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ABSTRACT
The Hokuriku region along the west coast of the Japanese island of Honshu receives exceptionally heavy
snowfall accumulations, exceeding 500 cm from December to February near sea level and 1300 cm at high
elevation sites, much of which is produced by sea-effect systems. Though the climatological enhancement of
snowfall is large, the lowland–upland snowfall distribution within individual storms is highly variable,
presenting a challenge for weather forecasting and climate projections. Utilizing data from a C-band surveillance radar, the ERA5 reanalysis, and surface precipitation observations, we examine factors affecting the
inland and orographic enhancement during sea-effect periods in the Hokuriku region during nine winters
(December–February) from December 2007 to February 2016. The distribution and intensity of precipitation
exhibits strong dependence on flow direction due to three-dimensional terrain effects. For a given flow direction, higher values of boundary layer wind speed and sea-induced CAPE favor higher precipitation rates, a
maximum displaced farther inland and higher in elevation, and a larger ratio of upland to lowland precipitation.
^ with H
^ , 1 associated
These characteristics are also well represented by the nondimensional mountain height H,
with a precipitation maximum over the high elevations and a larger ratio of upland to lowland precipitation, and
^ . 1 having the opposite effect. Nevertheless, even in high enhancement periods, precipitation rates decline as
H
one moves inland from the first major mountain barrier, even over high terrain. These results highlight how the
interplay between sea-effect and orographic processes modulates the distribution and intensity of precipitation in
an area of complex and formidable topography.

1. Introduction
The Hokuriku region along the west coast of the
Japanese island of Honshu observes frequent and often
intense sea-effect precipitation during the cool season.
Due in large part to this sea-effect precipitation, mean
December–February snowfall ranges from ;500 cm in
the coastal lowlands to 1300 cm or more at mountain locations, with corresponding liquid precipitation
equivalent (LPE) amounts of ;100 and 200 cm, respectively (JMA 2018; Nakai and Yamaguchi 2018).
Snow depths can reach as great as 2 m in major lowland
cities and 7 m in the adjacent mountains (Yamaguchi
et al. 2011). The precipitation distribution within individual storms is, however, highly variable. Some storms
Corresponding author: Peter G. Veals, peter.veals@utah.edu

produce heavier precipitation in the coastal lowlands,
whereas others favor higher terrain (e.g., Magono et al.
1966; Akiyama 1981a,b; Ishihara et al. 1989; Nakai and
Endoh 1995; Tachibana 1995; Eito et al. 2005; Nakai
et al. 2006; Iwamoto et al. 2008).
Veals et al. (2018, hereafter V18) recently examined
the factors controlling such precipitation variations
downstream of Lake Ontario of North America where
lake-effect systems interact with the Tug Hill Plateau
(hereafter Tug Hill). They found that the strength of
the incident boundary layer flow, the lake-effect
precipitation mode, and the lake-induced convective
available potential energy (LCAPE) influence the distribution and inland and orographic enhancement of
precipitation. However, Tug Hill is an isolated, gently
sloping terrain feature that rises only 500 m above Lake
Ontario, which has a maximum fetch of only ;300 km.
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FIG. 1. Topography (km MSL following scale at right) of (a) the Sea of Japan region, with the location of the inset
indicated by the black box, and (b) the study region. The locations of JMA and SIRC surface observing sites
indicated by red dots, the location of the YAHI radar indicated by the blue circle, and the location of the ERA5 grid
point (GP1) used for atmospheric and sea surface conditions indicated by the magenta square. Transects 1 and 2
indicated by the dashed lines labeled T1 and T2 with Mt. Sumon and Mt. Makihata indicated by S0 and M0 , respectively. The southwest, central, and northern Echigo Mountains indicated by SW EM, C EM, and N EM,
respectively.

The Hokuriku region, on the other hand, features diverse topography that includes a broad coastal plain
bordered by mountain barriers reaching 1500–3000 m
MSL (Fig. 1). In addition, the Sea of Japan (hereafter
SOJ) is a large body of water with a fetch ;850 km that
produces nearly omnipresent sea-effect precipitation
during the winter.
The sea-effect precipitation affecting the Hokuriku
region occurs primarily during the East Asian winter
monsoon, which produces frequent cold-air outbreaks
over the relatively warm SOJ (Mizukoshi 1977; Boyle
and Chen 1987; Dorman et al. 2004; Chang et al. 2006).
The proportion of precipitation falling as snow at low
elevations increases as one moves poleward along
west coast of Honshu (Inoue and Yokoyama 1998).
During cold-air outbreaks, the large fetch over the
SOJ also allows for the growth of a planetary boundary layer (PBL) that is typically deeper than found
over smaller bodies of water. For example, studies in
and near the Hokuriku region document PBL depths
of 2.5–6 km (e.g., Manabe 1957; Nagata et al. 1986;
Yoshihara et al. 2004; Ohigashi and Tsuboki 2005;
Nakai et al. 2006; Ohigashi et al. 2014), whereas Byrd
et al. (1991) observed PBL depths of 1.5–3.1 km during
lake-effect events produced by Lake Ontario.
The morphology of sea-effect precipitation systems features a variety of modes over and upstream of the Hokuriku region (Nakai et al. 2005).

