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Abstract

Following on from the observation results obtained from Wind profiler Network and Data Acquisition
System (WINDAS) data, as reported by Part I of this study, the dynamical processes responsible for the diurnal
component in lower-tropospheric winds are examined using Japan Meteorological Agency (JMA) mesoscale anal-
ysis data (MANAL) and four global reanalysis data sets (JRA25/JCDAS, ERA-Interim, NCEP1, and NCEP2).
Of these data sets, MANAL and JRA25 perform best in reproducing the WINDAS horizontal wind observa-
tions, including their diurnal and semidiurnal components. At 1-3 km height, Diurnal Eastward-moving Eddies
(DEEs) with a phase speed of 10-15 m s~! and diameter of ~700 km move eastward over the Sea of Japan and
over the Pacific throughout the year. The superposition of winds associated with DEEs over return currents con-
trols the diurnal wind component over the main Japanese islands, generating diurnal amplitude maxima in spring
and autumn at this height range. Analysis of global reanalysis data confirmed that the diurnal wind at 3-5 km in
winter—spring is controlled mainly by medium-scale eastward-traveling waves with amplitude maxima around the
tropopause. The diurnal wind at 3—5 km in summer—autumn is caused primarily by the diurnal tide with zonal
wavenumbers of <10. For stations located on small islands south of the Japanese mainland, the diurnal wind is
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controlled mainly by the diurnal tide for the entire lower troposphere throughout the year.

1. Introduction

In a companion paper, Sakazaki and Fujiwara
(2010; hereafter referred to as SF10) investigated
diurnal variations in lower tropospheric wind over
Japan, using a 6-year data set obtained by the
Wind profiler Network and Data Acquisition Sys-
tem (WINDAS) in Japan. The authors examined
the characteristics of diurnal and semidiurnal com-
ponents of zonal wind (#) and meridional wind (v)
for each height range and for each season. SF10
attributed the semidiurnal component to an atmo-
spheric semidiurnal migrating tide above ~1 km
and to local wind systems below ~1 km, through-
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out the year. In addition, the lower tropospheric
semidiurnal tide shows a seasonal variation, with a
maximum amplitude in winter. In contrast, the
characteristics of the diurnal wind component are
strongly dependent on location (the main Japanese
islands or small southern islands; see Fig. 1 of SF10),
height (near the surface, 1-3 km, or 3-5 km), and
season. Near the surface of the main Japanese is-
lands, local wind systems (mainly land—sea breezes)
are dominant throughout the year, with maximum
amplitudes from spring to autumn. At 1-3 km
height, the return currents of the local wind systems
are observed throughout the year. At this height
range, the amplitude attains maxima in spring and
autumn. The spring maximum is observed for sta-
tions along the north coast of the main Japanese
islands, while the autumn maximum is observed at
stations along the south coast. Considering that lo-
cal wind systems are strongest in summer (in terms
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of surface winds), SF10 inferred that these spring/
autumn maxima are caused by the superposition
of larger-scale disturbances on the return currents.
These disturbances show an eastward phase propa-
gation in winter—spring at 34—-40°N and the zonal
phase speed is estimated to be ~20 m s~!. Above
~3 km, the amplitudes attain a maximum in Feb-
ruary, and the amplitudes of v are larger than those
of u. In this height region, in winter—spring, the
phase propagates eastward at ~35°N. The zonal
phase speed is estimated to be ~25 m s~!, faster
than that of the disturbance at 1-3 km. SF10 sug-
gested that medium-scale eastward-traveling waves
centered in the upper troposphere control the
diurnal wind component, resulting in the amplitude
maximum in February. In summer—autumn, in
contrast, the phases of most stations are coherent,
suggesting that a much larger-scale wind system
prevails, with a horizontal scale of >3000 km.
This wind system may be due to the atmospheric
diurnal tide, although the phase is not consistent
with that in a tidal model (GSWMO02). Finally, it
was found that the diurnal component at stations
on small southern islands shows different character-
istics to that recorded at stations upon the main
Japanese islands.

