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ABSTRACT

A prolonged period of winter monsoonal flow brought heavy sea-effect snowfall to the Hokuriku region

along the west coast of the Japanese island of Honshu from 2 to 7 February 2010. Snowfall in some locations

exceeded 140 cm, but the distribution within the event was highly variable. We examine the factors con-

tributing to these variations using data from a Japan Meteorological Agency (JMA) C-band surveillance

radar, JMA soundings, surface precipitation observations, and a Weather Research and Forecasting (WRF)

Model simulation. There were three distinct periods during the event. Period 1 featured relatively weak flow

with precipitation confined mainly to the coast and lowlands. Precipitation maxima were located where the

flow ascended: 1) over terrain-blocked air, 2) at the foot of a high flow-normal barrier, or 3) relatively un-

impeded over the lower mountain ranges. Flow strengthened during period 2, yielding stronger vertical ve-

locities over the terrain with precipitation maxima shifting inland and to higher elevation. The flow

strengthened further in period 3, with the precipitation maxima shifting higher in elevation and into the lee,

with almost no precipitation falling in the lowlands. Thus, greater inland penetration and enhancement of

precipitation occurred as the flow speed increased, but additional factors such as the subcloud sublimation of

hydrometeors and the convective instability also contribute to differences between periods 2 and 3. These

results illustrate the importance of incident flow strength in modulating the distribution and enhancement of

snowfall in global lake- and sea-effect regions.

1. Introduction

The precipitation distribution during lake- and sea-

effect snowstorms is affected by a complex combination

of air–sea interactions, coastal geometry, and, where

elevated terrain is present, orographic processes. The

Hokuriku region along the Sea of Japan (SOJ) coast

of the Japanese island of Honshu (Fig. 1) presents an

advantageous location to study such processes. The

regional terrain includes a broad coastal plain, low

hills, and mountain ranges of various shapes and sizes

reaching as high as 3000m above mean sea level (MSL).

The Asian winter monsoon also brings prolific cool

season sea-effect snowfall, with a broad spectrum of

flows with varying kinematic and thermodynamic char-

acteristics impinging upon this terrain. Interactions be-

tween these flows and the diverse terrain result in highly

variable distributions of precipitation within and among

storms. For example, events have produced as much as

1m of snow in 24 h in coastal cities with little snow

falling in the mountains, or.2m of snow in 96 h in the

mountains with little snow falling in the coastal lowlands

(Miyazawa 1968; Nakai et al. 2006).

Sea-effect periods typically feature moist convection

within a convective boundary layer topped by a stable

layer or inversion (e.g., Magono et al. 1966; Niziol et al.

1995; Nakai et al. 2005; Manabe 1957). This convection

is often organized into one or more modes, which over

the SOJ and Hokuriku region include: 1) longitudinal

(L-mode) bands, 2) transverse (T-mode) bands, 3) vor-

tices and polar lows spanning themesoscale, 4) shoreline

bands, 5) broad precipitation shields, and 6) precipita-

tion confined to the mountain slopes (Nakai et al. 2005).

L-mode bands are oriented quasi-parallel to the flow

and occur during periods of weak directional shear

within the PBL, whereas T-mode bands are orientedCorresponding author: Peter G. Veals, peter.veals@utah.edu
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quasi normal to the flow and occur during periods of

strong directional shear (e.g., Asai 1972; Miura 1986;

Eito et al. 2010; Yamada et al. 2010). Broad, mesoscale

snowbands can also be produced by the Japan Sea polar

airmass convergence zone (JPCZ), which forms fre-

quently over the western SOJ downstream of the base of

the Korean Peninsula (e.g., Ohigashi and Tsuboki 2007;

Eito et al. 2010;West et al. 2019). The JPCZ can produce

intense precipitation where it intersects the coast of

Honshu, most frequently between ;1338 and ;1398E,
including the Hokuriku region (Eito et al. 2010).

Sea-effect convection can be strongly forced by sur-

face fluxes over the SOJ, with heat fluxes (latent plus

sensible) as high as 600–900Wm22 (e.g., Murakami et al.

1994; Dorman et al. 2004; Yoshizaki et al. 2004). These

fluxes decrease abruptly upon landfall at the coast, fre-

quently leading to convective-to-stratiform transition

with inland extent (e.g., Kusunoki et al. 2004; Minder

et al. 2015). Enhanced vertical motion and precipitation

maxima can occur where land breezes oppose or con-

verge with the large-scale flow, a process that can be

reinforced by katabatic flow or blocking from the high

coastal terrain in portions of the Hokuriku region

(e.g., Ishihara et al. 1989; Eito et al. 2005). On the

island of Hokkaido, Tachibana (1995) found this

process to be most common during periods with cold

temperatures and weak large-scale winds. The terrain

of the Hokuriku region can also force strong convergence

and ascent between the prevailing maritime flow and cold

continental air, with one event having updrafts as deep as

6.5kmwith lightning and reflectivity.45dBZ (Yoshihara

et al. 2004).

The dynamical response of the large-scale flow to

topography is crucial in determining the precipitation

distribution in areas of complex terrain, and this re-

sponse can be represented by the nondimensional

mountain height

Ĥ5
Ndhm

U
,

where Nd is the dry Brunt–Väisälä frequency, hm is the

height of the barrier, andU is the component of the wind

speed normal to the barrier. If the flow is saturated,

stability can be represented by the moist Brunt–Väisälä
frequency, Nm (e.g., Fraser et al. 1973; Barcilon et al.

1979; Durran and Klemp 1982; Baines 1987; Jiang 2003).

When Ĥ is low (Ĥ � 1), the flow will surmount the

barrier and the maximum in vertical motion will be over

the barrier. For periods where Ĥ � 1, flow is blocked,

resulting in a maximum in vertical motion that may be

well upwind of the barrier or lateral to it as flow is forced

around (e.g., Pierrhumbert andWyman 1985; Smolarkiewicz

and Rotunno 1989; Smith 1989; Galewsky 2008). During a

sea-effect event in the Hokuriku region, Kusunoki et al.

(2003) found that higher Ĥ periods tended to have shallow

clouds confined to the windward slopes, with the pre-

cipitation deepening and moving over the barrier as Ĥ

decreased. In another event, flow blocking maintained a

persistent nearshore sea-effect band (Ohigashi et al.

2014). In addition to allowing flow to surmount a barrier,

FIG. 1. Topography (km MSL following scale at right) of (a) the Japanese islands and surrounding region, with

the location of the inset indicated by the black box. (b) The greater Hokuriku region, with major geographic

features labeled. The locations of JMA and SIRC surface LPE observing sites are indicated by red dots, YAHI

radar by the blue dot, andWajima sounding site by the yellow triangle. Transects 1 and 2 are indicated by the dashed

lines labeled T1 and T2, respectively. Abbreviated locations of interest include the Chikuma Valley (CHI), and

the southwest (SW), central (C), and northern (N) Echigo Mountains (EM).