Most common are wind-parallel bands that are oriented along the prevailing flow and are known as
longitudinal or ‘‘L-mode’’ bands. Such bands are
similar to wind-parallel bands over the Laurentian
Great Lakes (e.g., Kelly 1984; Kristovich 1993;
Kristovich et al. 1999; Cooper et al. 2000), produced
by horizontal roll convection, and occur during periods of weak directional shear within the PBL (Asai
1972; Miura 1986; Yamada et al. 2010). During periods
of strong directional shear, the roll convection can orient
and produce bands normal to the prevailing flow
(Tsuchiya and Fujita 1967; Asai 1972; Eito et al. 2010;
Campbell et al. 2018). Such transverse or ‘‘T-mode’’
bands are less common than L-mode bands, but during
one cool season were observed during ;12% of the seaeffect periods (Nakai et al. 2005).
The Japan Sea polar airmass convergence zone
(JPCZ) frequently forms over the western SOJ downstream of the base of the Korean Peninsula and often
generates a deeper, broader, and more intense band
of sea-effect precipitation (e.g., Ohigashi and Tsuboki
2007; Eito et al. 2010; West et al. 2019). It is initiated
and maintained by the thermal contrast between the
Korean Peninsula and the SOJ, the characteristic distribution of sea surface temperature (SST) in the SOJ,
and convergence in the lee of high terrain of the upper
Korean Peninsula (e.g., Nagata et al. 1986; Nagata
1991). The JPCZ can produce intense precipitation
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where it intersects the coast of Honshu, most frequently
between ;1338 and ;1398E, including the Hokuriku
region (Eito et al. 2010). During sea-effect periods,
the SOJ can also produce warm-core vortices with horizontal dimensions spanning the mesoscale, including
polar lows (e.g., Ninomiya et al. 1993; Ninomiya 1994;
Fu et al. 2004; Watanabe and Niino 2014; Yanase
et al. 2016).
Once the sea-effect precipitation features reach the
downstream coastline, a number of coastal and topographic effects modify the distribution and intensity of
the precipitation. Peninsulas and offshore islands can
generate convergence and precipitation (e.g., Miyazawa
1968; Fujiyoshi et al. 1992; Yoshihara et al. 2004; Ohtake
et al. 2009; Campbell et al. 2018) or, alternatively, terrain shadowing (Yagi and Uchiyama 1983; Takada
2003). Along the west coast of Japan, offshore katabatic
flow can oppose the large-scale flow, reinforcing convergence along the land-breeze front and producing
a precipitation maximum along or off the coast (e.g.,
Ishihara et al. 1989; Eito et al. 2005). Tachibana (1995)
found this scenario to be associated with weaker largescale flow and colder upper-tropospheric temperatures,
and to be most pronounced during the coldest part of
the winter and in the early morning hours.
The distribution of precipitation is also heavily influenced by the topography of the Hokuriku region, which
includes the coastal Echigo Plain and the Hida, Kubiki,
and Echigo Mountains (Fig. 1). The Hida and Kubiki
Mountains demarcate the southwest end of the Echigo
Plain and are oriented quasi meridionally with the
highest peaks reaching over 3000 and 2400 m MSL, respectively. Inland from the Echigo Plain, the southwest
Echigo Mountains form a high, quasi-continuous barrier
with many peaks reaching ;2000 m MSL. The central
Echigo Mountains are lower and less continuous, with
peaks reaching ;1000–1500 m. Finally, multiple ranges
compose the northern Echigo Mountains, with the
highest peaks reaching ;2000 m MSL.
Given such prominent topography, the interplay
between the barrier-normal flow and the static stability likely becomes crucial in determining the precipitation distribution, as frequently evaluated using the
nondimensional mountain height (or inverse Froude
number), defined as
^ 5 Nd hm ,
H
U
where Nd is the dry Brunt–Väisälä frequency, hm is the
height of the barrier, and U is the component of the
wind speed normal to the barrier (e.g., Pierrehumbert
and Wyman 1985; Baines 1987; Smith 1988; Markowski
and Richardson 2010). For saturated flow, stability can

be accounted for using the moist Brunt–Väisälä frequency, Nm (e.g., Fraser et al. 1973; Barcilon et al. 1979;
Durran and Klemp 1982; Jiang 2003). For barriers that
are elongated in the flow-normal direction, values of
^  1 are generally associated with unblocked flow
H
surmounting the barrier, with increasing flow de^ / 1, the beginning of flow stagnation for
celeration as H
^
H ﬃ 1, and blocking and flow deflection along
^  1 (e.g., Markowski and
or around the barrier for H
Richardson 2010). Ohigashi et al. (2014) examined
^ calculated from a nearby sounding site,
the effect of H,
upon a coastal band that produced heavy lowland precipitation in the Hokuriku region and found that
the flow was blocked by the coastal terrain from
the surface to heights between 1 and 2 km MSL. Similarly, Kusunoki et al. (2004) describe a sea-effect event
^ conditions
that began with strongly blocked (high H)
and shallow clouds confined to the lower elevations,
^ with deeper clouds reaching
transitioned to lower H
farther up the mountain slopes, and ended with in^ and shallow clouds confined to the middle
creasing H
and lower slopes.
By examining the factors affecting the distribution
and enhancement of sea-effect precipitation in the
Hokuriku region, this study aims to improve the understanding and prediction of lake- and sea-effect
precipitation in regions of complex terrain and to
contribute to the general understanding of terrain influences on precipitation. The next section describes
the data and methods used, section 3 describes the
effects of boundary layer wind direction, section 4 examines the effects of boundary layer wind speed, sec^ and section 6 examines
tion 5 discusses the effect of H,
the effects of sea-induced convective available potential energy (SiCAPE). Section 7 presents the combined
effects of SiCAPE and boundary layer wind speed,
and section 8 concludes the paper with a summary and
discussion of results.

2. Data and methods
a. Radar data and identification of sea-effect periods
We identify and describe the characteristics of seaeffect precipitation in the Hokuriku region using nine
winters (December–February from December 2007
to February 2016) of radar reflectivity data from the
Japan Meteorological Agency (JMA) C-band surveillance radar, YAHI, located at 645 m MSL on Mt.
Yahiko (Fig. 1b). YAHI is well positioned to detect
precipitation over the nearby SOJ, Echigo Plain,
and adjacent mountains, although there is blockage
of lower elevation scans where the beam intersects
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higher terrain (Fig. 2). Data were obtained from the
JMA in a format similar to the Level II format of the
National Weather Service WSR-88D network (Crum
et al. 1993), with a minimum elevation angle of 20.58,
additional scans up to a maximum elevation angle of
258, and full volumes available at 10-min intervals.
Following V18, we interpolated the volume scans to
a Cartesian grid with 0.018 horizontal and 0.25-km
vertical grid spacing using the Radx C11 software
package (Earth Observing Laboratory 2019). Grid cells
located within 500 m of the ground were masked out
to decrease the presence of artifacts in the reflectivity
field, but due to the extrapolation and assumptions of
beam characteristics required to convert radar data to
a 3D Cartesian grid, such artifacts cannot be eliminated completely. Radar-estimated LPE was derived
using the Z–S relationship described by Vasiloff (2001)
and Campbell et al. (2016), given by
Z 5 75S2 ,
where Z is the lowest-level radar reflectivity factor
(mm6 m23) and S is the LPE rate (mm h21). We tested a
number of relationships, including those developed by
Nakai et al. (2018) for an X-band radar in the Hokuriku
region and Fujiyoshi et al. (1990) for a C-band radar in
the Hokkaido region, but found the Vasiloff (2001) relationship designed for S-band radars to be closest to the
gauge-measured precipitation, with the highest Pearson
correlation coefficient (hereafter CC) and lowest rootmean-square error. The radar-derived LPE rates are
presented with gauge measurements to illustrate the
uncertainty in LPE estimation. Because YAHI scans
over the SOJ with elevation angles as low as 20.58, we
filtered sea clutter using the method of Steiner and
Smith (2002).
We focus our analysis on sea-effect periods, defined
following literature from the Great Lakes (e.g., Niziol
et al. 1995) and the SOJ (West et al. 2019) as those
with a sea surface to 850-hPa temperature difference,
DTSea2850, $138C. Our analysis is further restricted
to periods with temperatures ,08C at and above
975 hPa to mitigate brightband contamination of the
radar reflectivity. The sea surface and atmospheric temperature data were obtained from the ERA5
reanalysis (ECMWF 2017), available at 31-km horizontal grid spacing and 1-h temporal resolution, with
the values from a single grid point (GP1) utilized
for calculations (Fig. 1). V18 used a horizontal mean
within a rectangle spanning the study area for their
calculations, but we found variables calculated using
data from GP1 had the strongest relationship with the
LPE distribution in the Hokuriku region relative to

