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Abstract

This study focuses on the considerable spatial variability of precipitation along the western coast of a continent
at mid-high latitude and investigates the precipitation climatology and mechanism along the south coast of Alaska,
using datasets of spaceborne radars onboard two satellites, namely, the Dual-frequency Precipitation Radar (DPR)
KuPR onboard the Global Precipitation Measurement (GPM) core satellite and the Cloud Profiling Radar (CPR)
onboard CloudSat. At higher latitudes, differentiating the phase of precipitation particles falling on the ground is
crucial in evaluating precipitation. Classification of satellite precipitation products according to the distance from
the coastline shows that precipitation characteristics differ greatly on opposite sides of the coastline. Above coast-
al waters, relatively heavy precipitation with CPR reflectivity larger than 7 dBZ from orographically enhanced
nimbostratus clouds, which can be detected by KuPR, is frequently captured. Meanwhile, along coastal moun-
tains, light-to-moderate snowfall events with CPR reflectivity lower than 11 dBZ, which are well detected by the
CPR but rarely detected by KuPR, frequently occur, and they are mainly brought by nimbostratus clouds advect-
ed from the coast and orographically enhanced shallow cumuliform clouds. There is no clear diurnal variation of
precipitation except in summer, and the amplitude of the variation during summer is still low compared with total
precipitation especially over the ocean, suggesting that the transport of synoptic-scale water vapor brings much
precipitation throughout the year. Case studies and seasonal analysis indicate that frontal systems and moisture
flows associated with extratropical cyclones that arrive from the Gulf of Alaska are blocked by terrain and stag-
nate along the coast to yield long-lasting precipitation along the coastline. The results of this study illustrate the
importance of using complementary information provided by these radars to evaluate the precipitation climatology
in a region in which both rainfall and snowfall occur.
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Introduction

concentration of precipitation in coastal regions

Coastal areas receive a large amount of precipita-
tion owing to their vicinity to the source of moisture.
It has been revealed that, within tropical areas, the
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due to the diurnally driven precipitation system and
orographically enhanced moist monsoon flow plays
an important role in the global circulation of water
between ocean and land (Ogino et al. 2017). Although
precipitation declines toward polar regions owing to
the low water-carrying capacity of the atmosphere,
precipitation at higher latitude still has important
scientific and social meaning. In the extratropics,
especially along the western coasts of continents, the
forced ascent of moist air in synoptic weather systems
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and prevailing westerly flow over mountain ranges
cause heavy precipitation, frequently causing disas-
trous flooding and landslides (Medina et al. 2007;
Houze 2012; Zagrodnik et al. 2018). Because the tem-
perature is close to the melting point of water owing
to the higher altitude and latitude, what characterizes
the precipitation climatology along the coastlines is
not only the amount of precipitation but also the phase
of precipitation particles falling to the surface, which
is not much of an issue when referring to tropical pre-
cipitation. Snowfall at high latitudes and in mountain
regions at midlatitudes maintains the mass of glaciers
and icefields that play the important role of great
freshwater reservoirs, whereas rainfall in these regions
increases the flow of rivers to the sea and the melting
of ice. It is thus important to reveal both the amount
and phase of precipitation in grasping the global
hydrological cycle.

A satellite-based precipitation dataset is useful in
grasping the characteristics of precipitation in a region
having sparse and biased ground-based observations
due to the complicated orography and inaccessibility
of the region. In particular, spaceborne radars have an
advantage in observing such regions in that they can
capture the vertical structure of precipitation regard-
less of the surface condition. Furthermore, the high
horizontal resolution allows the delineation of spatial
gradients of precipitation at scales of crests and val-
leys over several tens of kilometers in mountainous
areas. As an example, the 17-year observations of
the Tropical Rainfall Measuring Mission (TRMM;
Kummerow et al. 1998) Precipitation Radar (PR;
Kozu et al. 2001) have provided much insight into the
precipitation process along tropical coastlines (Mori
et al. 2004; Ogino et al. 2016) and orographic effects
on precipitating clouds (Nesbitt and Anders 2009;
Shige and Kummerow 2016; Shige et al. 2017; Hirose
et al. 2017); these have been difficult to capture using
passive infrared or microwave imagers onboard satel-
lites (Biasutti et al. 2012; Houze 2012).

Currently, there are two spaceborne platforms in
orbit with radars capable of measuring precipitation:
the Global Precipitation Measurement (GPM) mission
Core Observatory (Hou et al. 2014) and CloudSat
(Stephens et al. 2002). The Dual-frequency Precipi-
tation Radar (DPR) onboard GPM Core, which was
launched in 2014, has Ku-band (13.6-GHz) and Ka-
band (35.55-GHz) radars designed to measure rainfall
and snowfall (Kojima et al. 2012; Iguchi 2020). GPM
DPR products cover a mid-high latitudinal area, which
the TRMM PR product does not cover, owing to the
higher-angled non-sun-synchronous orbit (approxi-

Vol. 99, No. 1

mately 65° for GPM versus 35° for TRMM) of GPM
Core. CloudSat has carried the W-band (94-GHz)
Cloud Profiling Radar (CPR; Tanelli et al. 2008) in
near-polar sun-synchronous orbit since its launch in
2006. Although the CPR was primarily designed to
observe clouds, it can also detect precipitation. Many
studies have compared the CPR and DPR in terms
of global precipitation measurements (Casella et al.
2017; Tang et al. 2017; Skofronick-Jackson et al.
2019) and found that the CPR is far more sensitive
in measuring light-to-moderate rainfall and snowfall
than the DPR due to the CPR’s higher sensitivity and
finer horizontal resolution (approximately 1 km for
the CPR versus approximately 5 km for the DPR).
Although suffering from low detectability, the DPR
has a good sampling rate owing to its scanning in the
cross-track direction. Furthermore, the DPR can mea-
sure the intensity of modest-to-heavy precipitation,
whereas the CPR cannot owing to its large attenuation
and multiple-scattering effect (Berg et al. 2010; Chen
et al. 2016; Tang et al. 2017; Skofronick-Jackson et al.
2019). It is effective to use complementary informa-
tion provided by these radars in evaluating precipita-
tion features in a region in which both rain and snow
fall.