In this paper, we investigate the four dynamical
processes that contribute to the observed character-
istics in the diurnal wind component over Japan;
these processes are (1) the eastward-moving dis-
turbance at 1-3 km in winter—spring, (2) the
eastward-traveling disturbance at 3-5km in
winter—spring, (3) the large-scale (>3000 km)
wind system at 3-5 km in summer—autumn, and
(4) the wind system over the small southern is-
lands throughout the entire lower troposphere.
Since 2001, the Japan Meteorological Agency
(JMA) has been operating the meso-scale analysis
(MANAL), which is used as the initial conditions
for the JMA Meso-Scale Model (MSM). The
analysis covers the region of 120-150°E and 22—
46°N (Fig. 1), and is performed every 3 or 6 hours
with a fine horizontal resolution (~11 x 11 km or
~22 x 22 km). This data set should be appropriate
for examining the nature of diurnal wind variations
over Japan, particularly for local-mesoscale phe-
nomena. Furthermore, four-times-daily global re-
analysis data, which cover the entire globe, are
used to investigate the global structure of the diur-
nal wind component.

We first examine the validity of wind data, in-
cluding their diurnal and semidiurnal components,
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in the lower troposphere in the above analysis data
sets by comparing them with WINDAS observa-
tions. Subsequently, we investigate the four dynam-
ical processes mentioned above. The remainder of
this paper is organized as follows. Section 2 de-
scribes the data sets and analysis methods, and in
Section 3 we examine the validity of horizontal
winds in the analysis data sets, including their diur-
nal and semidiurnal components. In Section 4, we
investigate the diurnal component, considering the
return currents, diurnal eastward-moving eddies
(DEEs), atmospheric tides, and medium-scale
eastward-traveling waves. Finally, the main find-
ings are summarized in Section 5.

2. Data and analysis methods

We use MANAL data for the 5-year period from
April 2003 to March 2008 (1 year shorter than the
analysis period for WINDAS/AMeDAS data con-
sidered in SF10). Data are available every 3 hours.
Note that for the period prior to February 2006, as-
similated values are obtained only four times daily,
at 0000, 0600, 1200, and 1800 UTC, while the data
at 0300, 0900, 1500, and 2100 UTC are predicted
using the model. After February 2006, the data
consist only of assimilated data every 3 hours. In
this study, we analyze assimilated data only. In
MANAL, the wind data from WINDAS are as-
similated with an assimilation window of 3 hours
(6 hours) before (after) February 2006, using a
four-dimensional variational method. Several phys-
ical schemes in the model and the dynamical core
have changed several times during the analysis
period (JMA Numerical Prediction Division 2008).
Detailed information regarding MANAL can be
found in JMA Numerical Prediction Division
(2008).

Figure 1 shows the region covered by MANAL,
as well as the locations of WINDAS stations. The
stations are located on the four main islands of
Japan (hereafter referred to as the main Japanese
islands) and small islands located south of the
Japanese mainland (small southern islands) (see
Fig. 1 in SF10). Central Honshu is dominated by
mountainous areas (~2000 m above sea level);
the MANAL model treats topographical features
better than does reanalysis. The horizontal spacing
of MANAL is 0.25°x0.2° (~22x22km at
35°N) for the period before February 2006, and
0.125° x 0.1° (~11 x 11 km at 35°N) after Febru-
ary 2006. The vertical levels of output data are
1000 (only after February 2006), 975, 950, 925,
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Fig. 1. Extent of the region considered in MANAL. WINDAS stations are denoted by crosses. Contour lines

show the coast and topography at intervals of 500 m. At 35°N, 1° of longitude corresponds to ~90 km.

900, 850, 800, 700, 600 (only after February 2006),
500, 400, 300, 250, 200, 150, and 100 hPa. Of these
levels, those used in the present study are summa-
rized in Table 1.

We also use the following four global reanalysis
data sets for examining the global structures of
diurnal wind variations: NCEP/NCAR reanalysis
data (NCEP1) (Kalnay et al. 1996), NCEP-DEO
AMIP-II reanalysis data (NCEP2) (Kanamitsu et
al. 2002), ECMWEF reanalysis data (ERA-Interim)
(Simmons et al. 2006; Uppala et al. 2008), and
Japanese reanalysis data (JRA25/JCDAS; hereafter
referred to as JRA25) (Onogi et al. 2007). These
data sets are all four-times daily, at 0000, 0600,
1200, and 1800 UTC. We analyze data for a 6-
year period from April 2002 to March 2008 (the
same period as that considered in SF10). The
horizontal spacing of the data is 2.5° x 2.5° for
NCEP1 and NCEP2, 1.5° x 1.5° for ERA-Interim,

and 1.25° x 1.25° for JRA25. The number of pres-
sure levels is 17 for NCEP1 and NCEP2, 37 for
ERA-Interim, and 23 for JRA25. The top level is
10 hPa for NCEPI and NCEP2, 1 hPa for ERA-
Interim, and 0.4 hPa for JRA25. Of these vertical
levels, the levels used in this study are listed in
Table 1. It should be noted that the WINDAS
observations are assimilated in JRA25 and ERA-
Interim, but not in NCEP1 and NCEP2.