FIG. 2. Height MSL (km) of the centroid of the lowest unblocked
YAHI beam assuming standard atmospheric refraction conditions (4/3
Earth radius) with terrain elevation contours every 400 m MSL.

other grid points or averaging boxes. Radar scans were
partitioned using the closest ERA5 analysis time,
yielding a maximum difference of 30 min between the
reanalysis time and the radar scan. Although the 138C
threshold may exclude some periods of sea-effect
precipitation and include some periods of non-seaeffect precipitation, manual examination of events on
either side of the threshold found it to be a good
discriminator.

b. Environmental conditions
We focus on four variables that influence the inland
and orographic enhancement of sea-effect precipitation:
1) the mean boundary layer wind direction, 2) the mean
^ and 4) SiCAPE. The
boundary layer wind speed U, 3) H,
mean direction and speed of the boundary layer flow
influence the location, intensity, and inland penetration
of lake-effect precipitation (e.g., Alcott and Steenburgh
2013; Villani et al. 2017; V18). They are also integral to
orographic precipitation processes, with stronger crossbarrier flow associated with a greater upslope moisture
flux and decreased blocking (e.g., Sinclair et al. 1997;
Neiman et al. 2002; Colle 2004; Panziera and Germann
^ provides a precise quantifi2010; Yuter et al. 2011). H
cation of the terrain-induced flow behavior, accounting
for barrier height, the barrier-normal flow component,
and the static stability of the impinging air mass.
SiCAPE provides an estimate of the energy available for
convection. Larger SiCAPE favors more intense cells,
greater LPE rates, and greater moistening of the air
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mass, all of which would have implications for the precipitation distribution.
Atmospheric and surface variables were obtained
from the ERA5 reanalysis at GP1. For calculations
^ we utilized data on the original 137 model vertical
of H,
levels, as the high vertical resolution in the lower troposphere was necessary for a calculation so sensitive to
lapse rate. For calculations of U and SiCAPE, we utilized data on pressure levels with a vertical resolution
of 25 hPa, as this was sufficient and more comparable
to the data used in V18 for their calculations of U
and LCAPE.
We define U as the wind composed of the mean u
and mean y wind components, with the mean calculated from 950 to 800 hPa. V18 averaged from 950 to
850 hPa because 850 hPa is often near the top of the
PBL during lake-effect periods over Lake Ontario,
but we found that averaging from 950 to 800 hPa
produced better results in the Hokuriku region where
the PBL during sea-effect periods is typically deeper.
V18 also defined U as the component of the flow along
their zonally oriented transect, but since we explore
a variety of flow directions, our definition of U is a
vector, with both a speed and direction.
^ can be calculated a number of ways, with no
H
method clearly optimal (e.g., Reinecke and Durran
2008). We experimented with a number of options and
utilize a method similar to the second method of
Reinecke and Durran (2008), which had the strongest
effect upon the precipitation distribution, though a
method similar to that of Ohigashi et al. (2014) yielded
comparable results. We set h equal to the approximate
height of the highest terrain along each transect considered, with h 5 1500 m and h 5 2000 m used for
the two transects presented. For N, we average Nd2 at
all levels between 200 m and h and take the square root,
as in the second method of Reinecke and Durran
(2008). We attempted to use Nm at levels where relative
humidity exceeded various thresholds, but this method
yielded a weaker signal in the LPE distribution,
therefore we utilize Nd in all calculations. The use of
Nd for moist flows is admittedly problematic, but some
regions of the impinging flow are unsaturated (i.e.,
below cloud base and between cloud streets or cells),
and it has been shown that such a flow can exhibit behavior more similar to that of a dry flow than a saturated flow (Durran and Klemp 1983). Due the frequent
presence of near-surface superadiabatic lapse rates
at GP1 in the ERA5, we utilize 200 m as the bottom of
the averaging interval instead of 0 m to eliminate
imaginary values of N. For U, we take the component
of the flow parallel to the transect at each level (either
T1 or T2) and average this from 200 m to h.

SiCAPE is identical to the LCAPE parameter found
by V18 to affect the inland and orographic enhancement downstream of Lake Ontario, except that the
‘‘Si’’ is used denote the use of SST instead of lakesurface temperature. It represents an estimate of the
thermodynamic forcing and environment for sea-effect
convection, and affects the intensity of the convection
and resulting LPE rates (e.g., Niziol 1987; Steiger et al.
2009; V18). SiCAPE is calculated using ERA5 temperature profiles and SST, and is defined as

ð LNB T
2 Tenv
parcel
dz,
g
SiCAPE 5
Tenv
SFC
where Tparcel is the parcel temperature (K), initialized
to the ERA5 SST at GP1 with 100% relative humidity,
Tenv is the environmental temperature (K) from the GP1
profile, g 5 9.81 m s22, SFC is the surface, and LNB
is the level of neutral buoyancy (m). Because it assumes
an air parcel with a temperature and dewpoint equal
to the SST, SiCAPE is likely an overestimate of the
actual CAPE, but is used here to represent the variation
in instability from case to case.
Though there is some relation between U and
SiCAPE (CC of 0.47), they exhibit sufficient independence to justify their utility for the purposes of this
^ which are
work (Fig. 3a). The same is true of U and H,
intrinsically related and slightly more correlated (CC
^ is also important because it
of 0.53; Fig. 3b), but H
provides a theoretical prognosis of the propensity of
flow to move over or around a barrier.
Additional variables examined but not utilized include the difference between the SST and a mean of
the observed 2-m temperature at surface observing
sites (DTSea2Land), DTSea2850, the 950–800-hPa wind
shear, the time of day/year under low U conditions,
the cross-barrier boundary layer vapor transport
(CBVT; based on the 950–800-hPa layer), and the
depth of the PBL. As was the case in V18, DTSea2Land
and DTSea2850 had a weaker influence on the distribution of precipitation than SiCAPE, which is
strongly correlated with DTSea2Land and implicitly
accounts for DTSea2850. Vertical wind shear has been
suggested by some studies to affect the intensity lakeeffect systems (e.g., Niziol 1987; Niziol et al. 1995),
and we did indeed find high 950–800-hPa wind shear
to have an effect upon the LPE distribution, but it
^ and SiCAPE. The time of
was small compared to U, H,
day/year was suggested by Tachibana (1995) to have
an effect upon the LPE distribution during periods
of weak flow, but we found the effect to be relatively
minor. A number of studies show that CBVT and similar variables modulate the distribution and intensity of