Among coastal areas at higher latitude, the south
coast of Alaska (45—-65°N, 125-155°W) is selected
for analysis in this study because precipitation con-
centrates along this coast over a long narrow area
of > 1000 km. Precipitation along the west coast of
North America is usually associated with extratropical
cyclones arriving from the Pacific Ocean (Medina
et al. 2007), which may be the same for other western
continental mountain regions, such as the mountain
regions of Patagonia, Norway, and New Zealand.
Terrain sometimes blocks low-level air flow so that it
produces a strong terrain-parallel component of wind,
which is called a barrier jet, and modifies the near
upstream moisture flow and rain rate. Low-level air
flow is sometimes lifted by orography and enhances
preexisting precipitating clouds embedded in a frontal
system when the system passes over mountains. The
dynamical and microphysical mechanisms of the
orographic effect vary considerably with the synoptic-
scale condition, which has been investigated from var-
ious points of view adopting ground-based, airborne,
and spaceborne observations; statistical analysis; and
numerical models (Overland and Bond 1993; Colle
et al. 2006; Olson and Colle 2009; Neiman et al. 2008;
Zagrodnik et al. 2018, 2019). This study investigates
spatial patterns of precipitation climatology and
mechanisms for the south coast of Alaska using two
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spaceborne radars, the GPM DPR and CloudSat CPR,
to reveal terrain—precipitation interaction at larger
spatiotemporal scales.

2. Data and methodology

2.1 Data

The KuPR swath of the normal scan is approxi-
mately 245 km wide and comprises 49 beams in the
cross-track direction. Each beam has a vertical sam-
pling interval of 125 m and a footprint that is 5 km
in diameter. The level-2 version-06A KuPR product
(Iguchi et al. 2018) from April 2014 to March 2019
is used in this study. The vertical profile of radar
reflectivity and precipitation rate in range bins free
from ground clutter and the horizontal dataset of the
precipitation flag and rain-type classification products
are obtained for analysis. In Section 3, KuPR-detected
precipitation events are classified into three types
of precipitation, namely, stratiform, convective, and
others, using rain-type classification products (Awaka
et al. 2016). Although the DPR contains another KaPR
having a higher frequency, even in high-sensitivity
scanning (HS) of KaPR, the detectability of precipita-
tion is almost comparable with that of KuPR because
the non-Rayleigh scattering effect may have partly
offset the sensitivity advantage of the KaPR HS over
the KuPR (Toyoshima et al. 2015). Therefore, only
KuPR products are used in this study.

The CloudSat CPR is a nadir-pointing radar with a
vertical resolution of 240 m and footprint dimensions
of approximately 1.4 km (cross-track) x 1.8 km (along
track). Level-2 CPR products from January 2007 are
used in this study, that is, products of the geolocation
of footprints, surface bin number, radar reflectivity
and CPR cloud mask (2B-GEOPROF; Marchand
et al. 2008), precipitation flag and surface type (2C-
PRECIP-COLUMN; Haynes et al. 2013), cloud sce-
nario classification (2B-CLDCLASS; Wang and Sassen
2007), and near-surface snowfall rate (2C-SNOW-
PROFILE; Wood et al. 2013). Each precipitating event
is classified into one of three precipitation phases (i.c.,
a rain, mixed, or snow phase) at the near-surface bin
using the precipitation flag from the 2C-PRECIP-
COLUMN product. The precipitation flag in 2C-
PRECIP-COLUMN indicates three levels of precipi-
tation probability, namely, “certain”, “probable”, and
“possible”, where “certain” is selected in this study.
Following Kulie et al. (2016), each cloud-detected
event is discriminated into one of three types of cloud
scenario using the 2B-CLDCLASS product: nimbo-
stratus, shallow cumuliform (e.g., stratocumulus and
cumulus), and other clouds. When using a dataset
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taken from CPR products, reflectivity data in the four
range bins immediately above the surface-containing
range bin are excluded to avoid the contamination of
surface clutter (Marchand et al. 2008). Furthermore,
reflectivity data in range bins with CPR cloud mask
values of 20, 30, and 40 are applied, whereas values
of 5 at heights lower than 2000 m above the surface
are regarded as contaminated by ground clutter and
are discarded.

Although the observations of the DPR can cover
the target areca without gaps owing to scanning in the
cross-track direction with a 245-km swath (Fig. 1a),
the observation of the CPR is mesh like as shown in
Fig. 1b because the CPR observes only at nadir under
the geographical constraints of the recurrent orbit of
CloudSat. Moreover, the observation time of the CPR
is limited by the sun-synchronous orbit of CloudSat
passing over a given point on the Earth at the same
local times each day, with the equator crossing time
of roughly 01:00/13:00 local standard time (LST).
Because the local passing time of the satellite with
sun-synchronous orbit depends on the latitude of the
place, CloudSat overflies the south coast of Alaska
around 04:00/14:00 LST. Meanwhile, the non-sun-
synchronous orbit of GPM Core allows the DPR to
obtain precipitation climatology independent of time.
There are further orbital constraints in that after a
battery system anomaly in 2011 resulted in some
inoperative months, CloudSat entered a sunlight-only
operational mode. To avoid the bias of the dataset aris-
ing from sampling irregularity in each season and the
lack of sampling at night, only the CPR datasets from
January 2007 to December 2010 are used in statistical
analysis in Section 3.

The synoptic data used in this study to describe
the dynamic properties of air flow are from the fifth
generation of the European Centre for Medium-range
Weather Forecasts Reanalysis (ERAS) products (Hers-
bach and Dee 2016). The dataset has 0.25° horizontal
grid spacing and an hourly temporal resolution. To
observe the movement of the upper cloud, the dataset
of the cloud-top brightness temperature obtained from
the infrared imager ch04 (10.20—11.20 um) aboard
the GOES-15 geostationary satellite is used.

2.2 Distance from the coastline

Datasets from the spaceborne radars and infrared
imager in the target region are resampled into 0.1° X
0.1° cells for analysis. For all grid points of both satel-
lite and ERAS datasets, the distance from the nearest
coastline is calculated using the method proposed
by Ogino et al. (2016). The dimensions of cells are
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barrier direction around the Gulf of Alaska.

