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Abstract

In this study, we use observational data and numerical models
to reveal whether foehn wind affects the record-breaking high-
temperature event (41.1°C) at Kumagaya on July 23, 2018. On
this day, the weather conditions at Kumagaya satisfied the condi-
tions described in Takane et al. (2014) for a likely extreme high
temperature (EHT) day: a “whale-tail” pressure pattern, no pre-
cipitation for 6 days, a high potential temperature at 850 hPa, and
northerly surface winds. Our back-trajectory analysis shows that
the air parcels came to Kumagaya from heights up to 3.0 km
above sea level over the Sea of Japan. The Lagrangian energy
budget analysis shows that adiabatic heating accounts for about
87.5% of the increase of the thermal energy given to the air parcel,
with the rest from diabatic heating. The diabatic heating is caused
by heating associated with surface sensible heat flux and the
mixing by turbulent diffusion. The adiabatic and diabatic heating
are calculated to have raised the temperature of air parcel by 14
and 2.0 K, respectively, for this EHT event. We conclude that
the dynamic foehn effect and diabatic heating from the surface,
together with mixing in the atmospheric boundary layer, affected
the formation of this EHT event.

(Citation: Nishi, A., and H. Kusaka, 2018: Effect of foehn
wind on record-breaking high temperature event (41.1°C) at
Kumagaya on 23 July 2018. SOLA, 15, 17-21, doi:10.2151/sola.
2019-004.)

1. Introduction

An extreme high-temperature (EHT) event brings widespread
public-health risks such as heatstroke and sleep disturbance. Such
an event also increases energy demand in urban areas.

Over the last decade, Japan has experienced record-breaking
high temperatures of 40.9°C at Kumagaya and Tajimi on 16
August 2007, and of 41.0°C at Ekawasaki on 12 August 2013.
Kumagaya lies in the Kanto Plain, an area that includes the Tokyo
metropolitan area (K in Fig. la). The plain is bounded by the
Pacific Ocean on the south and east sides, whereas the inland
region is bound by the Chubu Mountains on north and west sides.
This inland region is well-known for experiencing EHT events.
Here, the frequency of EHT events and the daily maximum
temperature have been increasing over the past few decades (e.g.,
Fujibe 1995). These increases are often attributed to global warm-
ing and the urban heat island effect. Takane et al. (2014) identified
four conditions for an EHT event at Kumagaya: (1) High tem-
perature at 850 hPa, (2) Synoptic pressure pattern is a “whale-
tail pattern” of which pressure ridge expands westward from the
northwest Pacific Ocean to the Yellow Sea, (3) a northwest surface
wind, and (4) clear-sky days for 4 days or more.

The foehn is a downslope wind that is warm and very dry (e.g.,
Brinkmann 1971; WMO 1992). According to Elvidge and Renfrew
(2016), foehns come in four types according to the dominant
heating mechanism: (a) isentropic drawdown, in which the foehn
air comes from higher, potentially warmer and dryer altitudes
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upwind of the mountain barrier due to the blocking of low-level
flow by the mountain (type-a foehn wind) (Ficker 1910; Scorer
and Klieforth 1959; Arakawa 1969; Brinkmann 1973, 1974; Ikawa
and Nagasawa 1989; Seibert 1990; Richner and Héachler 2013),
(b) precipitation and latent heating, in which cooling during uplift
on the windward slopes promotes condensation, cloud formation,
and subsequently precipitation leading to moisture removal and
irreversible latent heating (type-b foehn wind) (Hann 1866, 1867,
Barry 1992; Whiteman 2000; Richner and Hichler 2013), (c)
turbulent sensible heating and drying of the low-level flow via
mechanical mixing above rough, mountainous terrain in a stably
stratified atmosphere (type-c foehn wind) (Scorer 1978; Olafsson
2005), (d) radiative heating of the low-level lee side due to the dry,
cloud-free foehn conditions (type-d foehn wind) (Hoinka 1985;
Olafsson 2005). Recent studies have also argued for combined
foehn mechanisms (Takane and Kusaka 2011; Takane et al. 2015;
Miltenberger et al. 2016).