Unauthenticated | Downloaded 01/10/23 01:19 AM UTC

3126

MONTHLY WEATHER REVIEW

VOLUME 147

FIG. 3. For sea-effect periods with a boundary layer wind direction aligned within 108 of 2908, scatterplots of
^ vs U (c) CBVT vs U, and (d) CBVT vs q, with the Pearson correlation coefficient of each
(a) SiCAPE vs U, (b) H
pair of variables (CC) displayed in the lower right corner of each plot. Each plot is divided into bins measuring
1/50th the domain in the x direction and 1/50th the domain in the y direction, and the coloring of the dots corresponds to the density of data points in each bin.

orographic precipitation (e.g., Minder et al. 2008; Rutz
et al. 2014; Purnell and Kirshbaum 2018), but we found
its effect on the LPE distribution was nearly identical
to that of U due to their strong correlation (Fig. 3c).
The other component of CBVT, the mean 950–800-hPa
specific humidity (q), had a relatively weak correlation
with CBVT (Fig. 3d). Finally, we considered PBL
depth, calculated using a number of approaches (see
Von Engeln and Teixeira 2013 for a summary), but
^ and SiCAPE,
found its influence to be weaker than H
both of which are influenced by the PBL structure and
characteristics. V18 found lake-effect mode to affect
the enhancement of lake-effect LPE in the Tug Hill
region, but due to the complex spectrum of modes in
the Hokuriku region and overwhelming size of the
dataset, we elected not to consider mode in the present
study, leaving the topic for future research.

c. Surface observations
To supplement the radar-derived LPE, LPE data
were obtained from 88 JMA surface observing sites
within the study region. The sites report hourly and
include data-quality flags for each hour. A total of 85
sites with ,4% missing or flagged data were utilized,

with the others discarded. The gauges are heated tipping buckets with a data resolution of 0.5 mm (Goodison
et al. 1998; Yokoyama et al. 2003).
Wind shielding varied during the study period.
Some sites were unshielded for a portion or the entire
study period, with shielding added to reduce undercatch of precipitation, which can decrease LPE totals
by 50% or more relative to a reference amount, an
effect that is most pronounced for high wind speeds
and low snow densities (e.g., Smith 2009; Rasmussen
et al. 2012). Some sites had the shield removed during
the period to mitigate spurious accumulations from
capping of snowfall on the shield and its attachment
arms, and subsequent bridging over or accumulation
into the gauge. This phenomenon generally occurs
during periods of low wind speed and heavy snowfall.
Data for the presence and installation and/or removal
date of shielding are available for 42 of the 85 sites,
with 10 sites shielded for the duration of the period,
20 sites unshielded, and 12 sites having had a shield
either installed or removed during the period. We
conducted our analysis for gauges with and without shielding and there was no discernable difference
in the bias relative to radar-derived LPE. Aside from
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the artifacts and biases introduced by the presence or
lack of shielding, heated tipping-bucket gauges also
exhibit a low bias relative to weighing gauges due to
factors such as wetting loss and evaporation (e.g.,
Metcalfe and Goodison 1993; Rasmussen et al. 2012).
Precipitation measurements from five additional sites
maintained by the Japanese National Research Institute
for Earth Science and Disaster Resilience (NIED) Snow
and Ice Research Center (SIRC) were also utilized. These
sites are similar to those of the SW-Net type described in
Yamaguchi et al. (2011), with precipitation measured by a
heated tipping-bucket gauge with a wind shield.

d. Quantification of inland and orographic
enhancement
We present the LPE distribution and radar statistics along two transects to quantify the inland and
orographic enhancement. Transect T1 is oriented
parallel to a 2908 flow, traverses the Echigo Plain, and
extends into the central Echigo Mountains. (Fig. 1b).
The highest peak along T1, Mt. Sumon, reaches
1500 m MSL. Transect T2 is oriented parallel to a 3208
flow and extends into the southwest Echigo Mountains, traversing lowland hills up to 600 m MSL and
the 2000 m MSL summit of Mt. Makihata. For both
transects, higher terrain exists farther downstream, but is
beyond reliable radar coverage and in most cases the
heaviest sea-effect precipitation. Following V18, we calculate four radar-derived variables along each transect.
LPE is the transect-mean radar-estimated precipitation
rate (mm h21). The inland displacement, InDisp, is the
distance (km) from the shoreline to the LPE rate
maximum. The enhancement ratio, ER, is ratio of
the maximum LPE rate to the LPE rate at the shoreline. The absolute enhancement, AE, is the difference
between the maximum LPE rate and the LPE rate at
the shoreline. InDisp and AE are zero if the maximum
LPE rate occurs at the shoreline.

3. Wind direction
The direction of U at GP1 during sea-effect periods utilized in this study is 2608–3408 for 85% of
the time, therefore to illustrate the general influence
of wind direction, we examine sea-effect periods (hereafter periods) with a wind direction within 108 of 2708,
2908, 3108, and 3308 (Fig. 4). We focus on periods with
U and SiCAPE between the 30th and 70th percentile
(10.3–14.9 m s21 and 2062–2846 J kg21, respectively).
These thresholds were chosen because they represent
moderate values of each variable, and they maintain a
sample size within each wind direction comparable to
other partitions presented later.

3127

For a 2708 wind direction, the highest LPE rates
extend eastward along the coast immediately north
of the Kubiki Mountains, across the southern Echigo
Plain, and into the central and northern Echigo
Mountains (Fig. 4a). This elongated LPE maximum
avoids the high terrain of the Hida, Kubiki, and
southwest Echigo Mountains. Yoshihara et al. (2004)
describe a similar precipitation pattern for a sea-effect
event in the Hokuriku region under comparable nearzonal flow. They found that the low-level (,1000 m
MSL) flow was blocked on the western side of the
Hida Mountains, resulting in a cold southwesterly flow
from the interior converging with the large-scale zonal
flow over Toyama Bay, intensifying precipitation. We
hypothesize that such terrain effects lead to the elongated LPE rate pattern evident in Fig. 4a. Only in
the northern Echigo Mountains, where the flow is
oriented more normal to the terrain, do higher LPE
rates extend into the mountains, though these LPE
rates do not match those in the maximum across the
southern Echigo Plain and foothills.
The Noto Peninsula and Sado Island also modulate
precipitation. For example, a band of higher LPE rates
extends downwind from the tip of the Noto Peninsula
to the northern Echigo Plain. In contrast, weak shadowing
exists downwind of the central Noto Peninsula and
mountainous Sado Island. These modulations likely reflect the influence of the coastal geometry and terrain of
the Noto Peninsula and Sado Island.
The LPE rate pattern for a 2908 wind direction is
generally similar to that for 2708 with the highest LPE
rates extending downstream from along the coast
immediately north of the Kubiki Mountains, across
the Echigo Plain, and into the central Echigo Mountains (Fig. 4b). However, there is a southward shift
in the position of the LPE maximum over the Echigo
Plain and an increase in LPE rate in the foothills of
the southwest Echigo Mountains. Finally, the orientations of the band produced by the Noto Peninsula
and shadowing downwind of the central Noto Peninsula
and Sado Island rotate clockwise with the flow. The
shadowing downwind of Sado Island is also more pronounced, reflecting the stronger cross-barrier flow component relative to the crest of the island terrain, and
extends downstream across the northern and central
Echigo Plain and Mountains.
For flows from 3108 and 3308, which in many areas
yields a strong onshore and upslope component, LPE
rates reach their highest values throughout most of
the study region, with the rate at some sites an order
of magnitude higher for 3108 flow compared to 2708
(Figs. 4c,d). LPE rates are highest over the windward slopes of the Hida and Kubiki Mountains, the

