatial resolution is
about 1.4 km across the track and 2.3 km along the track.
A single CPR reflectivity profile contains a total of
150 bins with a vertical bin size of about 240 m.

The CPR snow profile product (2C-SNOW-PROFILE)
provides estimates of vertical profiles of snowfall rate
for radar reflectivity profiles observed by the CPR. For
the CPR analysis, the 2C-PRECIP-COLUMN product
(Haynes et al. 2009, 2011), version P1_R04, accounts
for attenuation and multiple scattering of the radar
beam and precipitation identification in the ground-
clutter region, assumed to be the lowest five radar bins

above the surface, approximately 1.2km (Marchand
et al. 2008). The 2C-PRECIP-COLUMN product is re-
stricted to rain that reaches the surface. It flags precip-
itation as ‘‘rain possible,” ‘“‘rain probable,” and “‘rain
certain,”” while it excludes frozen or mixed-phase
precipitation. The 2C-RAIN-PROFILE (Lebsock and
L’Ecuyer 2011) product is derived only over ocean be-
cause it relies on a radar return from a surface with
known radar backscatter cross section. The method will
not work if the radar beam is completely attenuated.
Data from 2007 to 2010 were used, after which daylight-
only operations began because of a battery malfunction.
Although the diurnal cycle is not accounted for directly
in the CloudSat 2C-RAIN-PROFILE data we used,
because the data are collected over the ocean, the cycle
should not pose a problem.

b. GPM and TRMM

In our study, we only use the GPM Ku-band radar
measurements (2015-16) and not the Ka-band or dual-
wavelength radar analysis because the Ku-band radar
has a wider swath and attenuation is much less signifi-
cant than that of the Ka-band radar measurements. The
minimum detectable reflectivity is about 13dBZ. The
method for determining rain and snow precipitation
from GPM is based on Seto et al. (2013). The particle
size distribution (PSD) functional form is derived from a
normalized gamma-type PSD model. An optimization
approach is used where a relationship is developed
between rain rate and mass-weighted diameter. This
is an evolution of the approach developed by Iguchi
et al. (2009).

We have examined 18 years of GPROF retrievals
from the TRMM. They are only used for comparison
with the data from CPR/GPM because the latitudinal
range covered by TRMM, —35° to +35° does not
cover the important range of latitudes needed for
this study. Also note that GPROF values below
0.1mmh ™! may not be reliable. Furthermore, GPROF
separation of surface snow from rain can be in error
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because 6-hourly reanalysis data are used to derive the
surface air temperature.

¢. CPR-GPM-TRMM comparison

A coincident dataset, 2B-CSAT-GPM (Turk 2017), is
examined in this study (appendix A). This dataset pro-
vides the collocated GMI brightness temperatures and
CPR reflectivities, as well as ECMWEF ancillary atmo-
spheric fields interpolated to the CPR bin locations. In
this dataset, a CPR reflectivity profile is matched to the
nearest GMI pixel when two satellite tracks coincide
within 15min. Several other parameters distributed
from the CPR and GPM products are also used, such as
the CPR cloud masks and snow water content as well as
the retrieved GMI cloud ice and liquid water paths. The
spatial coverage of datasets is —65° to +65°; the period
covers March 2014 to December 2016.

In appendix A we use this dataset to compare mea-
surements from CPR and GPM coincidences. It is shown
that CPR reflectivity (W band) measurements are
considerably below those of GPM Ka- and Ku-band
reflectivities. This suggests that in these instances,
not surprisingly, attenuation at W band is significant.
Itis also noted that at CPR reflectivities >10dBZ and
Ka-band reflectivities of >25dBZ, the relative dif-
ference between CPR and GPM Ka-band radar data
increases. This increase is suggestive of strong non-
Rayleigh effects and is consistent with the CPR pro-
files of ‘‘dim bands” (Heymsfield et al. 2008).

d. Other radar retrieval considerations

The CPR is limited in that liquid precipitation is
difficult to determine over land. The standard liquid
precipitation products use path-integrated attenuation,
which requires good information about the surface re-
flection, as noted above. To overcome this shortcoming,
we used the reflectivity to rainfall-rate relationship from
Heymsfield et al. (2018, hereafter H18) to retrieve
rainfall rate directly from reflectivity. This leads to ob-
vious underestimations due to attenuation of the radar
beam. To mitigate the effects of attenuation, we used the
Turk (2017) collocation dataset and compared GPM
retrieved rainfall rates with the CPR values calculated
using H18. As anticipated, when there was little liquid
water in the column (i.e., little attenuation), the GPM
and CPR HI18 values were in reasonable agreement.
Lower in a water cloud, the values diverged in a pre-
dictable manner. In this way we were able to relate the
impact of liquid water attenuation on rainfall rate as
follows. First, all CPR reflectivity values in the column
were increased by 25 dBZ when reflectivities were above
the noise level; this was done to assure nonnegative
values. Then, these values were summed in the column
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above the point of interest within the liquid region. The
summed values are a good indication of the liquid water
above the point of interest and thus are related to the
attenuation of the beam due to liquid water. The sum-
med values were then compared to the ratio of the
rainfall rates derived for GPM as compared to those
determined with the CPR H18 relationship. It was found
using the collocated data that the highest accumulated
reflectivities in the column led to a reduction of approxi-
mately 80% when comparing the two methods. Thus we
adjusted upward the CPR H18 results based on a fit to this
relationship Ry, = R1s/(1-0.00133).dBZ) and Y, dBZ =
(dBZ + 25) for all range gates between the gate of interest
and the melting level, where R, is the new rain rate
and Rig is the rain rate determined using H18 (see
Fig. S1 in the online supplemental material).