On 16 August 2007, the remarkable EHT event, hereafter
EHTO07, occurred at Kumagaya. For EHT07, Takane and Kusaka
(2011) found that the temperature increase was largely due to
diabatic heating with subgrid-scale turbulent diffusion and sen-
sible heat flux from the ground. This is similar to type-c foehn,
hereafter called the “modified type-c foehn”. The modified type-c
foehn differs in two points from the type-c foehn. The type-c
foehn is potential-flow accompanied with indirect heating due to
the mechanical mixing (entrainment) whereas the modified type-c
foehn is the isentropic drawdown accompanied with direct heating
due to sensible heat flux from mountain surface.

On 23 July 2018, an EHT event occurred in the inland Kanto
Plain at Kumagaya that had the highest maximum temperature
ever recorded in Japan (41.1°C). However, the role of the foehn
wind on the event has not yet been investigated. The purpose of
this study is to quantify the effects of the foehn wind on this EHT
event.

2. Data and numerical model

For the EHT events, we used observational data from the auto-
mated meteorological data acquisition system (AMeDAS) surface
observation dataset (surface temperature, relative humidity, wind,
and precipitation) and sounding data at Wajima (W in Fig. la)
from the Japan Meteorological Agency (JMA). We also used radar
data provided by JMA to check the precipitation in the windward
region of the mountain. For the numerical model, we ran high-
resolution simulations using the weather research and forecasting
(WRF) model, version 3.9.1 (Skamarock et al. 2008).

The model configuration involved a multi-nested model as
shown in Fig. S1 (see Supplement). The first domain consisted of
133 x 133 grid points in the x and y directions with a horizontal
grid spacing of 6.0 km. The second domain consisted of 250 x
250 grid points with a horizontal grid spacing of 2.0 km. Both
domains had 58 vertical sigma levels and a model top pressure of
100 hPa. The initial and boundary conditions were specified based
on analysis of the Global-Spectrum-Model dataset from JMA.
This dataset has a 0.5° x 0.5° horizontal grid spacing and a 6-hour
temporal resolution. The model configurations are summarized in
Table S1 (see Supplement).
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Fig. 1. Meteorological variables during the event. (a)
Terrain around Kanto plain. Shadings show the terrain
height with interval 0.5 km. “K” and “W” are the loca-
tion of Kumagaya and Wajima, respectively. (b) Synop-
tic pressure pattern at 0900 JST on 23 July 2018 adapt-
ed from JMA (2018). (c) Time series of temperature
(solid lines) and relative humidity (dashed) from 2100
JST on 22 July through 0000 JST on 24 July. Black
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curves are observations, blue are from the WRF model.
(d) Same as (c) except for windspeed (solid lines) and
wind direction (dots).
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Fig. 2. Surface distributions at 1420 JST on 23 July 2018. (a) Observed surface wind. Vector color and length show the windspeed. Bold edged vector
shows wind vector at Kumagaya. (b) Observed surface temperature. Bold edged square shows temperature at Kumagaya. Gray-scale shading shows the ter-
rain height. (¢) Calculated distributions of surface wind (vector) and surface temperature (color shading) from the WRF model. Contours show the terrain
height with interval 0.25 km. Dashed line segment AA’ is the location of the cross-section for Fig. 4.

3. Results and discussion

3.1 Observation data analysis

On 23 July 2018, the synoptic pressure pattern resembles a
whale-tail pressure pattern (Fig. 1b). Moreover, for the six prior
days, no precipitation fell at Kumagaya. These are all conditions
for a remarkable EHT day (Takane et al. 2014).