Unauthenticated | Downloaded 01/10/23 01:19 AM UTC

3128

MONTHLY WEATHER REVIEW

VOLUME 147

FIG. 4. Mean radar-derived LPE rate (color fill) and LPE rate at surface observing sites (colored dots) during seaeffect periods with a moderate U, moderate SiCAPE, and a boundary layer wind direction aligned within 108 of
(a) 2708, (b) 2908, (c) 3108, and (d) 3308. Terrain elevation contours every 400 m MSL. There are 846, 4148, 1038, and
228 YAHI scans and 141, 692, 173, and 38 ERA5 analysis times in the 2708, 2908, 3108, and 3308 periods, respectively.

southwest Echigo Plain, and the adjoining foothills of the
southwest Echigo Mountains. Although radar limitations
exaggerate the decrease in LPE rates farther inland,
gauge measurements confirm an eventual decline in LPE
rate with inland extent, even over high terrain. The gauge
measurements also suggest higher LPE rates within the
LPE maximum than indicated by radar estimates. LPE
rates increase sharply near the coast over a distance of
;10 km. This sharp gradient is present both where the
Hida and Kubiki Mountains rise abruptly at the coast and
over the relatively flat Echigo Plain. While the Hida and
Kubiki mountains provide a possible lifting mechanism to
support such a strong gradient, the forcing mechanism
along the coast of the Echigo Plain is less clear. One
possibility is mesoscale ascent along a coastal or landbreeze front separating relatively mild maritime air
from cooler continental air over the Echigo Plain (e.g.,
Ohigashi and Tsuboki 2005; Campbell and Steenburgh
2017). Topographic blocking might also create a blocking

front upstream of the topography (e.g., Neiman et al.
2002). Finally, the influences of the Noto Peninsula and
Sado Island remain apparent. Shadowing in the lee of
Sado Island, in particular, produces an LPE rate minimum that extends downstream across the central Echigo
Plain and Mountains.
These results illustrate a strong dependency of the distribution and intensity of precipitation on wind direction in
the Hokuriku region. During flow from the west (e.g., 2708
and 2908, Figs. 4a,b), banding along the coast north of the
Hida and Kubiki Mountains may reflect low-level flow
deflection by the Hida Mountains, which generates convergence near the coast. This banding extends into the
southern Echigo Plain, where the maximum LPE rates
occur at the foot of the southwest Echigo Mountains. In
the central and northern Echigo Mountains, which are
lower and oriented more normal to the flow, precipitation
tends to extend farther inland into the high terrain, though
LPE rates do not match those in the lowland maximum to
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FIG. 5. Mean radar-derived LPE rate (color fill) and LPE rate at surface observing sites (colored dots) during seaeffect periods with a boundary layer wind direction aligned within 108 of 2908 and (a) low U, (c) moderate U, and
(e) high U. Dashed line indicates position of T1. Terrain elevation contours every 400 m MSL. (right) (top) Frequency of echoes $10 dBZ, mean radar-derived LPE rate along T1 (blue line; smoothed using an 8-point moving
mean), and mean observed LPE rate from gauges within 10 km of T1 (magenta circles) during sea-effect periods
with a boundary layer wind direction aligned within 108 of 2908 and (b) low U, (d) moderate U, and (f) high U. S’
indicates the location of Mt. Sumon. There are 3652, 3652, and 3648 YAHI scans and 609, 609, and 608 ERA5
analysis times in the low, moderate, and high U periods, respectively.

the south. For flow from the NW (e.g., 3108 and 3308,
Figs. 4c,d), there is a stronger onshore and cross-barrier
flow component for the southern portion of the domain
and precipitation rates are higher. The heaviest precipitation occurs over the windward slopes of the Hida
and Kubiki Mountains, the southwest Echigo Plain,
and the southwest Echigo Mountain foothills, but
precipitation rates decrease farther inland, even over

high terrain. The northern Echigo Mountains, which are
generally lower than the ranges to the south and are
oriented nearly flow normal for flow from 2708 to 3308,
see similar LPE rates and enhancement for all of the
flow directions in that range. These results are, however,
for moderate U and SiCAPE values. Next we examine
how U modulates the inland and orographic enhancement of precipitation for selected flow directions.
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FIG. 6. Box-and-whisker plot of (a) LPE, (b) InDisp, (c) ER, and (d) AE along T1 corresponding to Fig. 5. The difference between the
medians is statistically significant at the 95% confidence level if the notched areas around the respective medians do not overlap.

4. U
To examine the influence of U, we first consider periods with a wind direction within 108 of 2908. We then
divide U in these periods into quintiles, with the lower
(0th–20th percentile; #8.8 m s21), middle (40th–60th
percentile; 11.5–13.6 m s21), and upper (80th–100th
percentile; $16.4 m s21) quintiles referred to hereafter as low, moderate, and high U.
Low U periods feature relatively low LPE rates, with
the highest values confined to the Echigo Plain and
lower windward slopes of the Echigo Mountains, as
illustrated by plan-view analysis (Fig. 5a) and transect
T1 (Fig. 5b). Radar echoes $10 dBZ are shallow and
most frequent over the Echigo Plain and lower windward slopes of the Echigo Mountains (Fig. 5b). Under
moderate U, the LPE rates increase with the maximum
shifting inland to Mt. Sumon (Figs. 5c,d). Radar
echoes $10 dBZ are most frequent and deepen over
and in the vicinity of this peak (Fig. 5d). During high U
periods the LPE rates increase throughout much of
the study region and the precipitation maximum shifts
farther inland (Fig. 5e). Along T1, the LPE maximum
and highest frequency of $10-dBZ radar echoes shift
downstream of Mt. Sumon (Fig. 5f, note that the
YAHI radar is fortuitously located to enable low-level
scanning on both sides of Mt. Sumon), but over the
southwest Echigo Mountains, which are higher and
oriented less normal to a 2908 flow, the LPE maximum
remains upwind of the highest terrain (Fig. 5e). For all
values of U, the influence of the Noto Peninsula and Sado
Island are apparent, with a band of higher LPE rates extending downwind from the former into the Echigo Plain