0.1° x 0.1° for spaceborne radar datasets (Figs. la, b)
and 0.25° x 0.25° for ERAS datasets. For elevation,
Shuttle Radar Topography Mission 30-arc-second data
(SRTM30) are used (Fig. 1c). First, if any of the 2 x 2
SRTM30 cells contain both land and ocean cells, the
center point of the four cells is specified as a coastline
point. Note that lake cells are regarded as land cells.
The distance from the nearest coastline point is then
calculated for each cell, assuming the Earth to be a

sphere with radius of 6,378,140 m (Fig. 1d). Hereafter,
all datasets are analyzed by dividing the distance from
the coastline by 20 km. In Section 4, the wind in each
cell derived from ERAS is decomposed into cross-bar-
rier and parallel-barrier components. The cross-barrier
direction of wind in each cell is obtained adopting the
following method. The vector from the center point
of the cell to the point of the nearest coastline is first
determined and then smoothed with a Gaussian filter
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having a standard deviation of 2°. Without smoothing,
the vector would point toward the protruding shoreline
and would not represent the direction to the coastal
mountain terrain. The direction of the smoothed vector
is referred to as the cross-barrier direction (Fig. 1d).
The parallel-barrier direction is obtained by rotating
the cross-barrier direction through 90° counterclock-
wise, and a positive value of the parallel-barrier com-
ponent thus indicates a wind with a direction such that
land is on the right and sea is on the left.

3. Relationship between precipitation and
distance from the coastline

3.1 Annual and seasonal precipitation climatology
Figure 2a shows how the frequency of precipitation
detected by the two radars changes with distance from
the coastline, whereas Fig. 2b shows the enlarged
view of coastal areas in Fig. 2a. The term “precipitation
frequency” is defined as the ratio of the number of ob-
servations for which precipitation was detected to the
total number of observations including no-precipitating
events. The KuPR-detected precipitation frequency
has a peak above coastal water (—20—0 km). The
frequency gradually decreases as the distance from
the coast on the seaward side increases to 200 km and
drops sharply as the distance from the coast on the
landward side increases to 100 km (red line in Fig.
2a). As with KuPR, the CPR detects precipitation most
frequently near the coastline, and the frequency tends
to decrease with distance from the coastline (navy line
in Fig. 2a). However, there is a large difference when
cases are divided into the three types of precipitation

particle phase using 2C-PRECIP-COLUMN. In Fig. 2,
the curves of CPR-detected frequencies of rainfall
(dashed blue line) and mixed-phase precipitation
(dash-dotted blue line) are similar to the curve of the
KuPR-detected frequency (red line), in that they are
higher over the ocean (from —80 km to 0 km) than
over the land (from 0 km to 60 km), and each has a
peak near the coastline and a large gradient over the
slope of the coastal mountains (from 0 km to 60 km).
However, the CPR snowfall frequency (solid blue
line) is completely different in that it has a large value
landward of the coastline and a peak in the coastal
mountain range, whereas the total CPR-detected
precipitation frequency (solid navy line) has a peak on
the windward side of the coastal mountains (from 20
km to 40 km), more inland from the maximum of the
KuPR-detected precipitation frequency.

Spaceborne radars are limited in observing shallow
storms and snowfall at low levels owing to ground
clutter, which could pose a serious problem for KuPR
observation. In the KuPR observation, the bottom
levels free from ground clutter largely depend on the
incidence angle, being lowest at nadir and highest at
the swath’s edge (Hirose et al. 2012; Kubota et al.
2016). The mean height of the lowest range bins free
from ground clutter for KuPR observations at all
incidence angles is approximately 500 m higher than
that for KuPR observations at nadir (Fig. 3a). Figure
2a shows that the nadir-only observation (orange line)
detects precipitation more often than observations
at all other incidence angles (red line), indicating a
higher detection of precipitation with a low storm top
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height. Even so, the nadir observations have a similar
pattern as observations from all other angles, with
the maximum value being seaward of the coastline,
suggesting that the typical vertical radar profile and
the phase of precipitation particles captured by KuPR
are independent of the incidence angle of the radar in
this region. Thus, KuPR products with all incidence
angles are used to ensure a large number of samples
when investigating the precipitation climatology in
this area. Still in the nadir-only observation, an echo
from precipitation particles at heights lower than ap-
proximately 1 km from the surface cannot be observed
owing to ground clutter obstruction (Fig. 3), which
may result in the missing of shallow events especially
over mountains with higher levels of clutter-contam-
inated range bins. This effect may be important at
high latitudes because clouds tend to appear at lower
heights than they do at low latitudes.

In single-wavelength meteorological radar obser-
vations, the properties of precipitation particles are
estimated on the basis of radar backscattering from
the particles, which is called radar reflectivity. When
comparing the detectability of KuPR observation
with that of CPR observation, constraints on each
dataset should be introduced because the value of
KuPR reflectivity cannot be directly interpreted as
the value of CPR reflectivity due to differences in the
backscattering efficiency of various particle sizes at
each radar (Chen et al. 2016; Tang et al. 2017). Figure
3 shows that the mean height of the lowest range bins
free from ground clutter is almost the same in both
CPR and KuPR observations at nadir, indicating that
it is reasonable to compare the precipitation frequency

of the KuPR nadir-only observation with that of
the CPR observation when identifying precipitation
particles in this region. Hereafter, the CPR radar
sensitivity is aligned with KuPR at nadir to clarify
which type of CPR-detected precipitation can be
captured by KuPR. Skofronick-Jackson et al. (2019)
compared DPR and CPR snowfall products to clarify
disparity in the global average snowfall frequency
obtained from the two spaceborne radar datasets. They
concluded that the difference can be minimized when
CPR observations are artificially truncated below the
8-dBZ near-surface reflectivity threshold. Following
Skofronick-Jackson et al. (2019), a CPR precipitation
event is excluded if the maximum radar reflectivity in
its vertical column does not reach a given threshold.
The threshold for maximum radar reflectivity in a
vertical column is applied in this study instead of
the threshold for near-surface reflectivity used by
Skofronick-Jackson et al. (2019); this is because CPR
radar reflectivity near the surface is underestimated
owing to the attenuation effect of the liquid-phase pre-
cipitation particles. The KuPR precipitation frequency
at nadir and truncated CPR precipitation frequency are
compared while changing the threshold in intervals of
1 dB, and it is found that their disparity over the ocean
can be minimized by setting the threshold at 7 dBZ.
The annual and seasonal mean precipitation fre-
quency of KuPR only-nadir observations and 7-dBZ-
truncated CPR observations are illustrated in Fig. 4.
The KuPR nadir precipitation frequency and CPR
liquid precipitation frequency, which is the sum of
the CPR rainfall frequency and CPR mixed-phase
precipitation frequency, are in good agreement except
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on land in summer (JJA) and winter (DJF) (Fig. 4).
Table 1 shows the ratios of the occurrence frequencies
of KuPR nadir precipitation and 7-dBZ-truncated CPR
precipitation to the frequency of all the precipitation
detected by CPR, averaged over the ocean (from —500

km to 0 km) and over the coastal mountains (from 20
km to 280 km; > 1000 m in elevation and not too far
from the south coast of Alaska). Table 1 and Fig. 4a
reveal that, over the ocean, the frequency of precipi-
tation captured by KuPR nadir observations accounts
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Table 1.
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The ratios of the occurrence frequencies of KuPR nadir precipitation, CPR liquid, CPR snowfall, and 7- and

11-dBZ-truncated CPR precipitation to the CPR total precipitation frequency, averaged over the ocean (from —500 km
to 0 km) and over the coastal mountains (from 20 km to 280 km). These thresholds are applied on each types of precipita-
tion detected by CPR. CPR liquid precipitation means the sum of CPR rainfall and CPR mixed-phase precipitation.