e. Community Atmosphere Model

The CAMS6 used here is a developmental version of
the atmospheric component of the CESM. The code
base contains developmental code for CESM2. The
model is based on CAMS5 (Neale et al. 2010), the at-
mosphere model for CESM1 (Hurrell et al. 2013). This
version includes a new unified moist turbulence pa-
rameterization, Cloud Layers Unified by Binormals
(CLUBB), developed by Golaz et al. (2002) and Larson
et al. (2002) and implemented in CAM by Bogenschutz
et al. (2012). The model also contains updated cloud mi-
crophysics (MG2) described by Gettelman and Morrison
(2015), and mixed phase ice nucleation linked to aerosols
originally developed by Hoose et al. (2010) and im-
plemented and improved in CAM by Wang et al. (2014),
replacing the empirical relationship of Meyers et al.
(1992). Simulations were performed at 0.9° X 1.25°
horizontal resolution, with 32 levels in the vertical using
measured sea surface temperatures and boundary con-
ditions from year 1979 to 2014. The model runs with an
interactive land surface model, the Community Land
Model, version 5 (CLMS). In the calculations for CAM
presented later, a threshold snow precipitation rate of
0.lmmh~' is used to determine if there is snow flux
above the melting layer.

f- Met Office Unified Model

The Met Office UM was used to generate global pre-
cipitation rate data. The UM was run in Climate mode
with a midlatitude grid spacing of 125 km; the configura-
tion used was Global Atmosphere 7 (GA7; Walters et al.
2017). Parameterizations represented the cloud fraction
(Wilson et al. 2008); large-scale stratiform mixed-phase
cloud microphysics (Wilson and Ballard 1999), with
changes to the snow PSD representation following (Field
et al. 2007); convection (Gregory and Rowntree 1990);
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Snow Reaching
Surface (SS)
1

Warm Rain (W)

Surface Precipitation (PR)=S+R+W+SS

FIG. 1. Schematic showing the different pathways leading to precipitation at the surface.

and boundary layer mixing (Lock et al. 2000). The
convection parameterization has a simple microphysical
representation. For this analysis we output the total
precipitation rate at the first model level above 0°C (for
surface precipitation exceeding 1 mm day ') and rain and
snow rates at the surface. We determined if the rain at the
surface came from melting snow or was warm rain only.
The model was run for 10 years (1989-98 inclusive), and
the first 3 months were discarded as spinup.

3. Results
a. Data synthesis

This section examines the global distribution of snow
rates and rain rates, both aloft and at the surface, using
the data discussed in section 2, with the goal of esti-
mating the separate contributions of the pathways of
1) snow and ice that forms above the freezing level and
melts to produce rain (S), which can be added to by an
additional component: condensation and collection as
the melted ice/snow as it falls to the surface (R), 2) liquid
phase only coalescence, warm rain (W), and 3) snow that
falls to the surface (SS) to the global mean precipitation
rate (PR). Note that a drop that falls to the surface, having
followed pathway S, has a mass (and therefore precipi-
tation rate) that is the sum of S + R. Furthermore, the
component R can be negative if there is evaporation of
the drop below the melting layer.

Figure 1 shows a schematic of the contributions of the
liquid and ice phases to surface precipitation. All results