and shadowing extending downwind from the latter into
the northern Echigo Mountains (Figs. 5a,c,e).
Box-and-whisker plots of quantitative variables
for individual radar scans along T1 show a statistically significant increase in LPE [statistical significance here and elsewhere based on a 95% confidence
level, utilizing the method of McGill et al. (1978) via the
MATLAB software] as U increases from low to moderate
to high values (Fig. 6a). InDisp increases at a statistically
significant level with increasing U, indicating the propensity for the LPE maximum to shift farther inland as U
increases (Fig. 6b). ER and AE also increase with U at
statistically significant levels, indicating a strong correlation of the inland and orographic enhancement of LPE
with U (Figs. 6c,d).
We next examine wind directions within 108 of 3208,
which is intermediate to the 3108 and 3308 flow directions presented in Figs. 4c and 4d and oriented more
normal to the southwest Echigo Mountains. Similarly,
we divide U into lower (#5.0 m s21), middle (7.1–
9.5 m s21), and upper ($11.9 m s21) quintiles, referred
to hereafter as low, moderate, and high U. Note that
as a result of the climatology of 3208 flow, these values
are lower than the low, moderate, and high values
for a 2908 flow. Low U periods feature an LPE maximum located near the coast or slightly offshore,
with little precipitation at sites farther inland (Fig. 7a).
The flow-parallel transect, T2, shows an inland decline
in LPE rates and frequency of radar echoes $10 dBZ,
with a shallow maximum in the former near the coast
(Fig. 7b). Moderate U results in higher LPE rates
throughout the domain, with a sharp gradient at
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FIG. 7. As in Fig. 5, but during sea-effect periods when U is aligned within 108 of 3208 and transect is T2. M’
indicates the location of Mt. Makihata. There are 663, 665, and 659 YAHI scans and 111, 111, and 110 ERA5
analysis times in the low, moderate, and high U periods, respectively.

the coast and heavy precipitation over the windward slopes of the Hida and Kubiki Mountains,
the southwest Echigo Plain, and the southwest
Echigo Mountain foothills (Fig. 7c). The frequency
of echoes $10 dBZ along T2 shows a dramatic increase in echo frequency over the Echigo Plain and
southwest Echigo Mountain foothills (Fig. 7d). LPE
rates and the frequency of radar echoes $10 dBZ
maximize over the plain and foothills and decrease
farther inland, especially across Mt. Makihata (Fig. 7d).
High U periods shift the precipitation farther inland to
the windward slopes of Mt. Makihata, though LPE rates

remain relatively high throughout the transect (Figs. 7e,f).
Although there is an increase in spillover across
Mt. Makihata, LPE rates eventually decline farther
inland, even over high terrain, which may reflect a
decay in sea-effect storm dynamics or the depletion of
water mass by precipitation with inland extent (e.g.,
Minder et al. 2015; Eipper et al. 2018). This decline is
exaggerated in radar-estimated LPE rates, but it is
confirmed by gauge measurements. Box-and-whisker
plots of quantitative variables for individual radar
scans along T2 are similar to those in Fig. 6 for T1, and
thus are not shown.
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^ There are 3794, 3635, and 3559 YAHI
FIG. 8. As in Fig. 5, but for (a),(b) low, (c),(d) moderate, and (e),(f) high H.
^ periods, respectively.
scans and 632, 606, and 594 ERA5 analysis times in the low, moderate, and high H

These results illustrate that U modulates the mean LPE
rate along the transects, the location of the LPE maximum,
and the enhancement relative to the shoreline. There is,
however an eventual inland decline in LPE rate even over
high terrain and for high U.

^
5. H
^ is dependent upon U, but as discussed in section 2,
H
provides a quantification of the terrain-induced flow
behavior by accounting for barrier height, the strength
of the barrier-normal flow, and the static stability of
^
the impinging air mass. As with U, the values of H

during periods with a 2908 wind direction were divided into quintiles, with the lower (#0.46), middle
(0.59–0.74), and upper ($1.03) quintiles referred to
^ respectively. This asas low, moderate, and high H,
sumes h 5 1500 m, the height of Mt. Sumon.
^ # 0:46 and a propensity
As one might expect with H
^ periods feafor flow to move over terrain, low H
ture LPE rates that increase from the shoreline to the
mountains, reaching a maximum just downstream of
Mt. Sumon (Figs. 8a,b). Similarly, the frequency of
radar echoes $10 dBZ maximizes near and down^ periods, also with
stream of Mt. Sumon. Moderate H
^ values consistent with flow over terrain, feature a
H
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FIG. 9. Box-and-whisker plot of (a) LPE, (b) InDisp, (c) ER, and (d) AE along T1 corresponding to Fig. 8. The difference between the
medians is statistically significant at the 95% confidence level if the notched areas around the respective medians do not overlap.

similar distribution, with a small increase in LPE rate
and $10-dBZ echo frequency upwind of Mt. Sumon
and corresponding decreases in the lee (Figs. 8c,d).
^ which would be associated with
The shift to high H,
greater flow deceleration and in some instances
^ $ 1:03,
blocking since this includes periods with H
brings a more drastic change (although caution must
^
be used in such a comparison with a formula of H
neglecting the effects of moisture). LPE rates and echo
frequencies $10 dBZ weaken in general and exhibit
maxima over the Echigo Plain rather than over or near
Mt. Sumon, and echoes also no longer tend to deepen
with inland extent (Figs. 8e,f). Thus, increased flow
deceleration and blocking shift the precipitation
upstream, as observed in other regions, such as the
California coastal mountains and European Alps
(e.g., Neiman et al. 2002; Rotunno and Houze 2007;
Hughes et al. 2009).
Examining the quantitative variables along T1, LPE
exhibits no statistically significant change between low
^ but decreases for high H
^ periods
and moderate H,
^ does not strongly affect
(Fig. 9a), suggesting that H
^ . 1. InDisp is highest
the overall LPE intensity until H
^ similar for moderate H,
^ and then dramatifor low H,
^ (Fig. 9b). For ER and AE, there
cally lower for high H
^
is no statistically significant difference between low H
^ periods, but a large, statistically sigand moderate H
^ (Figs. 9c,d). These results
nificant decrease for high H
generally agree with theoretical expectations (e.g.,
Pierrehumbert and Wyman 1985; Smith 1988; Colle 2004;
Galewsky 2008), with precipitation rates in the mountains
^  1, and an upstream shift in precipitation
greatest for H
^ * 1.
and decrease in mountain precipitation for H