KuPR CPR CPR > 7dBZ CPR > 11dBZ

nadir Liquid Snow All type  Liquid Snow All type  Liquid Snow
Ocean 551% 953 % 4.7 % 56.1% 54.8% 1.2% 302%  29.8% 0.4 %
Mountain 233% 38.0% 62.0% 463% 238% 225% 201% 11.5% 8.6 %
Mountain (DJF) 14.4 % 50% 949 % 36.1 % 32%  329% 14.3 % 1.7 % 125 %
Mountain (JJA) 49.1% 904 % 9.6 % 64.0%  59.5% 4.5% 325% 304 % 2.1 %

for 55.1 % of that of precipitation captured by CPR,
and the percentage is almost the same as the ratio of
7-dBZ-truncated CPR liquid precipitation (54.8 %).
Meanwhile, on the coastal mountains, though snowfall
events with echoes larger than 7 dBZ (22.5 %) occur
as often as liquid precipitation events with echoes
larger than 7 dBZ (23.8 %), the ratio of KuPR precipi-
tation on the mountains (23.3 %) is similar as the ratio
of 7-dBZ-truncated liquid precipitation (23.8 %). This
indicates that KuPR rarely detects snowfall events in
coastal mountains.

Over the coastal mountains, the dominant type of
precipitation greatly differs depending on the season.
Over land in DJF, snowfall accounts for > 90 % of the
total precipitation (Table 1). The capture ratio of KuPR
is 14.4 % over the coastal mountains in DJF (Table
1), indicating that KuPR cannot detect weak snowfall
events and misses approximately 85 % of the total
snowfall events captured by CPR due to the weaker
backscattering from smaller ice particles. However,
Fig. 4b and Table 1 show that the KuPR nadir precip-
itation frequency (14.4 % in Table 1) is much higher
than the 7-dBZ-truncated CPR liquid precipitation fre-
quency (3.2 % in Table 1), suggesting that some heavy
snowfall events in DJF can be detected by KuPR.
Because 7 dBZ was a threshold concerning seaside
liquid precipitation and the minimum detectability
of KuPR is expected to differ depending on the type
of precipitation particles, another threshold of CPR
reflectivity should be introduced concerning snowfall
over the coastal mountains. The comparison between
KuPR precipitation frequency and truncated CPR pre-
cipitation frequency over the coastal mountains in DJF
are performed, and it is revealed that the difference
between KuPR frequency and truncated CPR precipi-
tation frequency is minimized by setting the threshold
at 11 dBZ (14.4 % for KuPR nadir observations and
143 % for CPR 11-dBZ-truncated observations in
Table 1). Thus, KuPR can detect heavy snowfall

events, of which frequency is comparable with that of
snowfall events with CPR reflectivity stronger than 11
dBZ. Although the frequency of heavy snowfall events
(CPR reflectivity > 11 dBZ) accounts for only 13.2 %
(= 12.5/94.9; Table 1) of the total snowfall frequency
detected by CPR, the snowfall amount from the heavy
snowfall events reaches 47.5 % of the total snowfall
amount in DJF when calculated using the near-surface
snowfall rate estimated in 2C-SNOW-PROFILE. This
indicates that infrequent heavy snowfall events have
non-negligible impact on the total snowfall climatol-
ogy in Alaska, as reported by some precedent studies
concerning the global mean snowfall statistics (Casella
et al. 2017). This also suggests that KuPR can capture
the mass of heavy snowfall events; however, some
studies (Casella et al. 2017; Skofronick-Jackson et al.
2019) pointed out that the amount of DPR-detectable
heavy snowfall is significantly underestimated in DPR
products compared with that in CPR products. There-
fore, further research is needed to compare the amount
of heavy snowfall estimated by KuPR with the total
amount of snowfall estimated by CPR and quantify
the contribution of heavy snowfall events.

In contrast to DJF, liquid precipitation accounts
for > 90 % in JJA. The KuPR precipitation frequency
over the coastal mountain in JJA is about a half of the
CPR precipitation, indicating that KuPR can capture
much more liquid precipitation than snowfall. How-
ever, Table 1 and Fig. 4d show that the percentage of
KuPR nadir precipitation frequency (49.1 %) does not
reach the percentage of 7-dBZ-truncated CPR liquid
precipitation frequency (59.5 %), which may be due to
an abundance of smaller rainfall particles and KuPR
missing some isolated shallow rainfall events in the
mountains, owing to KuPR (5 km) having a larger
footprint than the CPR (1 km). Besides, the disparity
may arise because CPR observation only at 04:00 and
14:00 LST cannot accurately represent the diurnal
variability during JJA.
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Figures 5a and S5b shows that both the KuPR-
detected precipitation frequency and amount are high-
est in autumn (SON). The Gulf of Alaska, which is the
so-called graveyard of Pacific storms, has a high
storm track density, and extratropical cyclones more
frequently exist in the Gulf of Alaska, especially in