are weighted by the cosine of the latitude used to account
for the convergence of the meridians toward higher
latitudes, thereby lessening the impact of high-latitude
grid points that represent a small area of the globe.
The leftmost contribution in the figure is due to a
combination of precipitating ice (ice crystals, snow,
graupel, and hail) falling into the melting layer (S),
which we take as the value of PR at the base of the
melting layer (MLB), and condensation and collection
of water as the melted ice/snow falls to the surface plus
any contribution from the liquid phase only (R). The
MLB is considered to yield a more accurate estimate of
the snow rate falling into the melting layer (ML) for the
radar retrievals because there is less uncertainty about
the backscatter cross sections and mass—dimensional
relationship for rain (MLB) than for snow (top of
ML). Note that an adjustment does not have to be made
for the decrease in the § as particles fall from a pressure
level P to the surface pressure assumed to be 1000 hPa,
because the snow flux should be relatively constant (con-
centration increases as the terminal velocity decreases),
unless there is evaporation below the melting layer.
The middle contributor is warm rain (W), which in-
volves the liquid phase only. Note that rain produced
above the melting layer in combination with snow above
the melting layer that falls through the melting layer is
not considered as its contribution is likely to be relatively
small. Although the AMS Glossary of Meteorology de-
fines warm rain as rain formed from a cloud having
temperatures at all levels above 0°C and resulting
from the droplet coalescence process, we broaden the
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FIG. 2. Cumulative PDF of surface precipitation rate for events where there is snow in the
vertical column. These are shown for CloudSat (CPR), GPM, GPROF, and TRMM. This figure
is meant to show the ranges of the detection of precipitation rate by the different sensors. Note
that GPROF values below 0.1 mm h ™" are of questionable accuracy.

definition of warm rain to include all temperatures
where the ice phase is not involved in the precipitation
process. Therefore, although warm rain can be topped
any height in our analysis, it is arbitrarily taken to be
the —2°C level in the figure.

Last, on the right is snow that reaches the surface (SS).
Skofronick-Jackson et al. (2019) show the global distri-
bution of total annual amounts of surface snowfall using
data from active and passive remote sensors averaged for
several annual cycles. Here, we look at the snowfall rates.

Given that the present analysis uses data from space-
borne radars that have different wavelengths and detec-
tion capabilities, it is useful to examine the range of snow
precipitation rates that can be detected by the various
satellite-based measurements. In Fig. 2, PDFs of the
satellite-based precipitation rate products are plotted as a
function of the precipitation rate. The peak in the PDFs
for the active remote sensors fall in the range from about
0.2to2mmh ™', The CPR has a much lower PR detection
threshold than GPM and TRMM but does not extend to
same upper limit. The distributions for the land and
ocean areas are roughly comparable for each sensor.
The GPROF product peaks at about an order of magni-
tude lower than the active remote sensors. Values below
0.1mmh ™!, however, although reported for GPROF,
may not be accurate; therefore, the GPROF peak PDF
values are likely to be higher than shown.

It is useful to compare the latitudinal distribution of
PR as derived from the active satellite remote sensors to
the GPCP (surface) product. Note that, although GPCP
data are available at 3 h intervals, we average all the data
at each location such that the diurnal cycle should not
be a factor in the comparisons later. For the former, we

use the CPR data to a maximum reflectivity of 8dBZ
combined with the GPM data at higher values. The
8dBZ cutoff was suggested by Skofronick-Jackson
et al. (2019), and in appendix B we show that the
8dBZ cutoff is reasonable. The agreement between
the GPCP product and the combined CPR-GPM data
is excellent, with the exception of the region from
about —30° to —60° (Fig. 3). It is unclear what this dif-
ference is due to and further investigation is warranted.
Also shown in the figure are CPR cutoff reflectivities of
10, 12, and 14 dBZ. These add considerable average rain
rates to the midlatitudes but worsen the agreement with
the GPCP mean PR.

The latitudinal distributions of the mean PR as de-
rived from the model and satellite-based data are shown
in Fig. 4. In the latitude range —35° to +35°, all PR ex-
cept the CPR product is either close to or somewhat
higher than the GPCP product. This low bias is pre-
sumably due to attenuation of the radar signal in the
high-reflectivity convective regions, which the retrieval
product evidently does not capture. Because we only use
the CPR products for reflectivities 8dBZ and below,
with the correction above for R,., combined with
the GPM product at higher reflectivities, as suggested
by Skofronick-Jackson et al. (2019), the low bias from
the CPR retrievals should largely disappear because the
GPM PR are significantly higher. Note that because the
CPR mean PR shown in the figure could also be in part
due to the lower detection threshold relative to the other
radar-based retrievals, although this is unlikely because
both CAM and the UM also show higher mean PR. The
UM product is generally higher than the GPCP product,
especially in the tropics, —23.5° to +23.5°, but this may
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F1G. 3. Comparison of GPCP and CloudSat + GPM surface
precipitation products, where CloudSat is restricted to <8 dBZ and
GPM wherever GPM detects surface precipitation. Also shown are
CloudSat cutoff reflectivities of 10, 12, and 14 dBZ.

be partly related to interannual variability (nonover-
lapping simulation and observation period). The CAM
PR are quite close to the GPCP product.

The results shown in Fig. 4 display some interesting
aspects of the latitudinal variations in PR. Distinct
peaks are noted about —10° and +10°, a factor related
to the ITCZ. An enhanced PR region is noted both in
the satellite and model based products in the latitude
range —40° to —60°. This is due to heavy precipitation
associated with frontal regions in the Southern Ocean
(Catto and Pfahl 2013). Relative minimum values oc-
cur around —20° and +20° latitudes.