^ for events with
We next examine the effects of H
^
a 3208 wind direction with H similarly divided into
lower (#1.05), middle (1.47–2.14), and upper ($4.01)
quintiles, referred to hereafter as low, moderate,
^ This assumes h 5 2000 m, the height of
and high H.
Mt. Makihata. These values are higher than those of
T1, reflecting the lower values of U for a 3208 wind
direction and greater terrain heights along T2.
^ periods feature an increase in LPE rate at
Low H
the coast with the highest LPE rates over southwest
Echigo Mountains foothills (Fig. 10a). This can be seen
along T2 with the maximum LPE rates just windward of Mt. Makihata (Fig. 10b). Although radar estimated precipitation and the frequency of radar
echoes $10 dBZ declines in the lee, gauge measurements indicate a less abrupt transition with significant
spillover across Mt. Makihata. The LPE rate maximum strengthens and shifts upstream during moder^ periods, with a stronger gradient in LPE rate and
ate H
frequency of radar echoes $10 dBZ at the coastline
and precipitation declining near and over Mt. Makihata
^ the maximum weakens and
(Figs. 10c,d). For high H,
moves farther upstream, with echoes confined mainly
to areas near and off the coast and almost no LPE or
radar echoes over Mt. Makihata and the southwest
Echigo Mountains (Figs. 10e,f). Box-and-whisker plots
of quantitative variables for individual radar scans
along T2 agree well with the analysis above for Fig. 10,
and are not shown.
Thus, the results for a 3208 wind direction are also
consistent with theoretical expectations with precipit^ However,
ation shifting upstream with increasing H.
^ quintile exhibits radar-derived
along T2 even the low H
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^ events. There are 676, 666, and 644
FIG. 10. As in Fig. 7, but for (a),(b) low, (c),(d) moderate, and (e),(f) high H
^ periods, respectively.
YAHI scans and 113, 111, and 108 ERA5 analysis times in the low, moderate, and high H

LPE and frequency of radar echoes $10-dBZ maxima over
and upwind of the windward slopes of Mt. Makihata rather
than over the crest. Although the gauge measurements
show a less dramatic decline across Mt. Makihata, they
are still consistent with a maximum windward of the
peak. This reflects the higher terrain and tendency for
^
lower U along this flow direction, which yields an H
distribution shifted toward higher values.

6. SiCAPE
As with the preceding variables, SiCAPE is divided
into low (#1836 J kg21), moderate (2260–2629 J kg21),

and high ($3115 J kg21) quintiles for periods with 2908
flow. Low SiCAPE periods feature relatively low LPE
rates, with a broad maximum over the Echigo Plain and
adjacent mountains (Fig. 11a). Along T1, the frequency
of 10-dBZ echoes is greatest near Mt. Sumon (Fig. 11b).
Although the distribution is skewed toward the Echigo
Plain and windward slopes of Mt. Sumon, precipitation
rates in the lee are not dramatically lower. For moderate
SiCAPE, the LPE rates increase across most of the region and throughout the transect, with echoes tending to
be slightly deeper, but the distribution between the
lowland and upland areas changes little (Figs. 11c,d).
During high SiCAPE periods, LPE rates increase further
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FIG. 11. As in Fig. 5, but for (a),(b) low, (c),(d) moderate, and (e),(f) high SiCAPE. There are 3651, 3652, and
3650 YAHI scans and 609, 609, and 609 ERA5 analysis times in the low, moderate, and high SiCAPE periods,
respectively.

still, and deeper echo tops become more frequent, consistent with increased frequency and intensity of precipitation, and likely also indicative of more convection
over the SOJ (Figs. 11e,f). However, the overall pattern
remains fairly similar, although there is a slight downstream shift of the radar-estimated and gauge-measured
precipitation maximum to the lee of Mt. Sumon.
Quantifying these effects, LPE increases at a statistically significant level with increasing SiCAPE (Fig. 12a).
InDisp increases as SiCAPE increases from low to moderate, but there is no statistically significant change from
moderate to high (Fig. 12b). ER increases from low to

moderate SiCAPE, but not by a statistically significant
amount between moderate and high periods (Fig. 12c). AE
is well correlated with SiCAPE, exhibiting a statistically
significant increase between each level (Fig. 12d). Therefore SiCAPE appears to strongly affect the intensity of seaeffect precipitation, with trends in InDisp and ER
suggesting a slightly lesser influence on inland and orographic enhancement than that observed for U.
The analysis for 3208 flow yields similar results, although the effects of SiCAPE on LPE rate are even
more pronounced. Low SiCAPE periods feature low
LPE rates, with echoes shallow and confined mainly
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FIG. 12. Box-and-whisker plot of (a) LPE, (b) InDisp, (c) ER, and (d) AE along T1 corresponding to Fig. 11. The difference between the
medians is statistically significant at the 95% confidence level if the notched areas around the respective medians do not overlap.

near the shoreline and Echigo Plain, well upstream
of the southwest Echigo Mountains (Figs. 13a,b). The
increase to moderate SiCAPE brings a large increase
in LPE rates over the region and deeper echoes that
penetrate farther inland (Figs. 13c,d). There is an inland shift of the LPE maximum, but it remains upstream
of Mt. Makihata. High SiCAPE periods feature even
larger LPE rates and deeper echoes, but the maximum
remains upstream of Mt. Makihata (Figs. 13e,f). These
results further highlight that SiCAPE strongly influences the intensity of sea-effect precipitation, with a
slightly lesser influence on the inland and orographic
enhancement than that observed for U.