autumn (Mesquita et al. 2010). These results indicate
that the coastal mountains delay fronts approaching
the coastline and dam southwesterly moist air flows
associated with extratropical cyclones in the Gulf of
Alaska, and most of the moisture condenses over the
sea and lowlands near the coast to produce precipi-
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tation. Figures 5c—f shows the diurnal variability of
the precipitation frequency in each season. There is
only small diurnal variability during the SON, DIJF,
and spring (MAM) periods, and this is consistent
with the fact that precipitation from synoptic-scale
cyclonic activity, which has time scales longer than
a day, is dominant in these seasons (Figs. Sc, d, f). In
JJA, there is not only a coastal maximum but also a
secondary maximum over land approximately 300 km
from the coastline (Figs. 5a, b), and these peaks have
diurnal variations (Fig. 5e). Figure 5e shows that the
interior peak of precipitation in JJA is most frequent
in the afternoon (12:00—18:00 LST), indicating that
the daytime heating of land by solar radiation may
contribute to the inland precipitation during summer.
Over the ocean, the KuPR precipitation frequency is
a maximum in the early morning (00:00—06:00 LST).
In tropics, the continental rainfall maximum in the
afternoon and oceanic rainfall maximum in the early
morning are prevailing diurnal features of precipita-
tion; this has been well studied using TRMM PR data
(Kikuchi and Wang 2008). The diurnal variation of
rainfall around the south coast of Alaska may have
a cause similar to that in the tropics (e.g., the effect
of the thermal land—sea breeze and mountain—valley
breeze), though further analysis must accurately iden-
tify the cause because the underlying forcing mech-
anisms of the diurnal variation of rainfall differ from
place to place (Yang and Smith 2006). Still in JJA, the
maximum precipitation peak appears on coastal water
at any time, and the diurnal variation over the ocean is
relatively small compared with the total precipitation
(Fig. 5Se). This climatological distribution differs from
the tropical climatology strongly dominated by diurnal
rainfall regimes, as suggested by previous studies for
the Indonesian Maritime Continent (Mori et al. 2004;
Yamanaka 2016) and northwestern South America
(Mapes et al. 2003a, b). In some areas of the tropics
such as Western Ghats in India and Arakan Yoma in
Myanmar where the summer-time low-level monsoon
flow is strong, diurnal variations in precipitation are
weak despite the large rainfall amount due to con-
tinuous environmental flow perpendicular to coastal
mountains (Shige et al. 2017). As in these areas, the
small diurnal amplitude of precipitation over the
coastal waters of Alaska (Fig. 5e) suggests that the
summer-time precipitation climatology is strongly
affected by synoptic water vapor transported from
the ocean, though the transport is associated not with
monsoon flow but with moisture intrusion around
extratropical cyclones.

To determine which types of cloud play an import-
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ant role in coastal precipitation, each precipitating
event detected by the CPR is classified into one of
three types of cloud scenario, namely, nimbostratus,
shallow cumuliform, and other clouds, following
Kulie et al. (2016). Figures 6a and 6b indicates that,
among the clouds captured by the CPR, nimbostratus
clouds most frequently bring precipitation to each tar-
geted region and they are the main source of snowfall
in the mountains. The snowfall rate shown in Fig. 6b
is low over the ocean because precipitation particles
mainly fall as rain or mixed-phase precipitation rather
than as snow (Fig. 2a). The amounts of CPR rainfall
and mixed-phase precipitation are not shown in Fig.
6b because they are difficult to estimate only from
CPR reflectivity, owing to liquid particles strongly
scattering the beam and causing saturation of the at-
tenuation signal. To reveal which type of cloud brings
such a large amount of rainfall over the ocean, KuPR-
detected precipitation events are classified into three
types of precipitation, namely, stratiform, convective,
and other, using the KuPR rain-type classification
(Figs. 6c, d). Although the nimbostratus clouds observ-
ed by the CPR may not perfectly match the stratiform
rainfall observed by KuPR in some cases because
the classification methods differ, these clouds are
precipitating clouds with the same properties because
they are characterized by both weak intensity and a
wide extension in areas compared with convective
precipitation in each product. According to Figs. 6¢
and 6d, stratiform precipitation accounts for > 80 %
of the total precipitation in terms of both frequency
and amount, suggesting rainfall and mixed-phase
precipitation are mainly brought by the stratiform
cloud system. Therefore, precipitation in this region is
mostly brought as stratiform precipitation, which may
fall from nimbostratus clouds, and is related to frontal
cloud systems associated with extratropical cyclones.

3.2 CFAD analysis

To show how precipitation characteristics differ ac-
cording to the distance from the coastline, reflectivity
data obtained from KuPR and the CPR when precip-
itation is detected by each radar are aggregated into
contoured frequency and altitude diagrams (CFADs;
Yuter and Houze 1995) for five geographic regions
according to the distance from the coastline: from
—80 km to —20 km and every 20 km from —20 km to
60 km. In these regions, there are large gradients of
precipitation frequency detected by spaceborne radar
(Fig. 2b). The CFADs are two-dimensional histograms
of KuPR (CPR) reflectivity profiles with the horizon-
tal axis representing reflectivity from 0 to 50 dBZ
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(from —30 dBZ to 25 dBZ) in intervals of 1 dBZ and
the vertical axis representing altitude from 0 km to 10
km in intervals of 125 m (240 m). Each CFAD is nor-
malized by the number of observations at each height
including non-precipitating events. Because bins near
the surface have a lower sampling number than upper
bins owing to ground clutter obstruction, bins at the
lower level having a sampling number < 20 % of that
of the upper level are discarded.

A large fraction of precipitation echoes are observed
above coastal water (from —20 km to 0 km in Fig. 7a)
corresponding to the location where the KuPR-detect-
ed precipitation frequency has its maximum in Fig.
2b. In landside regions (from 0 km to 60 km in Fig.
7a), the KuPR reflectivity weakens, and the echo top
height falls, going inland. Although shallow events
may be underestimated because the lowest range bin
free from surface clutter is higher over land, the weak-
ening of the echoes is also clear at a height of > 3 km

(from 0 km to 60 km in Fig. 7a), where the effect of
ground clutter is weak (Fig. 3a), showing that inland
precipitation weakens with increasing distance from
the coastline.

Although KuPR suffers from the underestimation
of light precipitation, KuPR has advantages over the
CPR in observing heavier precipitation. The vertical
profiles of KuPR reflectivity in Fig. 7a show that the
intensity of reflectivity generally increases downward,
and this feature is especially clear over the coastal
ocean and lowlands (from —80 km to 20 km). Mean-
while, the reflectivity of CPR-detected echoes in the
area corresponding to the echo observed by KuPR
(CPR-detected reflectivity exceeding 7 dBZ and height
< 3 km in Fig. 7b) no longer increases downward;
this is because the strong backscattering from liquid
particles causes the saturation of attenuation signals in
CPR observation (Berg et al. 2010; Chen et al. 2016).
Thus, it is difficult for the CPR to distinguish atten-
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uated echoes of moderate—heavy precipitation from
echoes of light precipitation. These results illustrate
that the use of Ku-band radar is important in estimat-
ing the precipitation amount in relatively heavy events
that frequently occur near the coast.