The global distribution of the latitudinally averaged
snow rates (SR) at the top of the ML, and the rain rates
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(RR) at the base of the ML and at the surface for all of
the data sources, are shown in Fig. 5. Where available,
the rain rates at the base of the melting layer are
shown. The highest PR are noted for the UM (Fig. Se),
with the somewhat lower peaks noted for the other
data sources (Figs. 5a—-d). On average, the GPM and
TRMM radar values are lower than for the other data
sources.

Of interest is the fraction of surface rainfall that is due
to warm rain (W). Millmenstédt et al. (2015) used 5 years
of CloudSat CPR/CALIPSO CALIOP data to examine
the frequency of occurrence of warm rain. They found
that the fraction of clouds that were warm rain was only
1% over land in the extratropics (poleward of +30°) and
8% in the tropics, while the warm-rain phase fraction
over ocean was 15% in the extratropics and 44% in the
tropics. Liu and Zipser (2009), using TRMM data, found
that warm rain in the latitude range —20° to +20° con-
tributes about 20% of the rainfall over tropical oceans
and 7.5% over tropical land. In Fig. 6, we find that in
low-latitude regions, the warm rain process accounts for
about 40% (*20%, dependent on the data source) of
the total surface precipitation; Field and Heymsfield
(2015), using CPR, found that 66% of rain events ex-
ceeding 1mmday ' were warm rain. The combined
CPR-GPM source is probably the most accurate, sug-
gesting that the fraction is a peak of order 35%, located
at about —20° and +20° latitudes. In midlatitudes the
drop-off in the warm rain process is quite pronounced.
There is some warm rain precipitation in the polar
regions, presumably due to mostly drizzle-type precipi-
tation. Table 2 shows the regional values calculated
from the datasets.

Mean Precipitation Rate (mm/hr)

CloudSat + GPM
CloudSat

CAM

TRMM

GPM

GPROF
MetOffice

GPCP

llllllllllllLIIIIllIIlII[IIlI

-90 -60 -30

0
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w
=]
[o2]
o
(<=4
(=]

FIG. 4. Mean surface precipitation rate (PR) retrieved from CloudSat, GPM, GPROF, and
TRMM, derived from output from CAM and the Met Office models, and from the GPCP

product. These are for land and ocean areas.
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We now quantify how each precipitation formation
process (Fig. 1) contributes latitudinally to the total
surface precipitation. The results for the satellite-based
data are shown in Fig. 7. As noted earlier, the latitudinal
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sources except the Met Office model.

dependence of the GPCP and the CPR + GPM PR are
quantitatively similar (Fig. 7a). The component S closely
follows the PR curve, with an average value of about
0.65 (Fig. 7b). The additional water R added to the snow

CloudSat + GPM
TRMM
GPM

-30 0 30
Latitude
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FIG. 6. The fraction of total surface rainfall that is warm rain from CloudSat, GPM, and TRMM.
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TABLE 2. Regional and global total ratios of S, R, W, and SS.
For each region, values show the fraction of precipitation that ar-
rives at the surface through each pathway. Within each region, the
top row is CPR-GPM, the middle row is Met Office UM, and the
bottom row is CAM. Regions are as follows: polar regions, pole-
ward from *66.5°; midlatitudes, —66.5° to —23.5° and +23.5° to
+66.5% and tropics, —23.5° to +23.5°.

Region N R w SS
North polar 0.0817 0.5070 0.0743 0.3337
0.1638 0.1931 0.0382 0.6048
0.5154 —0.226 0.0.104 0.6067
North midlatitudes 0.5828 0.2405 0.1194 0.0573
0.4289 0.3652 0.0910 0.1147
1.1403 —0.337 0.0661 0.1306
North tropical 0.6382 0.0963 0.2654 0.0000
0.4595 0.4576 0.0829 0.0000
0.7826 0.0191 0.1983 0.0000
South tropical 0.6335 0.0357 0.3308 0.0000
0.4421 0.4546 0.1032 0.0000
0.7499 0.0081 0.2419 0.0001
South midlatitudes 0.5513 0.2304 0.1896 0.0665
0.4000 0.3837 0.1037 0.1125
1.1242 —0.345 0.0732 0.1478
South polar 0.1472 0.0280 0.0447 0.9130
0.0059 0.0249 0.0000 0.9692
0.0169 —0.007 0.0660 0.9427
Global average 0.5716 0.1524 0.2271 0.0489
0.4250 0.4112 0.0932 0.0705
0.9189 -0.152 0.1479 0.0852

component is significant, with the largest values of
0.4-0.6 at about —50° and +50°, with a small peak near
the equator (Figs. 7a,b). In the subtropics, there are
slightly negative values of R, indicating net evaporation
from the melting layer to the surface. The contribution
W to PR not surprisingly increases from high to low
latitudes (Fig. 7a), but fractionally shows peaks at
about —20° and +20° (Fig. 7b). The component SS is
quite small (Fig. 7a) and increases monotonically at high
latitudes (>=50°) (Fig. 7b).