7. Combined influence of U and SCAPE
U and SiCAPE both strongly modulate the distribution and enhancement of LPE, and V18 found each
to have distinct and important effects. Therefore following V18, we divide periods into low U (0th–40th
percentile), high U (60th–100th percentile), low SiCAPE
(0th–40th percentile), and high SiCAPE (60th–100th
percentile). The 4 resulting combinations are thus:
1)
2)
3)
4)

Low U/Low SiCAPE (LU/LS)
Low U/High SiCAPE (LU/HS)
High U/Low SiCAPE (HU/LS)
High U/High SiCAPE (HU/HS)

When evaluated with this multivariate approach, the
influence of SiCAPE on lowland precipitation rate, and
U on inland penetration and orographic enhancement,
become apparent. LU/LS periods feature relatively low

LPE rates, with most precipitation confined to the foothills
and the coastal plain (Figs. 14a,b). For LU/HS periods, the
LPE rates increase and the echoes along the transect deepen
slightly (Figs. 14c,d). However, the broad LPE maximum
remains over the Echigo Plain and foothills, windward of
Mt. Sumon. HU/LS periods have similar lowland LPE rates
to LU/LS and LU/HS, but increased LPE rates over the
mountains, with a maximum in LPE rate and frequency of
10-dBZ echoes just downwind of Mt Sumon (Figs. 14e,f).
This is consistent with the expectations of greater inland
penetration and orographic enhancement with increasing
flow. For HU/HS, the LPE rates increase throughout
most of the region, with the overall pattern and distribution relatively unchanged (Figs. 14g,h). Along T1,
echoes tend to be slightly deeper and the LPE maximum
becomes pronounced in the lee of the crest (Fig. 14h).
Quantifying this, LPE increases at a statistically significant level for increases in U and increases in SiCAPE
(Fig. 15a). There is also a statistically significant increase in
InDisp for increases in U, with SiCAPE having a lesser
effect (Fig. 15b). ER increases slightly for increases in U
and SiCAPE and the HU distributions extend to much
higher values, but the only significant comparisons are
between the two ends of the spectrum, LU/LS to HU/HS
(Fig. 15c). AE increases at a statistically significant level for
increases in U and SiCAPE (Fig. 15d). Thus, increased SiCAPE generally increases the inland and orographic
enhancement independent of U, although U appears to
have the stronger effect.
^ and SiCAPE yielded smaller
The combination of H
contrasts than those of U and SiCAPE (not shown). We
hypothesize that this is because U has multifaceted
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FIG. 13. As in Fig. 7, but for low (a),(b), moderate (c),(d), and high (e),(f) SiCAPE. There are 662, 660, and 659
YAHI scans and 111, 110, and 110 ERA5 analysis times in the low, moderate, and high SiCAPE periods,
respectively.

influences on sea-effect precipitation, affecting the
intensity of sea-effect convection by increasing sensible and latent heat fluxes, the inland penetration of
sea-effect precipitation, and orographic effects. While
^ also plays a role in the latter, U is a better integrator
H
of both the sea-effect precipitation and the orographic
precipitation.

8. Summary and conclusions
This study has examined the factors affecting the
inland and orographic enhancement of precipitation

during sea-effect periods in the Hokuriku region of Japan.
^ and SiCAPE upon the
The effects of wind direction, U, H,
distribution of precipitation were evaluated for sea-effect
periods during the 9 cool seasons (December–February)
from December 2007 through February 2016.
The mean LPE rate at many locations in the region can change by as much as an order of magnitude
with a 408 change in wind direction, with the most dramatic changes occurring at sites that are near or in high
terrain, which can suppress precipitation or enhance it
vigorously, depending on the flow direction. A wind
direction oriented obliquely to the bulk of the high
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FIG. 14. As in Fig. 5, but for (a),(b) low U/low SiCAPE, (c),(d) low U/high SiCAPE, (e),(f) high U/low SiCAPE,
and (g),(h) high U/high SiCAPE. There are 4489, 1532, 1283, and 4345 YAHI scans and 749, 256, 214, and 724
ERA5 analysis times in the LU/LS, LU/HS, HU/LS and HU/HS periods, respectively.

terrain in the region generally favors flow deflection around
the higher elevation areas, relatively little LPE throughout
the domain, and a maximum in the lowlands along the
barrier. A wind direction oriented more orthogonal to the
bulk of the high terrain generally favors flow over the barrier, relatively high LPE throughout the domain. Wind

direction also affects LPE distribution in the coastal lowlands via the location of shadowing by Sado Island or
banding in the lee of the Noto Peninsula, which can decrease or increase LPE rates, respectively.
Within a given wind direction, U and SiCAPE also
have a definitive effect upon the LPE distribution, with
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FIG. 15. Box-and-whisker plot of (a) LPE, (b) InDisp, (c) ER, and (d) AE along T1 corresponding to Fig. 14. The difference between the
medians is statistically significant at the 95% confidence level if the notched areas around the respective medians do not overlap.

higher U favoring higher LPE rates throughout the
domain, a maximum farther inland and higher in elevation, and a greater degree of LPE enhancement.
Increasing SiCAPE is associated with higher LPE
rates throughout the domain, an LPE maximum displaced farther inland, and slightly higher degree of
LPE enhancement over the terrain. Though both
variables strongly affect the LPE rate throughout
the domain, the effect of U is stronger than that of
SiCAPE upon the inland displacement and degree of
enhancement. Similar results were found over Tug
Hill downstream of Lake Ontario by V18, though the
effect of LCAPE there is more complicated than that
of SiCAPE in the Hokuriku region.
^ proved to be a useful indicator of flow behavior,
H
with effects upon the LPE distribution consistent
^ ,1
with theoretical expectations. Periods with H
feature an LPE maximum over the high elevations
^ .1
and a greater degree of LPE enhancement, with H
having the opposite effect. There is an important
^ (which
distinction between the effects of U and H
is inversely dependent upon U) during sea-effect pe^ increase the inland and
riods. Lower values of H
orographic enhancement by allowing flow to surmount the barrier instead of being blocked or deflected.
Higher values of U, in addition to the effects of lower
^ also increase the LPE rates throughout the study
H,
region, including out over the water, potentially due
to factors such as a corresponding increase in latent
and sensible heat fluxes or the upslope moisture flux.
Thus U is likely an effective integrator of multiple seaeffect and orographic processes that affect the distribution and intensity of LPE in the region. These

distinct effects upon the distribution and intensity of
LPE are similar to those found in other mountain
ranges in non-lake-effect conditions (e.g., Sinclair
et al. 1997; Rotunno and Houze 2007; Neiman et al.
2002; Colle 2004; Hughes et al. 2009; Panziera and
Germann 2010; Yuter et al. 2011). In contrast to the
^ to be a useful
Hokuriku region, V18 did not find H
discriminator of LPE distribution and enhancement
over the modest terrain of Tug Hill, as conditions
^ , 1).
were nearly always unblocked (H
The geography of the Hokuriku region and the location of the YAHI radar provided an excellent location for this study, and would undoubtedly be useful
in testing additional hypotheses related to the inland
and orographic enhancement of sea-effect precipitation. It remains poorly understood how microphysical
process influence enhancement, and what roles, if any,
temperature and precipitation type play. The mode
and organization of sea-effect convection also likely
have an effect, if the results of V18 and Campbell et al.
(2016) are any indication. Finally, the location of
the Japan Sea polar airmass convergence zone (JPCZ)
may also influence the enhancement, as it involves
similar principles as those of lake-effect mode. Therefore future work utilizing numerical simulations of low
and high enhancement cases in the Hokuriku region
would provide additional insight into the mechanisms
driving the enhancement.
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