At Kumagaya, the temperature is 28.6°C near sunrise (Fig.
lc, black solid curve). The temperature starts to rise at 0500
JST (Japan Standard Time), later reaching 41.1°C at 1423 JST,
which is the highest ever recorded temperature in Japan. At the
same time, northwesterly winds blow from the mountains to the
plain around Kumagaya (Fig. 1d). The region of northerly winds
coincides with the region of surface temperature > 38.0°C (Figs.
2a and 2b). In addition, relative humidity at 1423 JST is less than
30% despite the summer (wet) season in Japan (Fig. lc, black

dashed curve). These features (winds from mountains, high-
temperature, and low-humidity) are similar to those of foehn
winds.

Southerly winds (i.e., sea breeze) blow in around the coastline
of the Tokyo bay (Fig. 2a). The sea breezes start to blow along the
coastline of the Pacific Ocean around 1000 JST (not shown) and
reach at Kumagaya after 1700 JST (Fig. 1d). Thus, the sea breezes
are delayed reaching the northwestern of Kanto plain because the
sea breezes are obstructed by the northerly winds. These results
suggest that the northerly winds have not only the direct effect to
form the EHT event, but also indirect effects. Here, the indirect
effects mean the preventing the cold advection from the ocean.

The type-b foehn wind involves precipitation on the windward
of the mountains. But upon our examination of the precipitation,
we found none in the windward region up to 12 hours before the
highest temperature observed at Kumagaya (not shown). Thus, the
EHT event does not rely on type-b foehn winds.
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Fig. 3. Vertical profiles at Wajima at 0900 JST on 23 July 2018. (a) Poten-
tial temperature. Black solid lines show the radiosonde observations, blue
shows model results. Dashed line shows the radiosonde observation in the
EHTO7 event at 0900 JST on 16 August 2007. Red circles show the 30-
year average potential temperature (1981-2010). (b) Same as (a) except
for windspeed. Circles show wind direction.

How about the type-a foehn wind? This type involves
adiabatic heating in which air of high potential temperature (0)
descends from an upper layer, producing high temperatures in the
leeward region of the mountains. In the windward region (Wajima)
at 0900 JST on 23 July 2018, we find that 0 values at up to
3.11 km (700 hPa) are about 5 K higher than the 30-year average
between 1981 and 2010 (Fig. 3). We find a similar trend for the
EHTO7 event at 0900 JST on 16 August 2007. These results sug-
gest that the EHT event is affected by the type-a foehn or type-c
foehn, or the modified type-c foehn.

3.2 Results of the numerical experiment

We examine the model results to reveal what types of foehn
wind blow in this EHT events. The WRF reproduces temporal
change of temperature from 0600 to 1500 JST (Fig. Ic). In con-
trast, the WRF overestimate the temperature of 1.0°C in the after-
noon because the simulated wind direction starts to change from
northerly to southerly in the afternoon later than the observation
(Fig. 1d). The WREF also reproduces the essential features of the
spatial distribution of surface wind and temperature, except for the
overestimation of the temperature in the southeastern Kanto plain
(Fig. 2¢). In addition, the WRF reproduces the vertical profiles
of wind and potential temperature at Wajima well, except for the
subsidence inversion (Fig. 3). It is considered that the subsidence
inversion is not so important in the foehn flows because wind-
speed in this EHT events is weak. Therefore, the discrepancy does
not probably influence foehn flow.

Now, in order to investigate the vertical structure of flows
and its variation, we examine the simulated potential temperature
along the cross-section AA’ of Fig. 2c. At 0500 JST on 23 July,
Fig. 4a shows that the contours of 6 = 302~306 K lie between 1.0
and 2.0 km height in the windward region (37.32°N~36.56°N).
These contours rapidly descend at the leeward plain of mountains
(36.56°N~36.31°N), thereafter lying below about 1.0 km height in
the leeward region. This lowering of the 0 contour is an important
feature of type-a foehn winds.

Later in the day, Fig. 4b shows that 6 becomes remarkably
high up to the 2.0 km height over the leeward slope of the moun-
tain (southward of 36.81°N). Specifically, a near-neutral layer the
height of which is about 2.0 km appears in the leeward region of
the mountains (southward of 36.31°N). Because these changes
appear near the surface during midday, the surface sensible heat
flux is likely another important factor in the high temperature at
Kumagaya.
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Fig. 4. Potential temperature along the AA’ cross-section (see Fig. 3c) on
23 July 2018. (a) At 0500 JST. (b) At 1420 JST. Black area is the terrain.
Red triangle shows the location of Kumagaya.