2528 MONTHLY WEATHER REV IEW VOLUME 148

D
ow

nloaded from
 http://journals.am

etsoc.org/m
w

r/article-pdf/148/6/2527/4946817/m
w

rd190390.pdf by U
N

IVER
SITY O

F U
TAH

 user on 02 O
ctober 2020



increasing wind speed can increase precipitation near

and over a barrier by increasing the upslope moisture

flux and the strength of the vertical motion (e.g., Neiman

et al. 2002; Colle 2004; Yuter et al. 2011). Wind speed is

also strongly correlated with the spillover of precipita-

tion to the lee (e.g., Sinclair et al. 1997; Chater and

Sturman 1998).

Another important factor in determining the distri-

bution of precipitation is the time scale of the growth,

transport, and fallout of hydrometeors. Smith and

Barstad (2004) developed a relatively simple model

that accounts for airflow dynamics, hydrometeor growth,

advection, and evaporation and found it to perform well

for nonconvective orographic precipitation. The reality

can be more complicated, however, as nonlinear

mountain-wave dynamics and the release of convective

instability heavily influence the trajectory of hydrome-

teors (Geerts et al. 2015). Hydrometeor time scales are

also important in lake-effect events, where a maximum

in buoyancy occurs at landfall, often accompanied by a

maximum in hydrometeor mixing ratio (Alcott and

Steenburgh 2013; Campbell and Steenburgh 2017;

Campbell et al. 2018). This effect is compounded by

the tendency for fast-falling particles like graupel to

occur more frequently and fall out closer to the

shoreline than less-rimed particles (e.g., Harimaya and

Sato 1992;Murakami et al. 1994;Harimaya andKanemura

1995;Ohigashi andTsuboki 2005).However,when terrain-

induced updrafts are sufficiently strong, high supercooled

water concentrations and graupel can occur over inland

areas (Kusunoki et al. 2005).

Sub-barrier-scale effects related to terrain shape

and geometry can further affect the precipitation dis-

tribution. Watson and Lane (2012, 2014) showed that

concavities within a barrier can provide additional en-

hancement beyond that of a straight barrier, with addi-

tional effects from the length and steepness of the

barrier. Small ridges and corrugations within amountain

range can also provide strong local enhancement (e.g.,

Garvert et al. 2007; Minder et al. 2008; Campbell and

Steenburgh 2014). In the Hokuriku region, Kusunoki

et al. (2005) showed that supercooled water maxima

were strongly tied to each sub peak in the terrain, with

riming from these maxima contributing to orographic

enhancement.

The motivation for this study comes from Veals et al.

(2019, hereafter V19), who examined the factors af-

fecting the inland and orographic enhancement of sea-

effect periods during 9 cool seasons. They found that the

strength and direction of the flow in the planetary

boundary layer (hereafter PBL) had the greatest effect

upon the distribution and intensity of precipitation, with

the distribution relative to the barrier well depicted by

Ĥ. The sea-induced CAPE (SiCAPE) also had an in-

fluence upon the precipitation distribution and intensity.

The present study seeks to understand how these factors

relate to the dynamic and thermodynamic processes

that modulate snowfall in an individual storm. To

accomplish this, we focus on a prolonged event from 2

to 7 February 2010, which brought nearly continuous

sea-effect snowfall to the Hokuriku region. The dis-

tribution of snowfall varied widely within the event,

with snowfall during the early portion of the event

falling almost exclusively in the coastal lowlands, and

during the later portion falling almost exclusively in

the higher elevations. Therefore, using observational

data and a numerical simulation, this study seeks to

explore and elucidate the causes of this intrastorm

variability in the distribution and enhancement of

precipitation.

2. Data and methods

a. Observational data

We characterize the large-scale atmospheric envi-

ronment during the event using the ERA5 reanalysis

(C3S 2017), available at 0.258 horizontal grid spac-

ing and 1-h temporal resolution. Radar reflectivity

data for the event were obtained from a Japan

Meteorological Agency (JMA) C-band surveillance

radar, YAHI, located at 645m MSL on Mt. Yahiko

(Fig. 1b; see V19 for a blockage map). YAHI has 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. We interpo-

lated the volume scans to a Cartesian grid with 0.018
horizontal and 0.25 km vertical resolution using the

Radx C11 software package, and produced radar-

estimated liquid precipitation equivalent (LPE) us-

ing the Z–S relationship described by Vasiloff (2001)

and Campbell et al. (2016) and given by

Z5 75S2 ,

where Z is the radar reflectivity factor (mm6m23) and

S is the LPE rate (mmh21).

The YAHI-derived LPE estimates are supplemented

with LPE observations from surface observing sites

within the study region, which are maintained by either

the JMA or the Japanese National Institute for Earth

Science and Disaster Resilience (NIED) Snow and Ice

Research Center (SIRC) and utilize heated tipping-

bucket gauges (see V19 for a detailed description).

There were 4 JMA sites with missing or obviously spu-

rious data during the study period, leaving 114 JMA and

7 SIRC sites in the final analysis.
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b. Numerical simulation

A numerical simulation was performed using version

3.9 of the Advanced Research version of the Weather

Research and Forecasting (WRF) Model (Skamarock

et al. 2008). We use three one-way nested domains with

60 vertical levels, a 5000-m deepRayleigh damping layer

at the upper boundary, and horizontal grid spacings of

12, 4, and 1.33 km (Fig. 2). Physics parameterizations

were chosen based on configurations used successfully in

previous lake- and sea-effect studies (e.g., Alcott and

Steenburgh 2013; Reeves and Dawson 2013; Conrick

et al. 2015; McMillen and Steenburgh 2015; Campbell

et al. 2018) and fidelity relative to observed precipitation

totals. These parameterizations include the RRTMG

longwave radiation (Iacono et al. 2008), Dudhia short-

wave radiation (Dudhia 1989), revised MM5 surface

layer (Jimenez et al. 2012), Noah land surface model

(Chen and Dudhia 2001), YSU PBL (Hong et al. 2006),

and Thompson microphysics (Thompson et al. 2008).