The results shown for 3 years of the UM are summa-
rized in Fig. 8. It is possible to derive more details from
those runs than from the satellite-based results. The
enhanced details included separating stratiform and
convective precipitation throughout the vertical col-
umn, providing S, R, W, and SS contributions to the
total precipitation, as well as PR and additional warm
rain mixed with snow at the melting layer. The loca-
tions of the peak PR are similar to those from the
satellite observations (Fig. 8a). In tropical regions,
convectively generated PR dominates the total PR,
and that component decreases poleward. Conversely,
stratiform generated PR has a relative minimum in
tropical regions and increases latitudinally outward,
dominating in the midlatitudes. Fractionally, S is about
10% lower than for the satellite observations, and R is
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FI1G. 7. CloudSat- and GPM-derived latitudinal dependence of
the (a) mean precipitation rate and (b) fractional dependence of
the contributions to the total surface precipitation rate, classified
according to the process involved in its production.

roughly comparable to S. The warm rain component R
peaks or dominates at about =20° latitude, which is
similar to the satellite-based findings, but the magni-
tudes are considerably lower. The components R and S
are dominated by convection in tropical regions and
decrease outward relative to the stratiform compo-
nent. The surface snow component SS is about double
that for the satellite observations, with the fractional
distribution having a similar dependence (Fig. 8b).
The results for the CAM model, divided into con-
vective and stratiform components, also show four
primary peaks in PR, at about £10° and at £50°, with a
relative minimum between them (Figs. 9a,b). The PR
values and distribution are similar to that from the
GPCP product. The contribution of § to PR for strat-
iform precipitation is quite large across a wide range of
latitudes, and the fraction exceeds 1.0 at about +50°
and —50° (Fig. 9¢). The latter is due to negative values
of R, indicating significant “‘evaporation” below the
melting layer. The significant evaporation below the
melting layer is from stratiform precipitation, which
mostly takes place in the midlatitudes, resulting in the
pronounced negative R in midlatitudes in both hemi-
spheres. The convective component of R is positive.
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UM Simulations, Precipitation Components
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F1G. 8. Latitudinal distribution of the components of surface precipitation from the Met
Office climate model runs. (a) Precipitation rates for each precipitation type, subdivided
by convective and stratiform-generated precipitation. (b) Total rates for each precipi-
tation type. (c),(d) As in (a) and (b), but for the fraction of total precipitation for each

precipitation type.

The distribution of the warm rain component W is con-
siderably larger than for the satellite values with a very
different latitudinal distribution (cf. Figs. 7b and 9d). The
latitudinal distribution of component SS behaves in an
expected manner, except at high polar latitudes, where
there is a significant component W.

Figure 10 compares the precipitation rate for each
of the components as derived from CPR-GPM, UM,
and CAM. Note that in each panel of Fig. 10, the color
scheme is not the same as that used to represent
each of the precipitation components as was done in

Figs. 7-9. Rather, different colors are used to represent
each method. For the S component, the satellite-based
product and the UM values are quite similar, whereas
CAM has considerably higher values in the midlatitudes
(Fig. 10a). The latter are offset by sharp negative values
of R (Fig. 10b). Values of R for the UM, derived from
the sum of the convective and stratiform regions, are
relatively high compared to the satellite-based product.
The UM values of component W are relatively small
compared to the satellite-based product, with CAM in-
dicating high values than UM but lower than the satellite
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FIG. 9. As in Fig. 8, but for the results from the CAM model runs, partitioning by (a),(c)
convective/stratiform and (b),(d) the composite of the two.

W values (Fig. 10c). The UM values of the component
SS are similar to those from CAM but considerably
higher than the satellite-based values (Fig. 10d).
Figure 11 is similar to Fig. 10, but it compares the
fractional components of each of the precipitation
type. Relative to the satellite-based products, the
fractional component S is about 10% lower for UM,
with a longitudinal distribution that is similar (Fig. 11a).
The CAM results are very different, with peaks at
about —50° and +50° latitudes with fractional values
exceeding 1.0. From those latitudes to the equator, the
CAM values decrease to fractions that are comparable
to the satellite-based product. The additional precipi-
tation component from the melting layer to the surface
(R) for the UM is roughly comparable to the component