3.3 Back-trajectory analysis and Lagrangian energy-budget
analysis

The results of the numerical experiment suggest that both the
type-a foehn winds and the surface sensible heat flux are import-
ant in the EHT event. Now, we quantitatively examine the heating
effect of both factors using back-trajectory analysis and Lagrang-
ian energy-budget analysis.

In the back-trajectory analysis, trajectories of 121 air parcels
were released from the surface level of the model grid in a square
area of 484 km” around Kumagaya at about the same time when
the highest maximum temperature is observed (1421 JST 23 July
2018). The air parcels are tracked back from 1421 to 0400 JST
using the wind fields at 3 min intervals which are simulated by the
WRF model. In this EHT event, windspeed is small (< 8.0 m s ).
In addition, high-temporal resolution dataset of winds (3 min
interval) is used in this analysis. In such situation, truncation error
of the trajectory is small (Seibert 1993), thus the air parcel trajec-
tories have accuracy.

For the Lagrangian energy-budget analysis, we calculate the
geopotential energy, the sensible heat energy and the dry static
energy to determine which kind of wind blows along each parcel.
The dry static energy (s) is composed of the geopotential energy
(gz) and the sensible heat energy (C,T):

s=gz+C,T. (1)

In Eq. (1), g is gravitational acceleration (m s ), C, is specific heat
at constant pressure (J kg ' K'), and T'is temperature (K). The dry
static energy is a conserved quantity under any static, adiabatic
process. Thus, if diabatic heating occurs under a small change of
kinematic energy, then s increases; conversely if diabatic cooling
occurs, then s decreases. Generally, diabatic heating is produced
by water-vapor condensation, vapor deposition, freezing of liquid
water, sensible heat flux from the ground, subgrid-scale turbulent
diffusion, and radiation. In the present analysis, direct heating by
radiation is small along the averaged trajectory because shortwave
radiation can transmit the cloud-free atmosphere. Water-vapor
condensation, vapor deposition, and freezing of liquid water
are also small along the averaged trajectory because there is no
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Fig. 5. Back-trajectories from the Kumagaya vicinity at 1421 JST 23 July
2018. (a) Parcel positions. The color indicates parcel height. Small circles
show the trajectory of each parcel. Large circles with black perimeter
show the ensemble-averaged trajectory of 121 air parcels. Solid gray
contours are terrain height with 0.2 km intervals, the bold contours have a
1.0 km interval. (b) Energy terms (left axis) and mixed-layer height (right
axis) along the ensemble averaged trajectories of air parcels shown in
Fig. 5a. The black curve is the geopotential energy (gz), the red curve is
the sensible heat energy (C,T), the blue curve is the dry static energy (s),
the dashed curve is the mixed-layer height, and gray shading is the terrain
along the ensemble averaged trajectory of air parcels.

precipitation in the windward region of mountains. Therefore, the
diabatic heating we consider here is (1) direct heating associated
with surface sensible heat flux (DH) and (2) heating associated
with the mixing by turbulent diffusion (MIX).

According to the back-trajectory analysis, the air parcels at the
surface near Kumagaya at 1421 JST came from heights of 3.0 km
or less over the Sea of Japan (Fig. 5a). The trajectory of 121 air
parcels have large horizontal and vertical variances: the parcels
originated from northward (southward) of 37.5°N tends to come
from heights of 1.0 km or more (or less).