A comparison of CFADs of the CPR in Fig. 7b
with those of KuPR in Fig. 7a shows that the CPR
detects cloud and precipitation particles to a higher
altitude and more frequently than KuPR. In Section
3.1, it was shown that the difference in precipitation
frequency detected by the two radars over the ocean
(over the coastal mountains) can be minimized when

CPR observations are artificially truncated below a
reflectivity threshold of 7 dBZ (11 dBZ). To quantify
the proportion of profiles with strong echoes, the ratio
of the number of profiles with echoes stronger than 7
dBZ (11 dBZ) to the total number of observed profiles
is shown for each CFAD of the CPR in Fig. 7. CFADs
of the CPR for all cloud types (Fig. 7b) show that, on
the sea side of the coastline, the ratio of profiles with
reflectivity stronger than the 7-dBZ threshold gets
higher as the distance from the coastline decreases
(from —80 km to 0 km; 60.1-61.8 %) and has its
maximum at coastal lowlands (from 0 km to 20 km;
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CFADs of the 4-year-mean CPR reflectivity of (a) all precipitation, (b) rainfall, (¢) mixed-phase precipita-

tion, and (d) snowfall from nimbostratus clouds, normalized by the number of observations at each height for the
respective area. The frequencies of occurrence shown in (b—d) are expressed as the deviation from (a). The hori-
zontal and vertical intervals are the same as those in Fig. 7. Data in a cell of a CFAD with fewer than 100 observa-

tions are discarded.

65.2 %). In contrast, over the coastal mountains (from
20 km to 60 km), the ratio gets lower as the distance
from the coastline increases, such as 59.6 % from
20 km to 40 km and 52.3 % from 40 km to 60 km,
indicating increase in the number of echoes with weak
reflectivity.

Precipitating events captured by the CPR are clas-
sified by CPR cloud scenario classification to present
the CFADs of nimbostratus clouds in Fig. 7c and those
of shallow cumuliform clouds in Fig. 7d. Nimbostratus
clouds are relatively thick (> 4 km in mean thickness)
precipitating clouds with a broad horizontal extent
according to 2B-CLDCLASS classification (Wang
and Sassen 2007), and they tend to have larger values
of CPR reflectivity throughout the area (57.5-71.8 %
profiles with echoes larger than 7 dBZ; Fig. 7c). The

CFADs of nimbostratus clouds in Fig. 7c have similar
patterns as those of all clouds in Fig. 7b especially
in an area with stronger reflectivity, suggesting that
nimbostratus clouds bring most of the precipitation in
this region including over the ocean. To make clear
the differences in vertical structure of clouds among
different distances from the coastline, CFADs of
nimbostratus clouds are normalized by the number of
observations when precipitation echoes are detected
at each height (Fig. 8a). Figure 8a shows that inland
echoes with reflectivity weaker than 7 dBZ more often
appear in layers of the lowest 3 km with increasing
distance from the coastline (from 0 km to 60 km in
Fig. 8a). This suggests that nimbostratus clouds tend
to get weaker as these clouds enter the coastal moun-
tains. Meanwhile, echoes from shallow cumuliform
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clouds are infrequent and weak (28.2—45.1 % profiles
with echoes larger than 7 dBZ; Fig. 7d) compared
with those from nimbostratus clouds, showing that
few of the shallow cumuliform clouds are associated
with precipitation owing to the weak reflectivity,
though they are slightly enhanced above the coastal
mountains. In Fig. 7d, some clouds are classified as
shallow cumuliform clouds, namely, cumulus and
stratocumulus clouds (Section 2), with a top height of
10 km over land. This is because the maximum height
of cumulus clouds reaches approximately 7 km from
the ground surface in some cases according to the
classification scheme in 2B-CLDCLASS (Wang and
Sassen 2007), and there are locations in the coastal
mountainous area having an elevation of > 3000 m.
These cases are so rare that we consider the effect on
the overall statistics to be negligible and we sum the
data without removing these cases.

Though Fig. 7c shows that the increasing echoes
with weak reflectivity contributes to the concentration
of precipitation on coastal mountains, it also illustrates
that CPR more frequently detects stronger echoes of
> 7 dBZ over the mountains (from 20 km to 60 km)
than those over the ocean (from —80 km to 0 km).
However, KuPR-detected echo intensity and frequen-
cy are remarkably reduced on the coastal mountains.
To reveal the cause of the considerable difference in
the liquid/solid precipitation frequency and disparity
in precipitation products from KuPR and the CPR,
CFADs of nimbostratus clouds for each phase-type
of precipitation are presented in Figs. 8b—d. In these
figures, occurrence frequencies are expressed as the
deviation from the CFADs of all types of precipitation
phases in Fig. 8a. In each region, rainfall tends to have
greater reflectivity than mixed-phase precipitation and
snowfall throughout the vertical profile, and more
echoes from rainfall particles above a height of 3 km
exceed the 7-dBZ threshold, indicating rainfall is more
likely to be detected by KuPR than other phases of
precipitation (Fig. 8b). Over the coastal mountains, the
number of rainfall events is about half that of snowfall
as shown in Fig. 2b, and thus, the concentration of
precipitation mainly results from snowfall. Mean-
while, the snowfall profiles show echoes more often
in the area with reflectivity lower than 7 dBZ (Fig. 8d)
compared with rainfall and mixed-phase precipitation
(Figs. 8b, c). Though there are some snowfall events
exceeding 7 dBZ, which correspond to the increasing
stronger echoes (> 7 dBZ) on the coastal mountains
in Fig. 7c, most of the snowfall echoes do not reach
11 dBZ in reflectivity, which is KuPR’s threshold in
detecting snowfall (Section 3.1). Reflecting this fact,
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the ratio of profiles with echoes weaker than 11 dBZ
on the mountains comprise approximately 70 % of
the nimbostratus clouds detected by CPR (from 20
km to 60 km in Fig. 7c), indicating the dominance of
light-to-moderate snowfall. Because light-to-moderate
snowfall (with reflectivity lower than 11 dBZ) is well
detected by CPR but rarely detected by KuPR, there
exists a large difference in detectability between
KuPR and CPR over the coastal mountains.

4. Discussion

Section 3 showed that the south coast of Alaska
receives relatively heavy and consistent precipitation
and has a large gradient of precipitation. This section
discusses how these tendencies appear. Previous
studies (Neiman et al. 2008; Zagrodnik et al. 2018)
showed that precipitation along the mid-latitudinal
western coasts of continents is brought by frontal
systems and moisture inflow associated with synoptic-
scale eddies, which are Aleutian lows in the case of
Alaska, and these preexisting systems may be affected
by underlying coastal mountains, causing such large
gradients of precipitation properties detected by the
KuPR and the CPR (Fig. 2).