S, whereas the satellite-based product shows distinct
peaks at around —50° and +70° latitudes, with relatively
little between those peaks (Fig. 11b). These peaks are
likely to be due to the fact that at these latitudes, the
reflectivities are low and the retrieval is based solely on
the CloudSat-only retrievals, which are evidently pro-
ducing artificially high values of R. The CAM product is
strongly negative at about the same latitudes as the
peaks from the satellite-based product. The warm rain
product from the UM shows peaks at latitudes that are
about +20° as with the satellite-based product, but the
former values are about one-half of the latter (Fig. 11c).
The CAM warm rain product progressively increases
from O in the south polar region to about 0.2 at the
equator, with a local maximum in the northern polar
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FIG. 10. Precipitation rates for each precipitation type as a function of latitude. (a) Snow that
melts to subsequently fall to the ground. (b) The addition of (a) from the melting layer to the
surface. (¢) Warm rain. (d) Snow that falls to the ground.

region, distinctly different from the other warm rain
products. The satellite, UM, and CAM products all show
the expected trend of the snow reaching the ground is
negligible until latitudes of about *50° are reached,
monotonically increasing thereafter (Fig. 10d).

The dependence of the various components of
PR averaged for the Northern and Southern Hemispheric
polar (poleward of *62.5°) and midlatitude (—23.5°
to —62.5°, 23.5° to 62.5°) regions and for the tropical
(—23.5° to 23.5°) regions, and for each of the methods
(section 2), are summarized in Fig. 12. For the satellite-
based method, the component S is relatively constant
throughout the climatic regions, leading to a global av-
erage of about 0.595 (Fig. 12a). The component R is
highest at high northern latitudes, decreasing mono-
tonically toward the equator, whereas there is a general

increase from about —20° to the equator, with a global
average of 0.51 (Fig. 12b). The trend noted for W is the
opposite, increasing monotonically from the polar re-
gions, with a global average of 0.226 (Fig. 12¢). The snow
reaching the surface SS decreases monotonically from
the polar to tropical regions, with a global average of
0.029 (Fig. 12d).

The global distribution of the fraction of precipitation
that is due to the ice phase using the satellite and model-
based data is summarized in Fig. 13. For S, the satellite-
based product is approximately between the global
climate model values. Likewise, for R, it falls between
the model values. What is unexpected is the large
negative value for the CAM results, strongly suggest-
ing significant evaporation of condensate below the
melting layer. The W for the satellite-based product is
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FIG. 11. Asin Fig. 10, but for the fraction of each precipitation type compared to the total of all
types for each pathway.

higher than the climate model values. The large negative
value of R noted for CAM is offset in part by the rela-
tively high value of W. The UM produces a relatively
large value of SS compared to the satellite-derived
product and larger than the CAM value.

b. Estimates of the uncertainties in the radar retrievals

There are numerous uncertainties in the estimates of
the components of the precipitation rate due to inherent
limitations of the different radar-based datasets. There
are several studies that have discussed uncertainties
related to the use of the data sources used here (Hiley
et al. 2011; Miilmenstadt et al. 2015; Grecu et al. 2016;
Skofronick-Jackson et al. 2019). Table 3 shows the

results of global calculations when different datasets
were used for our estimates. Row 1 shows the global
values calculated from the CPR-GPM combined
precipitation dataset to determine S, R, W, and SS. If
the CPR-GPM dataset was replaced with the GPCP
dataset for total precipitation, the results are shown in
row 2. Note that the total is not 100% as GPCP does
not separate surface rain from snow, so this calculation
was done by substituting the GPCP values in for total
PR. The results of using GPCP rather than CPR-GPM
PR leads to a maximum difference of 1.26%. Use of the
Skofronick-Jackson et al. (2019) SS parameterization
rather than the CPR archived SS values led to a change in
SS and R of 0.81%. The Skofronick-Jackson et al. (2019)
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Regional and Global Components of Surface Precipitation
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FIG. 12. Regional and global average values of components of precipitation:
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rule of eliminating precipitation from CPR when the re-
flectivity was higher than 8 dBZ because GPM measure-
ments include those values was also tested. Figure 3 shows
global PR calculated with different cutoff values; as can be
seen, the 8dBZ cutoff leads to the best agreement be-
tween the CPR—-GPM data with GPCP. The difference in
the global values of S, R, W, and SS using CPR-GPM
values with 10 and 12dBZ cutoffs led to differences of
up to 4.2%. Finally, the obvious underestimate caused by
neglecting the attenuation parameterization developed
for the H18 relationships led to a final reduction of 4.66%
in R. These potential differences due to different dataset
inputs, some of them obviously very extreme, led to un-
certainties of less than 5% in all cases suggesting that the
overall results are robust enough to compare to climate
model results within an uncertainty of 5%.

Adhikari et al. (2018) also looked at uncertainties in
SS derived from CPR and GPM. They found that the

GPM Ku-band-derived SS was underestimated by
about 51.8% relative to the use of a combination of
CloudSat CPR and GPM Ku-band products. The CPR
SS underestimates about 2.3% of the estimated total
snowfall rate.