The Kain–Fritsch 2 cumulus parameterization (Kain

2004) was used only for the 12-km domain. The simu-

lation was initialized at 1200 UTC 1 February and run

until 0000UTC 7 February using the ERA5 reanalysis at

0.258 horizontal grid spacing for initial and 3-hourly

lateral boundary conditions, initial land surface con-

ditions, and initial snow coverage. Daily sea surface

temperatures were obtained from the Global High

Resolution Sea Surface Temperature (GHRSST) analy-

sis. Patches of sea ice were evident in visible satellite

imagery in several small bays along theRussian coast, but

their spatial coverage was minimal and thus no attempt

was made to include them in the simulation.

3. Event overview and model validation

a. Synoptic evolution

From 2 to 7 February 2010 a prolonged episode of cold

winter monsoon flow across the SOJ brought heavy

snowfall to the Hokuriku region including LPE and

snowfall totals exceeding 110mm and 140 cm, respec-

tively. We focus on three periods with contrasting sea-

effect modes and precipitation distributions and use the

ERA5 to present a synoptic overview.

During period 1 (1500 UTC 2 February–1500 UTC

3 February 2010), west-northwest (WNW) 500-hPa flow

prevailed across the region, with weak cyclonic curva-

ture (Fig. 3a). The strongest 500 hPa vertical velocity

signatures were mainly couplets of ascent/descent over

the major mountain ranges of the region, including the

mountains of northern Honshu, though subsidence pre-

vailed acrossmost ofHonshu and theHokuriku region.At

850 hPa, the geopotential height gradient was relatively

weak, with WNW winds of 7.5–15ms21 advecting cold

Siberian air over the SOJ (Fig. 3b). With the cold air

moving over the SOJ, moist convection initiated off

the mainland Asia coast and extended downstream to

Honshu and Hokkaido (Fig. 3c). The JPCZ was well

defined over the southern portion of the sea, with a

zone of T-mode convection extending to the north and

making landfall in the Hokuriku region. The northern

half of the SOJ, beginning near Sado Island, was covered

mainly with L-mode convection.

During period 2 (0300 UTC 5 February–2200 UTC

5 February 2010), the 500 hPa flow remainedWNWover

the SOJ, but strengthened as a shortwave trough moved

into the region (Fig. 3d). As a result of the approaching

trough, much more ascent was present in the vicinity of

Honshu and over the Hokuriku region than in period 1,

though the terrain-induced ascent/descent couplets re-

mained somewhat intact. Cold air advection continued

at 850 hPa, and a strengthening height gradient in-

creased the WNW flow to 12.5–22.5m s21 over the

central SOJ (Fig. 3e). Sea-effect convection continued,

with the JPCZ still present and T-mode convection

coveringmuch of the SOJ, though some areas of L-mode

convection remained (Fig. 3f). Although the JPCZ was

well west of the Hokuriku region at the time presented,

it did extend into the southwest portion at times early in

period 2.

During period 3 (0000 UTC 6 February–2200 UTC

6 February 2010), the 500-hPa trough crossed over

Honshu, with subsidence overspreading most of the re-

gion, except for a small region of ascent upstream of the

high terrain of theHokuriku region likely caused by flow

moving over it (Fig. 3g). Further strengthening of the of

FIG. 2. WRF simulation domains, with topography (km MSL)

following scale at right.
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FIG. 3. The synoptic conditions during study period corresponding to (a)–(c) period 1 (0700 UTC 3 Feb), (d)–(f) period 2

(0700 UTC 5 Feb), and (g)–(i) period 3 (0700 UTC 6 Feb). Shown are (a),(d),(g) 500 hPa geopotential height (m, contours), winds

(full and half barbs denote 5 and 2.5 m s21, respectively), and vertical velocity from the ERA5 reanalysis, (b),(e),(h)

850 hPa geopotential height (m, contours), temperature, and winds from the ERA5 reanalysis, and (c),(f),(i) visible imagery from

the MTSAT-1R geostationary satellite. Axes of upper-level troughs indicated by red dashed lines, with blue text indicating major

features in the visible satellite imagery.
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the 850 hPa height gradient yielded northwest winds of

17.5–22.5m s21 over the central SOJ, and although rel-

atively cold air continued moving over the SOJ, cold air

advection ceased (Fig. 3h). Sea-effect convection per-

sisted, but initiated farther downstream of the mainland

Asia coast (Fig. 3i). Convection over the SOJwasmainly

L-mode and extended farther inland over Honshu, with

sea-effect clouds extending uninterrupted across por-

tions of Honshu and, in some cases redeveloping over

the Pacific Ocean.

b. Atmospheric profile

The observed soundings at Wajima (WAJI in Fig. 1)

corresponding to period 1, launched 0000 and 1200 UTC

3 February, indicate a deep saturated PBL with approx-

imately moist-neutral stability up to ;660 hPa (Fig. 4a).

This layer is strongly sheared, with light north-northwest

flow near the surface backing to westerly at 800 hPa and

southwesterly at 700 hPa. The strong directional shear

likely explains the prevalence of T-mode convection

during this time. The corresponding WRF sounding is

calculated by taking the spatial mean at the grid points

within a 10km radius of Wajima and averaging the

10-min output files over the duration of period 1.

Compared to the observed soundings, this WRF sound-

ing agrees well with the temperature, moisture, and wind

profiles from the surface to 700 hPa, but the atmosphere

aloft is drier and the stable layer at the top of the PBL is

lower and too smooth (it is still nearly as smooth at in-

dividual grid points before averaging). Within the PBL,

WRF lapse rates are also greater near the surface and

lesser aloft.

The Wajima soundings corresponding to period 2

(0000 and 1200 UTC 5 February) are warmer at the

FIG. 4. Temperature and wind (full and half barbs denote 5 and 2.5m s21, respectively) data from the JMA sounding atWajima at times

corresponding to (a) period 1 (black indicates 0000UTC 3 Feb sounding and blue indicates 1200UTC 3 Feb sounding), (b) period 2 (black

indicates 0000 UTC 5 Feb sounding and blue indicates 1200 UTC 5 Feb sounding), and (c) period 3 (black indicates 0000 UTC 6 Feb

sounding and blue indicates 1200UTC 6 Feb sounding). ThemeanWRF sounding for (d) period 1, (e) period 2, and (f) period 3 plotted in

red. Temperature and dewpoint indicated by the solid and dashed lines, respectively.
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surface than those for period 1 (Fig. 4b). However, if the

layer below 900 hPa in the 1200 UTC 5 February

sounding were moistened to saturation via evaporation

and sublimation (as might be expected in precipita-

tion cores), the temperature through much of the

column would be roughly equal to that in period 1 (cf.