Shading in Fig. 9a shows the vertical profile of the
5-year-mean unconditional precipitation rate (i.e.,
the mean of all precipitation rates including the zero
rate) from the level-2 KuPR product as a function of
the distance from the coastline. In Fig. 9, bins at the
lower level having a sampling number of KuPR (CPR)
< 10 % (20 %) that of the upper level are discarded.
From ERAS5, mean cross-barrier and parallel-barrier
components of wind when precipitation events are
observed at the location at which the KuPR precipi-
tation frequency is a maximum (—20-0 km) are also
drawn. Above the ocean, the cross-barrier component
of the low-level wind (lower than approximately 2
km) weakens as it approaches the coastline, indicating
convergence due to the orographic blocking of air
flow. As a result of the convergence of moist air flow,
the mean precipitation rate increases and the precipi-
tation top height rises while approaching the coastline
over the ocean (Fig. 9a). Over the coastal mountains
(20—80 km), the precipitation rate measured by the
KuPR decreases drastically because KuPR cannot
observe snowfall or weak shallow rainfall over the
coastal mountains (Section 3). Precipitation detected
by the KuPR largely occurs at a level lower than the
mean height of a temperature of 0°C (thick black line
in Fig. 9a), implying precipitation particles mainly fall
as rainfall on coastal ocean and lowlands.

Figures 9b—d shows 4-year-mean vertical profiles
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of the precipitating cloud fraction (i.e., the ratio of
the number of cloud appearance when precipitation
is detected at the near-surface to the number of ob-
servations including no-cloud events) from the CPR
observation. The panels also illustrate the mean cross-
barrier (vector) and parallel-barrier (contour) compo-
nent winds from ERAS when precipitation is detected
at the location where the CPR precipitation frequency
is a maximum (20—40 km). Nimbostratus clouds,
which are the dominant producer of snowfall in the
region (Section 3), most frequently appear along the
coastal mountains (20—80 km in Figs. 9b, c), where
the KuPR captures less precipitation (Fig. 9a). In con-
trast to winds at a lower level, the cross-barrier com-

ponents of upper winds are no longer weakened by the
underlying terrain (vectors in Fig. 9). It is inferred that
the clouds primarily forming along the coastline with
abundant water vapor yield a large amount of precip-
itation before reaching the mountains, and the rem-
nants are swept by the upper wind and drift over the
coastal mountain range. Around the windward side of
the coastal mountains, the parallel-barrier component
of the wind strengthens as the cross-barrier compo-
nent of low-level wind weakens. This enhancement of
parallel-barrier wind not only ensures clouds around
the coast to stay longer but also provides additional
moisture from lower latitudes, yielding the long-
lasting precipitation in this region. Shallow cumu-
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liform clouds appear when cross-barrier winds and
moisture convergence are relatively weak (Fig. 9d).
Figure 7d shows that reflectivity from this type of
cloud is typically low, and the contribution of this
cloud to the amount of snowfall in the mountains is
not large (Fig. 9d), though it accounts for a large part
of the distribution of the cloud fraction detected by the
CPR. The mean heights of the coastal mountains are
close to the freezing level (thick black lines in Figs.
9b—d), and the precipitation particles thus fall as rain-
fall and mixed-phase precipitation on the ocean but as
snowfall in the coastal mountains (Fig. 2b).

The precipitation mechanism deduced from the
climatological picture in Fig. 9 is recognized in a
case study presented in Fig. 10. Figure 10 shows the
time series of a case lasting from 00:00 UTC on 13
December to 23:30 UTC on 17 December 2014, when
an occluded front and moist air flow accompanied by
low pressure approached the south coast of Alaska
from the ocean. Datasets shown in Fig. 10 are derived
from ERAS, except for infrared imagery taken from
GOES-15 in Fig. 10d and spaceborne radar data in
Figs. 10e and 10f. Although spaceborne radars capture
the vertical structure of clouds and precipitation with
more detailed horizontal and vertical resolution than
ERAS, they can only observe a limited area of the
entire target region at certain time intervals deter-
mined by the orbital property of the satellites. Because
ERAS covers the entire target region every hour, it
can continuously track the temporal development of a
synoptic-scale phenomenon. ERAS is thus used to
clarify how the precipitation events caught by space-
borne radars were generated on a synoptic-scale. In
the Supplement, the vertical profile of each radar
is presented with the coincident ERAS reanalysis
profile for a case on 14 December 2014, showing that
precipitation captured by KuPR and clouds captured
by the CPR are largely reproduced in the reanalysis
products, though ERAS has difficulty reproducing fine
structures along the terrain and shallow clouds over
the sea.

The convergence zone of wind at a lower level
(hatches in Fig. 10a) corresponding to an occluded
front proceeded from the ocean and reached the coast
on the morning of December 15. Near the coastline,
there was another weak convergence zone due to
the orographic effect before the front arrived, and it
strengthened when the convergence zone from the
ocean reached the coastline (hatches in Fig. 10a). The
air with a large amount of total-column water moved
toward the coastline slightly ahead of the low-level
convergence zone (shading in Fig. 10a). This moist
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area corresponded to moisture flow in a warm sector
of an extratropical cyclone (Fig. 8 of Houze et al.
2017). Low-level winds formed in the parallel-barrier
direction rather than in the cross-barrier direction,
resulting in a continuous inflow of moisture from
upwind of the parallel-barrier flow or lower latitude
(vectors in Fig. 10b). Shading in Fig. 10b shows that
the vertically integrated divergence of moisture flux,
which is the superposition of the two values in Fig.
10a, continued to converge from the late night of
13 December to the morning of 17 December. This
means that most of the moisture that was advected
from the ocean was blocked by coastal mountains and
consumed to produce terrain-enhanced long-lasting
precipitation along the coastline (Fig. 10c). Figures
10e and 10f presents the precipitation rate from KuPR
and type of precipitating clouds from the CPR. Cor-
responding to the precipitation rate from ERAS (Fig.
10c), KuPR observed the approaching precipitation
associated with an occluded front and the orographic
enhancement around the coastline (Fig. 10¢), and the
CPR-detected the coastal precipitation as nimbostratus
clouds (Fig. 10f). In the cold-air inflow area behind
the front (from —1000 km to —500 km at 00:00 UTC
on 15 December and from —1000 km to —250 km at
00:00 UTC on 16 December), many shallow cumuli-
form clouds are observed by the CPR, and there is not
much precipitation for either KuPR or ERAS. The ob-
served brightness temperature of the upper cloud from
GOES-15 penetrated inland without being blocked
by the terrain (Fig. 10d). This indicates that the upper
part of the precipitation cloud that strengthened above
the coastline was swept away by the upper wind and
advected to the coastal mountainous area in contrast
with the situation for the lower layer. Precipitation
generated by this series of clouds may result in snow-
fall in the coastal mountains and correspond to the
series of nimbostratus clouds observed by the CPR as
shown in Fig. 9c¢.