4. Summary and conclusions

The goal of this study is to quantify the modes of
precipitation, whether it be snow that melts and later
falls to the ground (S), the component added to S at
temperatures above where the snow melts (R), warm
rain involving on the liquid phase (W), and snow that
falls directly to the surface (SS). We used satellite-based
radar data (CPR + GPM), the Community Atmosphere
Model (CAM) and the Met Office Unified Model (UM)
to derive these components of precipitation. Note that
other pathways are possible, for example, when melting
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F1G. 13. Schematic showing the different pathways leading to
precipitation at the surface, with numbers showing the global av-
erage for the satellite and climate model-derived products.

occurs aloft and then the precipitation freezes due to a
layer of cold air near the surface, or warm rain produced
in combination with snow above the melting layer that
falls through the melting layer and is counted as com-
ponent S. Also, the satellite-based datasets—3 years for
CloudSat and 2 years for GPM—may not be represen-
tative of longer-term datasets. Although the GPCP
surface precipitation products for the period 2000-17
indicate relatively little variability in the global surface
precipitation rates, with a median of 0.057mmh ™' and a
mean and standard deviation of 0.058 = 0.0039 mmh ™",
it is not known how each of the precipitation compo-
nents may vary by year.

By using the CPR and GPM data in different combi-
nations, we were able to ascertain where each could be
used most judiciously to provide the most reliable esti-
mates of the components of precipitation. For CPR,
surface precipitation rates (PR) 0.005 < PR < 1mmh !
is the optimal range of precipitation rates over ocean
areas for which useful data are obtained. Over land,
because the PR are not derived from the CPR retrievals,
we had to use methods we developed to retrieve the PR.
For GPM, we used the Ku-band retrievals because of
their inherent accuracy compared to ether the Ka-band
or dual-wavelength retrievals; the useful range is about
0.1 to 30mmh ", The results for the TRMM retrievals
were similar to those for GPM. Although we did not use
the GPM radiometer data (GMI), it straddled the PR
range for CPR and GPM. We compared the latitudinal
estimates of the PR with those from the Global
Precipitation Climatology Project (GPCP) product. The
agreement between the combination of satellite-based
products we used and those of the GPCP product was
mostly excellent across the full range of latitudes, the
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TABLE 3. Global average fraction of CPR-CAM values of S, R, W,
and SS calculated using different input values to investigate uncer-
tainty. “Best values” are the global values determined using our
analysis. Using GPCP instead of the satellite totals led to a maximum
difference of 1.26% in S. Using the Skofronick-Jackson et al. (2019)
Z-S relationship led to an increase in SS of 8.4%. Using 10 or 12dBZ
rather than the Skofronick-Jackson et al. (2019)-recommended
8 dBZ cutoff for CPR led to increases of 2.18% and 4.2% in R, re-
spectively. Neglecting the path-integrated attenuation adjustment to
the H18 result led to a reduction of R by 4.46%.

Uncertainty with different inputs S R w SS

Best values 0.5952 0.1507 0.2256 0.0285
GPCP instead of satellite totals  0.5826 0.1474 0.2209 0.0279
Skofronick-Jackson et al. (2019)  0.5952 0.1426 0.2256 0.0366
instead of archived surface
SNOwW

exception being in the latitude range from about —20°
to —60°, thereby suggesting that our PR product and
given the sensitivity tests we did suggests that our other
products are likely to be reasonably accurate. Furthermore,
the global average PR were similar: GPCP, 0.1125mmh ™/,
and CPR-GPM, 0.1101 mmh ™",

The satellite-based products therefore provide a
benchmark for determining whether the climate model
simulations were reasonable both latitudinally, for re-
gional averages, and for global averages. The compo-
nent S together with component SS, indicates that most
(~63% global mean) of Earth’s precipitation comes
from the ice phase. The remaining ~37% is from a
combination of water vapor and liquid water added by
the component R at temperatures above 0°C, about
15%, and from warm rain only, at about 23%. A co-
nundrum needing further study is why there is more
precipitation generated above the melting layer than
below it, even though the water vapor density avail-
able for particle growth and thus precipitation de-
velopment is much larger below the melting layer than
above it.