Figs. 4a,b). The winds in the lower half of the PBL are

also much stronger than period 1, with speeds below

800 hPa two or three times greater in period 2. The

wind profile in the WRF sounding generally agrees

with theWajima soundings, with winds in the layer below

800 hPa in the 12.5–17.5ms21 range from the northwest,

becoming westerly above that in the 17.5–25m s21

range (Figs. 4b,e). The WRF sounding again appears

to produce a PBL that is both drier and shallower than

the observed soundings, extending to ;650 hPa, com-

pared with ;600 hPa in the observed soundings. WRF

temperatures are also slightly colder than observed

throughout much of the column.

For period 3, the Wajima soundings show a deeper,

drier subcloud layer than either of the previous periods,

extending to 850–900 hPa (Fig. 4c). Drying is also

evident above 700 hPa, descending with time, likely a

result of the synoptic-scale subsidence evident in

Fig. 3g as the upper-level trough exits the region.

Temperatures are similar to period 2, and warm with

time, with a surface temperature near 08C in the

1200 UTC 6 February sounding. Wind speeds in the

0000 UTC 6 February sounding are the strongest of

the study period, with values at most levels 2.5–5m s21

greater than the corresponding values in period 2. In

the 1200 UTC 6 February sounding, speeds decrease

to values similar to those observed in period 2. Contrary

to the two previous periods, the winds do not back with

height in period 3, with their unidirectional profile likely

corresponding to the cessation of synoptic-scale cold air

advection. This unidirectional profile also likely explains

the change to L-mode convection for period 3. TheWRF

wind profile represents well the mean profile of the pe-

riod, with values between those of the two observed

soundings (cf. Figs. 4c,f). The temperature profile also

agrees well, but the model does not do as well with the

moisture profile. PBL top in the Wajima soundings is

;730–700 hPa, compared to ;800 hPa in WRF, and the

subcloud layer in the observed sounding is drier.

Overall, the WRF mean soundings generally depict a

similar evolution to that in the observed soundings.

Period 1 features a deep and very moist sea-effect PBL,

with relatively low wind speeds, especially in a layer of

light northerly flow near the surface, with an abrupt

transition to westerly flow above 850 hPa. Period 2 also

features a deep and moist sea-effect PBL, though not

quite as moist as period 1, and with much stronger wind

speeds throughout the column and a direction gradually

backing with height. Period 3 features generally uni-

directional winds with mean speeds similar or slightly

stronger than period 2 throughout the column, with

the shallowest and driest sea-effect PBL of the study

period.

c. Mesoscale structures and precipitation distribution

To describe the mesoscale structure of the event, we

first focus on radar and model-simulated reflectivity

at a selected time during each period to show the

characteristics of the precipitation structures. We then

examine accumulated precipitation to understand the

time-integrated behavior of these structures through-

out each period.

Reflectivity from theYAHI radar at 1 kmMSL during

period 1 (0800 UTC 3 February) shows echoes with a

roughly T-mode structure over the SOJ, with unorga-

nized echoes elsewhere (Fig. 5a). Within the view of the

radar, echoes are mainly over the lowlands and water

with very few echoes apparent over the higher eleva-

tions of the Hida, Kubiki, or SW Echigo mountains.

Over the N Echigo mountains, however, echoes are

present farther into the higher elevations. The simu-

lated reflectivity fromWRF generally agrees with these

characteristics (Fig. 5b). There are some T-mode bands

over the SOJ, stronger echoes confined mainly to the

lowlands, and few echoes over the Hida, Kubiki, or SW

Echigo mountains. Some echoes penetrate into the N

Echigo Mountains.

During period 2 (0800UTC 5 February), YAHI shows

T-mode convection continuing over the SOJ, but echoes

have become numerous and strong over the foothills and

windward terrain of the Hida, Kubiki, and SW Echigo

Mountain (Fig. 5c). In the areas sampled by the YAHI

beam, the corresponding WRF reflectivity has similar

structures, with T-mode convection over the water and

strong echoes over the foothills and windward terrain of

the Hida, Kubiki, and SW Echigo Mountains (Fig. 5d).

The wavelength of the T-mode rolls is larger in WRF

than observed, perhaps reflecting a limitation of the

model resolution in capturing finescale convective struc-

tures (Ching et al. 2014).

Period 3 is dominated by L-mode or open-cell con-

vection over the SOJ, with the YAHI scan showing cells

becoming broader, stronger, and more numerous over

the terrain (Fig. 5e). WRF simulated reflectivity exhibits

strong similarity, also producing open-cell and L-mode

convective structures of comparable size, with cells

broadening and intensifying as they approach the terrain

(Fig. 5f). The coverage of cells over the northern Echigo

Plain andmountains, however, is much sparser than that

observed by YAHI.
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Radar-derived LPE accumulations and totals from

JMAand SIRC gauges during period 1 show the greatest

values along the coast upwind of the Hida and Kubiki

Mountains and over the lowlands of the southern and

central Echigo Plain. Mean LPE rates exceed 2mmh21

at two sites, and little or no precipitation falls in the

mountains (Fig. 6a). Farther north over the N Echigo

mountains, however, the maximum shifts instead to

higher elevations, where significant LPE accumulations

occur. The LPE output fromWRF generally agrees well

with the observed patterns and magnitudes, with highest

rates in both the observations andWRF extending along

FIG. 5. (a),(c),(e) Observed 1 km MSL reflectivity from the YAHI radar and (b),(d),(f) WRF simulated re-

flectivity at times corresponding to (a),(b) period 1 (0800UTC 3 Feb), (c),(d) period 2 (0800UTC 5 Feb), and (e),(f)

period 3 (0800 UTC 6 Feb). At points where elevation is,1000mMSL,WRF simulated reflectivity is interpolated

to 1 km MSL, and near-surface reflectivity is used at points above that level. Terrain elevation contours every

400m MSL. The magenta triangle indicates the location of YAHI.

2534 MONTHLY WEATHER REV IEW VOLUME 148

D
ow

nloaded from
 http://journals.am

etsoc.org/m
w

r/article-pdf/148/6/2527/4946817/m
w

rd190390.pdf by U
N

IVER
SITY O

F U
TAH

 user on 02 O
ctober 2020



FIG. 6. LPE rate in color fill (a),(c),(e) estimated from YAHI and (b),(d),(f) produced by WRF for the duration of (a),(b) period 1,

(c),(d) period 2, and (e),(f) period 3. LPE fromYAHI is calculated up to points where the centroid of the lowest unblocked beam reaches

1 km above ground or the range ring corresponding to that height over the SOJ, whichever occurs first in the radial direction. Dots are

overlaid at each JMA or SIRC observing site and colored according to the LPE total at the site. Black dots indicate values below the

bottom end of the color scale (,0.125mmh21). Terrain elevation contours every 400mMSL. Themagenta triangle indicates the location

of YAHI.
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the foot of the Hida and Kubiki mountains, and there is

remarkable agreement in a localized maximum just

south of Toyama bay (Figs. 6a,b). There is also good

agreement in the moderate rates (0.75–1.5mmh21) in

much of the Echigo Plain, a secondary maximum over

the N Echigo Mountains, and a local decrease in the lee

of Sado Island. One potential deficiency in WRF, how-

ever, is the underproduction of precipitation over the

SOJ and near the tip of the Noto Peninsula as compared

to the observations, although some island gauges agree

better with WRF.