Figure 5b shows the Lagrangian mean energy budget along
the ensemble-averaged trajectory of 121 air parcels. The geopo-
tential energy (black curve) is about 14 x 10’ J kg™' and does not
change much when the horizontal distance from Kumagaya (HDK)
is between 100 and 300 km. At HDK = 100 km, the geopotential
energy starts to decrease during the descent of the air parcel, and
is about 0 J kg' at Kumagaya (HDK = 0 km). Therefore, the air
parcel gains heat energy associated with adiabatic process. As the
geopotential energy decreases, the sensible heat energy (red curve)
increases. The sensible heat energy associated with the descent of
the air parcel is about 16 x 10’ J kg '. At HDK = 100 km, the air
parcel penetrates the mixed boundary layer, and then the dry static
energy (blue curve) starts to increase at HDK = 70 km. The dry
static energy has increased by about 2.0 x 10° J kg™' when the air
parcel reaches Kumagaya. This diabatic heating is caused by DH
and MIX because the dry static energy increases after penetration
of the averaged air parcel in the mixed layer. Therefore, adiabatic
heating accounts for about 87.5% (= (14 x 10° J kg ")/(16 x
10° T kg™") x 100) of the increase in the thermal energy %ained by
the averaged air parcel. The other 12.5% (= (2.0 x 10° J kg ')/

(16 x 10° T kg™") x 100) is diabatic heating. If these energies are
divided by C, (1004 ] kg™ K™), the temperature increases of aver-
aged air parcel by each factor are obtained. The increase by the
adiabatic heating, by the diabatic heating, and the total increase
are 14 K, 2 K, and 16 K, respectively.

These results show that the adiabatic heating (type-a foehn)
dominates the EHT event. However, diabatic heating caused by
DH and MIX was also crucial for the EHT event to reach the
highest temperature in Japan (41.1°C).

These results are similar to the heat-budget of the air parcel in
the mixed layer in the EHT07 event called “modified type-c foechn
wind” (Takane and Kusaka 2011). Thus, this study finds that the
mechanism of modified type-c foehn wind plays an important
role, not only for the EHTO7 event, but also on the EHT event on
23 July 2018.

In the EHTO7 event, the parcels have two different courses
and differ in the evolution of the heat budget (Takane and Kusaka
2011). In the EHT event studied here, the parcels have large
horizontal and vertical variation in the windward region (Fig 5a),
but the features of the heat budget do not vary strongly between
individual parcels (not shown).

4. Conclusion

We used observational data and a numerical simulation to
examine the effects of foehn winds on the record-breaking, all-
time high temperature for Japan on 23 July 2018. In this event, the
temperature reached 41.1°C at Kumagaya. Our main results are
the following:

* This day satisfied four conditions for a likely remarkable EHT
day (Takane et al. 2014). In particular, the synoptic pressure
pattern had the “whale-tail” pressure pattern. Kumagaya had no
precipitation for the 6 days prior to the event. From early morn-
ing, northerly winds blew down from the mountains to the plain
around Kumagaya. And in the windward region, the potential
temperatures up to 3.0 km elevation were about 5 K higher than
those in the normal July.

The northerly winds continued to blow until the highest tem-
perature occurred. Moreover, the region of northerly winds
coincided with the region having surface temperatures above
38.0°C.

No precipitation occurred in the windward region of the moun-
tains for the 12 hours before the event. In this windward region,
the potential temperature up to 3.0 km was about 5 K higher
than the 30-year average (1981-2010).

According to back trajectory analysis, air parcels released at
the surface on the time when the highest maximum temperature
is observed at Kumagaya came from the region up to 3.0 km
above sea level over the Sea of Japan.

Lagrangian energy budget analysis shows that adiabatic heating
accounts for about 87.5% of the increase in the thermal energy
transfer to the air parcels, the rest being diabatic. The diabatic
heating is caused by direct heating associated with surface sen-
sible heat flux and heating associated with the mixing by turbu-
lent diffusion. This mechanism is similar to the modified type-c
foehn winds described in Takane et al. (2011). We conclude that
modified type-c foehn wind occurs and play important role in
the record-breaking high temperature on 23 July 2018.
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Supplement

Supplementary Fig. S1 shows the model domains and terrains.
Supplementary Table S1 shows the configuration of the numerical
experiments.
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