The satellite-based products can be used to assess how
reasonable the climate model products are. The global
average PR for the UM was 0.140 mmh ' and for CAM,
0.112mmh ', These values are very comparable to the
GPCP and CPR-GPM products. However, the study re-
vealed that the climate models differed from the satellite-
based products in a number of important ways. Although
the latitudinal distribution of component S was similar
between the satellite retrievals and UM output, the values
for CAM output were much larger, across the full range
of latitudes. Conversely, although the UM indicated
considerably larger values of R than for the satellite-
based products, strong negative values were noted
for CAM. The latter effect is suggestive of strong
evaporation below the melting layer, which seems to
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be nonphysical because the moisture available for con-
densation is generally high in this zone with further evi-
dence suggesting that there is a relatively large warm rain
component. Note, however, that the stratiform precipi-
tation microphysics scheme is two moment, allowing
evaporation, whereas the convective scheme is one
moment, without evaporation. Future work is needed
to further identify the source of the large negative
component of R in the application of the two-moment
stratiform microphysics scheme. The component SS has
the expected result for all three methods that snow
reaching the surface dominates the precipitation prod-
uct in polar regions.

The study provides new precipitation metrics and di-
agnostics that can be used to evaluate climate models
and improve the representation of the water cycle. The
primary datasets are archived at https://dashrepo.ucar.edu/
dataset/83_heymsl.html. The comparisons revealed that
the climate models differed from the satellite-based
products in a way that warrants further investigation
that is more forensic than simple traditional surface
precipitation differences, providing focused areas of
model performance to investigate.
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APPENDIX A

Evaluation of Collocated CPR-GPM Dataset

The coincident satellite-based dataset 2B-CSATGPM
(Turk 2017, section 2c) is used here to intercompare
coincident radar measurements and retrievals for CPR
and GPM Ka- and Ku-band measurements, and re-
trievals based on GMI data. Figure Ala compares CPR
W-band reflectivities with those from GPM Ka- and
Ku-band measurements. Of all coincidences (~922 000),
only those cases where the combination of CPR and
GPM Ka bands are chosen for analysis when CPR —10 <
Z,<18dB and GPM Ka 14 < Z, < 34 dB (amounting to
~37000 coincidences). For GPM Ku band 14 < Z, <
40dB and where CPR —-10 < Z,< 18dB, there are
about half that number of collocations (~19000). The
ranges are chosen so as to include the GPM minimum
detectable reflectivity and an approximate upper limit
such that attenuation and non-Rayleigh effects are not
too extreme.
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FIG. Al. Analysis of JPL collocated CloudSat—~GPM dataset
(Turk 2017). (a) Relationship between CloudSat and GPM Ka-
band radar reflectivities. (b) Relationship between retrieved
precipitation-rate product from satellite-based products (shown in
legend) and measured radar reflectivity.

At all reflectivities, CPR measurements are con-
siderably below those for GPM. This suggests that in
these instances, not surprisingly, attenuation and non-
Rayleigh scattering at W band is significant (Fig. A1).
It is also noted that for CPR reflectivities >10dB and
Ka band reflectivities >25 dB, the relative difference
between CPR and GPM Ka-band radar data markedly
increases for the reason that the CPR reflectivities
actually decrease. This finding supports the sugges-
tion that there are strong non-Rayleigh scattering
effects, and it is consistent with the CPR radar pro-
files of ““dim bands” (Heymsfield et al. 2008). Likewise,
“dimming” is suggested by the relative increase in the
difference between GPM Ku and Ka bands where
Z,>28dB.

Figure Alb plots the surface precipitation rate (rain)
as a function of radar reflectivity using different threshold
criteria and data than are used in Fig. Ala. For CPR,
Z,>-20dB; for GPM DPR (Ka + Ku band) and GPM
DPR + GMI, >14 dB; threshold surface rain rates were
0.001 mmh™~". The rates from the DPR and DPR + GMI
are quite close to each other, but differ appreciably
from those from CPR rain rate retrieval at nearly
overlapping reflectivities. The rates for CPR at the
higher reflectivities increase much more steeply with
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Z.than do the GPM rates at the lower Z,, which may
suggest that attenuation is unrealistically affecting
the rain-rate retrieval.

APPENDIX B

Cutoff Reflectivities Used in the Radar Analysis

Data from the Olympic Mountain Experiment
(OLYMPEX) field program are used to evaluate rea-
sonable cutoff reflectivities for CPR and GPM/TRMM.
The Airborne Third Generation Precipitation Radar
(APR-3) (W, Ka, Ku band) radar system was installed
on the NASA DC-8 aircraft. The DC-8 was often
collocated spatially with the in situ aircraft, which
collected microphysical data, from which snowfall
rates were derived (H18).

Figure B1 compares the reflectivities from the Ku
band to those for W band when the DC-8 was overflying
the in situ aircraft. The snowfall rates as derived from
the in situ measurements are represented with color-
coded symbols. Only those times when the King Probe
on the DC-8 indicated that there was little if any liquid
water are plotted in the figure, to mitigate attenuation
of the W-band reflectivity. What is noted is that at W
band, there is a leveling off of the reflectivities relative
to those for Ku band at about 8-10 dBZ, such that there

is little information content about the snowfall rate at
reflectivities above about 10dBZ.
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