Period 2 sees an inland shift of the highest LPE

values in both observations and WRF toward the

higher elevations with lesser amounts in the lowlands

(Figs. 6c,d). Much of the LPE maximum is now outside

the limit of reliable sampling by the YAHI beam, but

gauges and WRF suggest the highest values over the

windward slopes of the Hida, Kubiki, and SW Echigo

Mountains, with rates exceeding 2mmh21. However,

WRF underproduces in some areas in the southern

Echigo Plain, at the foot of the northern Hida and

Kibuki Mountains, and again near the tip of the Noto

Peninsula.

For period 3, the LPE distribution shifts even farther

inland and higher in elevation. The highest elevations

and leeside areas of the SW Echigo and Kubiki

Mountains are again beyond coverage of the YAHI

beam, but the gauge network in these areas indicates

maxima over the highest peaks or even into the lee of

these peaks, with rates .2mmh21 (Fig. 6e). WRF also

suggests such a distribution, with the highest amounts

over or into the lee of most of the.2000m peaks in the

region (Fig. 6f). On the other hand, lowland sites see

almost no precipitation during period 3, and WRF also

depicts this quite well. In fact the LPE distribution, as

compared to the gauges in areas of radar coverage, is

arguably better depicted by WRF than the YAHI-

derived amounts. The high bias of the YAHI LPE rel-

ative to gauges could be due to 1) sublimation of hy-

drometeors below cloud base (and the radar beam) in

the relatively dry PBL present during period 3 and/or 2)

undercatch of hydrometeors by the gauges in the strong

winds present during period 3.

d. Summary

The WRF run captures the characteristics and evo-

lution of the precipitation structures in the Hokuriku

region well among the three periods, properly depicting

the mode and location of convection over the SOJ for

each period. It also produces LPE rates that agree well

in both magnitude and distribution with observed

values, with period 1 featuring heavy accumulations

in the lowlands and almost no LPE at high elevations,

period 2 featuring heavy accumulations at high elevations

and lesser amounts in the lowlands, and period 3 fea-

turing heavy accumulations at high elevations and into

the lee with almost no LPE in the lowlands. The evo-

lution of the flow in the study period is also well depicted

by WRF, with speed, direction, and shear all in reason-

ably good agreement with the observed soundings. The

evolution of the thermodynamic profile in WRF is sim-

ilar to observed, though the sea-effect PBL is generally a

bit shallower and drier than observed. With this rel-

atively high fidelity of the WRF fields compared to

observations, we deem the model performance suffi-

cient for the purposes of this study, which is to de-

termine the mechanisms driving the variability in the

distribution and enhancement of precipitation during

the study period.

4. Sea-effect convection

To understand the underlying causes of the pre-

cipitation distribution during the study period, we

first examine the characteristics of, and forcing for,

sea-effect convection. During period 1, the sum of

the mean surface latent and sensible heat fluxes

from WRF (hereafter simply heat flux) varies from

around 400Wm22 over the SOJ in the southern

portion of the study region to around 650Wm22

across the northern portion (Fig. 7a). The maximum

most-unstableCAPEat eachWRFgrid point (MUCAPE)

is relatively modest, with values of 100–200 J kg21

throughout most of the SOJ (Fig. 7b). Examining a

vertical cross section along transect T1, the equivalent

potential temperature (ue) decreases with height to

;1 km MSL over the SOJ, indicating a profile that is

unstable for saturated parcels as it is warmed and

moistened from the sea surface (Fig. 7c). Almost im-

mediately upon landfall, this vertical ue gradient re-

verses, indicating an airmass stable for dry and moist

adiabatic ascent.

During period 2, the heat flux increases dramatically,

with values as high as 850Wm22 across the north de-

creasing to ;600Wm22 in the south in open-water

areas, with lower values in Toyama Bay (Fig. 7d). The

WRF temperature profile in period 2 is only slightly

cooler than in period 1, thus the stronger winds in period

2 likely explain most of the increase in surface heat flux.

MUCAPE correspondingly increases from period 1 to 2,

with widespread maxima above 300 J kg21 across much

of the SOJ (Fig. 7e). Upon landfall, MUCAPE de-

creases abruptly with inland extent. Along T1, ue de-

creases with height to;1.5 kmMSL over the SOJ, again

indicating a profile that is unstable for saturated parcels

(Fig. 7f). In contrast to period 1, this moist-unstable
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profile extends farther inland before stabilizing over the

high terrain.

Heat fluxes over the SOJ during period 3 are slightly

lower than during period 2, with values of 550–800Wm22

over openwater and lesser values again over ToyamaBay

(Fig. 7g). This change reflects the effect of two competing

factors, the slight increase in air temperature and slight

increase in wind speed. The MUCAPE is correspond-

ingly lower, with a much smaller area of the SOJ seeing

values .300 Jkg21 (Fig. 7h). This lesser convective in-

stability relative to period 2 may contribute to the lesser

LPE rates over the SOJ during period 3. MUCAPE in

period 3 decreases with inland extent, but persists farther

inland than in period 2, likely owing to more rapid inland

advection of the PBL by the slightly stronger flow. This

assessment is supported by the ue profile along T1, which

now features ›ue/›Z , 0 extending from the overwater

areas inland through the Echigo Plain, and to the first

high peaks (Fig. 7i).

The stabilization of the PBL with inland extent sup-

ports the findings of studies likeMinder et al. (2015) that

describe a transition in the character of the precipitat-

ing lake-effect clouds from convective to stratiform.

However, an interesting caveat during this event is that

the point at which this transition occurs appears to be

related to the strength of the PBL flow. Once the heat

fluxes are cut off upon landfall, the profile begins sta-

bilizing rapidly, but with the advection of the PBL by the

FIG. 7. (a),(d),(g)Mean latent1 sensible surface heat flux, (b),(e),(h)most-unstable CAPE for parcels originating 0–2 km above ground

at each point, and (c),(f),(i)mean ue along transect T1 for the duration of (a)–(c) period 1, (d)–(f) period 2, and (g)–(i) period 3. The dashed

line indicates the location of T1.
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strong winds in period 3, the profile does not become

stable until it is well over the high terrain.