5. Summary

The precipitation climatology and mechanism along
the south coast of Alaska were investigated, focusing
on large spatial gradients of precipitation around the
western coast of the continent at mid—high latitude. At
higher latitudes, discriminating the phase of precipita-
tion particles falling on the ground is also important in
grasping the hydrological cycle in a region, whereas
only the amount of precipitation is important in
tropical areas. Using complimentary datasets from the
GPM DPR and CloudSat CPR, we studied how the
horizontal and vertical distributions of precipitation
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and clouds change with distance from the nearest
coastline and made the following conclusions:
(1) KuPR and the CPR have different scattering

which are initially produced or enhanced along
the coastline and then advected inland as they are
swept along by the strong cross-barrier component

properties and can thus be used to detect different
precipitation particles. This study found that KuPR
captures CPR-detected rainfall and mixed-phase
precipitation with higher reflectivity (specifically,
> 7 dBZ CPR reflectivity), and the capture ratio of
KuPR corresponds to approximately 50 % of the
total liquid precipitation detection by CPR. How-
ever, KuPR hardly captures CPR-detected snowfall
(approximately 15 % of the CPR snowfall events)
and misses large parts of light-to-moderate snow-
fall prevailing on the coastal mountains of Alaska,
though KuPR captures snowfall events as often as
CPR-detected heavy snowfall events with reflec-
tivity stronger than 11 dBZ. Meanwhile, KuPR
measures the intensity of relatively heavy precipi-
tation, whereas CPR does not, due to the saturation
of attenuation signals. Precipitation measurements
made using KuPR revealed that radar reflectivity,
or the intensity of precipitation, generally increases
downward, and this feature is especially clear over
the coastal ocean and lowlands around the south
coast of Alaska.

(2) Over the ocean, it was found that most precipi-

tation falls on the surface as rainfall and mixed-
phase precipitation, which can be captured by
KuPR. KuPR statistics showed that both the fre-
quency and intensity of precipitation increase ap-
proaching the coastline over the ocean. The sorting
of precipitation events according to the CPR cloud
scenario classification and DPR rainfall type clas-
sification revealed that precipitation events in this
region are mostly brought by nimbostratus clouds,
which are related to frontal cloud systems asso-
ciated with extratropical cyclones. These results
indicate that owing to the strong convergence of
moisture at a low-level due to orographic effects,
relatively heavy precipitation from nimbostratus
clouds frequently occurs above coastal waters.

(3) Over the coastal mountains, while the frequency of

mixed-phase precipitation is low, the frequency of
snow is especially high, which is rarely observed
by KuPR. Though the heavy snowfall events (CPR
reflectivity > 11 dBZ) rarely occur, the snowfall
amount brought by the events accounts for nearly
half of the total snowfall amount detected by CPR,
suggesting infrequent heavy snowfall events make
non-negligible contribution to the precipitation
climatology in Alaska. Snowfall in coastal moun-
tains is mainly brought by nimbostratus clouds,

of winds in the middle troposphere. In contrast,
shallow cumuliform clouds are frequently detected
over the coastal mountains under the conditions of
weak cross-barrier winds. Snowfall from this type
of cloud is not heavy, and it is thus well detected
by the CPR but rarely detected by KuPR.

(4) The seasonal analysis of KuPR revealed that
precipitation is most frequently brought in SON
when extratropical cyclones more frequently exist
in the Gulf of Alaska, whereas diurnal analysis
showed that the KuPR precipitation frequency
is a maximum over the coastal water with small
diurnal variability during SON, DJF, and MAM
periods, suggesting moisture flows associated
with extratropical cyclones are an important factor
of precipitation in this region. During JJA, there
are two peaks of precipitation frequency with
some diurnal variation: an inland peak having its
maximum in the afternoon (12:00—18:00 LST)
and a peak on coastal water having its maximum
in the early morning (0:00—6:00 LST). However,
the amplitude of diurnal variation is small relative
to total precipitation especially over the ocean,
and the maximum precipitation peak appears on
coastal water at any time. This distribution of pre-
cipitation with small diurnal variations around the
coast of Alaska is different from that with strong
diurnal variation in such regions as the Indonesian
Maritime Continent and northwestern South
America in the tropics, suggesting the dominance
of synoptic-scale water vapor transport from the
ocean even in summer. Case studies showed that
frontal systems and moisture flows associated with
extratropical cyclones that arrive from the Gulf of
Alaska are blocked by terrain and delayed around
the coast. This leads to long-lasting precipitation
along the coastline.

This study clarified the climatological picture of
precipitation with large gradients of precipitation char-
acteristics around the south coast of Alaska, which was
poorly observed before multiple spaceborne radars
became available. However, observations by space-
borne radars face the problem that precipitation par-
ticles cannot be observed in the lower 1 km owing to
ground clutter obstruction (Battaglia et al. 2020). This
study also showed that the intensity and frequency
of precipitation increase toward the lower layers of
the troposphere, and some precipitating particles that
actually fell on the ground surface may differ from
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those obtained by spaceborne radars. Further research
on changes in precipitation particles and orographic
effects on air flow in the lowest 1 km is needed to
clarify overall features of precipitation in mountainous
areas at higher latitudes.
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Supplements

Three supplemental materials compare the vertical
profile of radar products and that of the physical
quantity from ERAS reanalysis for a KuPR case in
Fig. 10e and a CPR case in Fig. 10f. Figure S1 shows
vertical profiles of the (a) KuPR radar reflectivity,
(b) KuPR precipitation rate for a section of orbit
4513 on 14 December 2014, (c) coincident ECMWF
ERAS cloud fraction, and (d) the cloud water content
at 18:00 UTC. Figure S2 shows vertical profiles of
(a) the CloudSat CPR radar reflectivity, (b) the CPR
cloud classification for a section of orbit 45914 on 14
December 2014, (c) the coincident ECMWF ERAS
cloud fraction, and (d) the cloud water content at
23:00 UTC. Figure S1 is the vertical cross section
of the KuPR nadir track shown in Fig. S3a, whereas
Figure S2 is the vertical cross section of the CPR track
shown in Fig. S3b.
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