5. Dynamical effects

a. Flow characteristics

The next step in understanding the LPE distribution

during each period is to examine the characteristics of

the horizontal and vertical flow fields in WRF. The 10m

winds during period 1 are fairly uniform in speed and

direction in the northwest corner of the domain, but as

they approach the coastline a number of changes can be

seen (Fig. 8a). Flow moving over the Noto Peninsula

slows and appears to be deflected toward the west by the

high terrain of the Hida Mountains. Following the 10m

flow from north to south as it approaches the northern

flank of the Hida and Kubiki Mountains, speed de-

creases right up to the base of the mountains. This rapid

deceleration of the flow is also evident in 925 hPa wind

speed, occurring in well-defined areas (Fig. 8b). Slowing

or blocked flow extends upstream from all of the high

barriers in the southern portion of the study region, in-

cluding the Hida, Kubiki, and SW Echigo Mountains.

The 925 hPa flow is blocked over the southern half of the

Echigo Plain, but this signature disappears abruptly over

the northern Echigo Plain, likely related to the lower

FIG. 8. (a),(d),(g) Mean 10-m wind speed from WRF (full and half barbs denote 5 and 2.5m s21, respectively), (b),(e),(h) mean

925 hPa wind speed in color fill, and (c),(f),(i) mean 850 hPa vertical velocity for the duration of (a)–(c) period 1, (d)–(f) period 2, and

(g)–(i) period 3. The 10-m wind barbs at grid points above 1000m MSL are omitted, and the masked regions in the 925 hPa winds and

850 hPa vertical velocity correspond to grid points above those respective levels. Terrain elevation contours every 400m MSL.
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and/or less continuous barrier of the Central and N

Echigo mountains in this area compared to the SW

Echigo Mountains (Fig. 8b). This is also evident in

the 10m winds, as flow over the SOJ approaching the

coastline of Echigo Plain has a generally north-

westerly direction, but flow on land over the south-

ern half of the Echigo Plain is northeasterly, directed

parallel to the highest terrain and then channeled

up the Chikuma Valley (Fig. 8a). The 10m flow

in the northern half of the Echigo Plain behaves

differently, however, with flow making landfall and

moving across the mountains, instead of along

them. Winds in the N Echigo Mountains are gen-

erally cross barrier and maintain much of their

speed (Figs. 8a,b).

The vertical velocity field at 850 hPa shows a broad

and continuous area of ascent extending from southern

Toyama bay, along the base of the Hida and Kibuki

mountains, and northeastward along the shoreline in the

southern half of the Echigo Plain (Fig. 8c). There are

also positive and negative vertical velocity couplets

corresponding, respectively, to the windward and lee-

ward sides of low to moderate elevation terrain in the

northern half of the study region where the flow is able

to surmount the barrier, in addition to a lee-wave sig-

nature from Sado Island. Note that all of these areas of

ascent, with the exception of the Sado Island lee waves,

correspond well with the regions of moderate to heavy

precipitation (both simulated and observed) during pe-

riod 1 (cf. Figs. 6b and 8c).

The flow changes dramatically in period 2. The 10m

and 925 hPa winds are stronger, and though some

channeling by the high terrain remains in inland

areas, are generally oriented cross barrier in areas

where along-barrier flow was present in period 1

(Figs. 8d,e). The only remaining area of deceleration

is upwind of the Hida Mountains, which are the

highest range in the region. The broad area of ascent

at 850 hPa noted in period 1 is no longer present

(Fig. 8f). Instead, there are strong vertical velocity

couplets over all the major terrain features in the

region.

Period 3 features 10m wind speeds similar to or

slightly stronger (15–17.5m s21) than those during pe-

riod 2, generally oriented normal to all of the mountain

ranges (Fig. 8g). A change is especially evident in the

Chikuma Valley, which is oriented normal to the flow

and exhibited some flow channeling in period 2, but

switches to cross-valley flow in period 3. There is almost

no deceleration of the flow, though perhaps a small area

still remains upwind of the Hida Mountains (Fig. 8h),

with vertical velocity couplets over the terrain features

of greater magnitude (Fig. 8i).

b. Nondimensional mountain height (Ĥ)

We next examine vertical cross sections of Ĥ along

transects T1 and T2 (Fig. 1b). Following Ohigashi et al.

(2014), we define at a given point

Ĥ5
N(hm 2Z)

U
,

whereN is the Brunt–Väisälä frequency at the point (we
use the Nm where relative humidity exceeds 90%, and

Nd elsewhere), hm is the height of the barrier along the

given transect (2000 and 2600m for T1 and T2, respec-

tively), Z is the height MSL of the point, and U is the

component of the wind speed normal to the barrier at

the point. We also examined Ĥ using Nd everywhere,

and as in V19, the behavior of the flow was well repre-

sented, with both formulas indicating a similar overall

flow regime (blocked versus unblocked) for each period.

However, because the formula accounting for moist

ascent is technically the most physically sound, we use it

for all values of Ĥ subsequently discussed.

In period 1, the mean Ĥ is relatively high along T1,

especially over the coastal lowlands and foothills upwind

of the SW Echigo Mountains where values exceed 5

(Fig. 9a). The strongest low-level ascent along T1 ap-

pears to be at the upstream edge of this blocked and

slightly cooler Echigo Plain air mass, where the im-

pinging flow from the SOJ ascends over it. Along T2,

with the much higher barrier of the Hida Mountains,

the airmass is blocked farther upstream over the SOJ

(Fig. 9b). There is even a return circulation at some

points over Toyama Bay, with flow ascending and then

moving upwind in the blocked layer. Along both tran-

sects, Ĥ is undefined in the lowest ;0.75 km due to

imaginary values of N, but this layer of convective in-

stability does not extend high enough to change the fact

that the PBL as a whole is a blocked airmass. It is unclear

(and beyond the scope of this study) whether this is an

artifact of the WRF PBL, or present over the SOJ in

reality, but it warrants further investigation. In period 2

the increased velocity relative to period 1, and even

lower stability, result in little or no flow blocking over

T1 and T2 (Figs. 9c,d). Values of Ĥ are even lower in

period 3, when uninhibited flow occurs over the bar-

riers (Figs. 9e,f).

c. Air parcel trajectories

To provide a Lagrangian perspective on the airflow,

forward air parcel trajectories are computed beginning

at 45 points in the study region for each period. 11 tra-

jectories originate at the surface along the shoreline, 11

at the surface;50km upstream, 13 at 500mMSL along

the shoreline, and 10 at 500m MSL ;50km upstream
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(Fig. 10). The launch points of the trajectories were se-

lected to provide a quasi-continuous coast-parallel line,

while mitigating any excessive overlap that rendered the

paths indistinguishable to the reader. We use 2-min

model output for the subperiods of trajectory calcula-

tion, and determine position in an ‘‘offline’’ method

using a second-order semi-implicit discretization method

from Miltenberger et al. (2013) using code from Gowan

(2019). In period 1, the surface and 500m trajectories

launched in the vicinity of Toyama Bay and the Noto

Peninsula are deflected toward the SW, generally re-

maining at low levels (Figs. 10a,b). The exception to this is

FIG. 9. Cross sections along (a),(c),(e) T1 and (b),(d),(f) T2 with potential temperature contours in red andmean

Ĥ for each period, computed using the moist Brunt–Väisälä frequency at points with relative humidity.90% and

dry Brunt–Väisälä frequency elsewhere, in color fill.White areas indicate where Ĥ is undefined due to an imaginary

value of the Brunt–Väisälä frequency or an elevation higher than hm (.2000 and .2600m for T1 and T2, re-

spectively). Transect-parallel winds are indicated by the vectors.
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trajectory 4 in Fig. 10a and trajectory 26 in Fig. 10b; they

turn against the upper-level flow as they ascend, a likely

symptom of the return circulation present up against the

HidaMountains in Fig. 9b. Along the northernHida and

Kubiki Mountains, trajectories 15, 16, 36, and 37 ascend

over the barrier. Note that this area is part of the broad

region of persistent ascent and heavy precipitation

during period 1 (see Figs. 8a–c and 6b). Over the Echigo

Plain, most trajectories launched over its southern half

(17, 18, 19, 38, 41, 42) generally exhibit characteristics of

blocking, while many launched upwind over the SOJ

appear to ascend over this blocked air (6, 7, 8, 29). The

area where these trajectories ascend over the blocked

low-level air is also part of the broad region of persistent

ascent and heavy precipitation during period 1 (see

Figs. 8a–c and 6b). Meanwhile, trajectories over the

northern half of the Echigo Plain at all levels ascend the

terrain fairly readily.

FIG. 10. Air parcel trajectories launched from the black dots, originating at (a),(c),(e) 0mMSL and (b),(d),(f) 500m

MSL. The height of a parcel (km MSL) at each time is indicated by its color, following the scale.
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Trajectories launched during period 2 readily ascend the

terrain, though a few exhibit some deflection upwind of the

highest terrain in the study region, the Hida Mountains.

(Figs. 10c,d). The addition of eastward motion with height

is a result of the wind profile during this period, with a

transition to westerly winds above 800 hPa (Fig. 4e).

Trajectories in period 3 rise rapidly to high elevation over

the terrain, and at all levels move southeastward due to the

unidirectional wind profile during this period (Figs. 10e,f).

They spend relatively little time over the terrain before

rapidly reaching the edge of the domain.

6. Moist processes

The final step in understanding the LPE distribution

during each period is to examine the characteristics of

moist processes. To accomplish this, we examine the

relative humidity (RH), Integrated Vapor Transport

(IVT), and hydrometeor mixing ratio (Qh) along each

transect. IVT provides a measure of the upslope mois-

ture flux, which can be strongly correlated with oro-

graphic precipitation rates (Rutz et al. 2014). Along

T1 and T2, we define IVT as

IVT5
1

g

ðP5km

Psfc

qVdp ,

where g is the gravitational acceleration, q is the specific

humidity, V is the transect-parallel component of the

wind, Psfc is the surface pressure, and P5km is the pres-

sure at 5 km above ground. The integration is performed

up to 5 km because the sea-effect PBL and precipitation

processes in this case are confined below this level. We

define Qh as the sum of the cloud water, cloud ice,

graupel, and snow mixing ratios from the Thompson

microphysics scheme. The production of hydrometeors

(increasing Qh) acts to decrease IVT, and other impor-

tant sources of IVT reduction in this case would be in-

creased flow normal to the plane of the cross section and

vertical transport across the 5 km level (likely small).

During period 1, the moist PBL extends to around

3.8 km MSL over the SOJ (note the rapid drying above

this level), and becomes shallower as it moves over land

and the precipitating clouds decay, dramatically so as

the flow accelerates over the highest portion of the

transect and plunges in the lee (Figs. 11a,b), resem-

bling the sub-to-supercritical flow regime of shallow

water depicted in Durran (1986). Despite the deep

moisture, the low wind speeds result in a very low IVT

(,50kgm21 s21) over the barrier along T1 and T2. The

maximum Qh along T1 is near the coast where the flow

converges with and ascends over the blocked flow in the

Echigo Plain (Fig. 12a), as discussed in the previous

section. Qh declines quickly with inland extent, ap-

proaching zero at the first major peak. Along T2, the

maximum is right at the shoreline along the base of the

Hida Mountains, with few hydrometeors above about

2 km (Fig. 12b). For both T1 and T2, the maximum inQh

is approximately collocated with local maxima in verti-

cal velocity (cf. Figs. 8c and 12a,b), and due to the low

wind speeds and modest vertical velocities, hydrome-

teors do not move very far downstream from this

maximum.

In period 2, the PBL extends to ;3km MSL over the

SOJ, but with the flow now surmounting the barrier, the

height of the PBL top increases to ;4km MSL over

the terrain (Figs. 11c,d). The IVT correspondingly in-

creases, reaching ;100kgm21 s21 at the foot of the

barrier along T1 before gradually decreasing. The Qh

maximum shifts over the first high peak along T1, and the

higher horizontal and vertical velocities allow larger hy-

drometeor mixing ratios to persist farther downstream

(Fig. 12c). Along T2 theQh maximum is over the crest of

the barrier, with a similar increase in the downstream

advection and spillover of hydrometeors into the lee

(Fig. 12d). There is also an increase in the height of the

cloud base compared to period 1, and beginning near

cloud base, a decrease in Qh toward the ground, likely

indicating some subcloud sublimation of hydrometeors.

The PBL in period 3 is shallower over the SOJ (;2km

MSL) than during previous periods, evident in both RH

(Figs. 11e,f) and cloud tops (Figs. 12e,f), potentially as a

result of the large-scale subsidence beginning in the

upper levels during this period. Upon ascending the

barriers though, it deepens dramatically, with the top

extending as high as 4 km MSL. The further increase in

barrier-normal flow velocity into period 3 also appears

to correspondingly increase the downstream advection

and spillover of hydrometeors into the lee. Cross-barrier

IVT values in period 3 (110 kgm21 s21 at the foot of the

barrier along T1) are similar to or slightly greater than

period 2, which makes them again well-correlated with

the LPE rates over the high terrain. However, the LPE

over the lowlands and SOJ are a different story, with the

lowest values of the study (Fig. 6) despite the high IVT

and high wind speeds. Period 3 has the driest low-level

RH and the highest cloud bases of the periods, and in the

Qh field very few hydrometeors over the SOJ and low-

lands make it to the surface, suggesting substantial

subcloud sublimation of hydrometeors (Figs. 12e,f).

Greater subcloud sublimation over lowland areas

relative to higher terrain has been suggested to be a

mechanism that leads to reduced precipitation over

lowland areas during some lake- and sea-effect cases

(Murakami et al. 1994; Steenburgh 2003; Minder et al.

2015; Campbell et al. 2016). To examine this process, we
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focus on the hydrometeor condensation, deposition,

evaporation, and sublimation tendency from the mi-

crophysics scheme for the first seven model levels (equal

to approximately the lowest 1 km over the lowlands).

Plotting the total mass change as a result of this term for

each period, divided by the total LPE mass during the

period, illustrates the effects of subcloud sublimationwell

(Fig. 13). Period 1, with the deepmoisture throughout the

column, sees relatively little loss to sublimation over the

lowlands and SOJ, especially in the areas of persistent lift

and heavy precipitation (cf. Figs. 6b, 8c, 13a). Sublimation

increases for period 2, where low levels are a bit drier

(Fig. 13b). The greatest losses occur for period 3, where

the low levels are the driest of the study period (Fig. 13c).

Therefore, subcloud sublimation appears to play a role in

the differing LPE distributions between periods 2 and 3.

FIG. 11. Cross sections along (a),(c),(e) T1 and (b),(d),(f) T2 with mean relative humidity in color fill according to

the scale, with the blue line indicating IVT along the transect. Transect-parallel winds are indicated by the vectors.
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As discussed in section 3, the WRF PBL is shallower

and drier in all periods than observed, with the dry bias

strongest in periods 1 and 2. Subcloud sublimation is

quite sensitive to these differences, as it is strongly de-

pendent on humidity. If the PBL humidity were closer to

observed, the WRF LPE totals in the lowlands would

likely increase, especially for periods 1 and 2, which

would bring themcloser to the gauge and radar-estimated

values inmost lowland areas, further increasing the effect

of subcloud sublimation on the differing LPE distribu-

tions between periods 2 and 3.

7. Summary and conclusions

This study has examined the variability in the distri-

bution and enhancement of LPE during a heavy sea-

effect snowstorm from 2 to 7 February 2010 in the

Hokuriku region. Period 1 featured heavy snowfall in

FIG. 12. Mean hydrometeormeteormixing ratio for each period (color filled following scale) along (a),(c),(e) Transect 1

and (b),(d),(f) Transect 2. Black contour indicates boundary of cloud water mixing ratio.1023 gkg21.
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lowland areas and little or no snowfall over the higher el-

evations. In period 2 the LPE maximum shifted down-

stream and higher in elevation, with the higher elevations

receiving heavy snowfall and only light or moderate

amounts in the lowlands. In period 3 the LPE maximum

shifted even farther downstream and higher into the

mountains, with heavy snowfall at high elevations and into

the lee, and little or no snowfall in the lowlands.

The strength of the cross-barrier component of the

flow primarily determined the evolution and distribu-

tion of precipitation during the event. Period 1 featured

the weakest flow of the event, with blocking of the flow

at low levels and weak vertical velocities over the high

terrain. Maxima in ascent and LPE during the period

were located where the flow ascended 1) over terrain-

blocked air, 2) at the foot of a high flow-normal barrier,

or 3) relatively unimpeded over the lower mountain

ranges in the northern portion of the region.

Stronger flow in period 2 surmounted the terrain,

producing strong vertical velocity couplets over all major

terrain features. There was also stronger cross-barrier

moisture transport, and convective instability over the

SOJ was the strongest of all three periods. The greatest

hydrometeor mixing ratios and LPE totals occurred over

the first major peaks, and then LPE totals decreased

rapidly with inland extent over the high terrain.

Period 3 had cross-barrier flow velocities slightly stron-

ger than period 2, with LPE and hydrometeor maxima

occurring over each high peak, including those down-

stream of the crest, with spillover of these hydrometeors

into the lee of the higher peaks. Moisture transport was

slightly greater than period 2, and indeed LPE rates over

the high peaks were similar. However, despite the strong

moisture transport, period 3 saw almost no precipitation in

lowland areas. The difference in lowland LPE between

periods 2 and 3 is likely due in part to the slightly drier PBL

in period 3, which resulted in substantial sublimation of

hydrometeors. The convective instability over the SOJ also

likely played a role.MUCAPEwas greater in period 2 than

period 3, and as V19 showed, greater CAPE promotes the

greater lowland LPE rates that were observed in period 2.

As was found in Minder et al. (2015), convection de-

cayed quickly upon landfall, but the point at which this

transition occurred appears to be related to the strength

of the flow in the PBL. In the light flow of period 1,

the profile stabilizes almost immediately upon landfall.

With the rapid advection of the PBL by the strong winds

in period 3, the profile does not become stable until it is

well inland over the high terrain.

These findings add to our knowledge of lake- and sea-

effect systems and of orographic precipitation in gen-

eral. The enhancement over downstream terrain can

be remarkably similar to other orographic precipitation

FIG. 13. Ratio of the total amount, color-filled according to the

scale, of condensation and deposition (positive values), or evapo-

ration and sublimation (negative values) from the Thompson mi-

crophysics scheme in the lowest 7 model levels to the total

accumulated precipitation for (a) period 1, (b) period 2, and

(c) period 3.
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regimes, with the control of precipitation distribution

and intensity by wind speed also observed in atmo-

spheric river events in California (Neiman et al. 2002;

Hughes et al. 2009) and storms in the European Alps

(Panziera and Germann 2010). The flow blocking ob-

served during period 1, and the subsequent ascent

maxima upwind of the terrain, are also quite similar to

cases in other mountain ranges around the world (e.g.,

Houze et al. 2001; Neiman et al. 2002; Falvey and

Gerreaud 2007; Houze 2012). On the other hand, phe-

nomena such as the effect of sea-induced CAPE on

lowland LPE and the stabilization of the PBL with in-

land extent are unique to the sea-effect regime.

This study did not examine the effects of the transition

fromT-mode convection in periods 1 and 2 to L-mode in

period 3, but some influence on the LPE distribution by

mode is likely (e.g., Campbell et al. 2016; Veals et al.

2018). It is also possible that the depth of the precipi-

tating clouds, through effects on precipitation efficiency

and intensity (e.g., Kostinski 2008), influences the dis-

tribution and intensity of LPE. Therefore, future work

should investigate these effects in the Hokuriku and

other lake- and sea-effect prone regions.
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