The procedures employed in data processing
and analysis are basically the same as those for
WINDAS and AMeDAS data in SF10, as briefly
explained below. By performing a 3-month running
average for each pressure level and each local time,
3-hourly (for MANAL data) and 6-hourly (for
MANAL and global reanalysis data) composite
data are calculated for each grid point, for each
pressure level, and for each month. Because of the
change in the temporal and spatial resolution of
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Pressure levels of MANAL and reanalysis data that roughly correspond to the height levels of WINDAS

observations. The pressure levels in MANAL/global reanalysis are denoted by O. For MANAL, the pressure levels

present only in MANAL?2 are denoted by A.

WINDAS height (km) | 04 07 1.0 13 16 19 22 25 31 36 42 48 51
Pressure level (hPa) 975 925 900 875 80 800 775 750 700 650 600 550 500
MANAL o o o — o o — — o — A — O
JRA25/ICDAS - o - - o — - - 0 — 0o — o
ERA-Interim o o0 o o O O O O O O O O O
NCEPI - o - — o — — — 0o — 0o — O
NCEP2 - o - — o — — — o — o — O

MANAL data (as described above), two kinds of
composite data are prepared for MANAL data:
one obtained using the assimilated values every 6
hours for the entire 5 years using grid points of
0.25° x 0.2° in size (denoted as MANALI), and
the other obtained using the assimilated values
every 3 hours, only for the last 2 years, using
grid points of 0.125° x 0.1° in size (denoted as
MANAL2). For MANAL?2, the diurnal and semi-
diurnal components are extracted by Fourier analy-
sis. For MANALI and all of the reanalysis, only
the diurnal component is extracted. The 3-hourly
data used in Figs. 10-13 and 16-17 are compiled
using this harmonic diurnal component.

For global reanalysis data, we represent the
spatial and temporal dependence of the diurnal
component of u and v as

n

X(h¢,z,0) =Y las(,z) cos(ewt + 54)

S=—n

+ by(¢,2) sin(wt + 7)), (1)

following the method by Haurwitz and Cowley
(1973). Here, X is either u or v; 4, ¢, and z are
longitude, latitude, and altitude, respectively; ¢ is
time in Universal Time (UT); » is half the total
number of grid points in longitude; a; and by are
harmonic amplitudes; w is the angular velocity of
the Earth’s rotation; and s is the zonal wavenum-
ber. The sign of s represents the direction of wave
propagation, with positive values for westward-
propagating disturbances.

3. Validation of analysis and reanalysis data

Here, we validate the winds in MANAL and
global reanalysis data by comparing them with
WINDAS winds. In Section 3.1, we validate the

original winds (i.e., the wind data before perform-
ing composite analysis). In Sections 3.2 and 3.3,
the diurnal and semidiurnal components of the
original winds are validated, respectively. The cor-
respondence between height levels in WINDAS
data and pressure levels in analysis data follows
that shown in Table 1.

3.1 Validation of original winds

Following Willmott (1982), we calculate the in-
tercept, a, and slope, b, of the least-squares regres-
sion, P; = a+ bO;, where O; is a WINDAS value
and P; is a MANAL /global reanalysis value at the
grid point closest to each WINDAS station. Least-
mean-square errors (RMSEs) and the index of
agreement, d, are also calculated. d is defined as

N
dzl—[Z(Pi—O,-)z/

i=1

N p— —
> (1P =0l +10; - 0))?
i=1

: (2)

where O represents the average of O;, and N is
the number of data used for the calculation. The
denominator of the second term in Eq. (2) can be
viewed as a measure of the sum of variance,
whereas the numerator is the sum of square errors.
Thus, the second term is roughly regarded as the
ratio of errors to the variance. This index varies
from 0.0 (i.e., no agreement between P; and O;) to
1.0 (i.e., perfect agreement) (for details, see Will-
mott 1982). The index is widely used for model
validation to assess the reproducibility of observa-
tion results (e.g., Cai and Steyn 2000; Nitis et al.
2005).

Figure 2 shows vertical profiles of a, b, RMSE,
and d for zonal and meridional winds in DJF and
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Fig. 2. Vertical profiles of the (a) intercept and (b) slope of the least-squares regression, (¢) RMSE, and (d)
index of agreement, for (top) the zonal wind component and (bottom) the meridional wind component,
with respect to WINDAS data. Solid lines are for MANALI, dashed lines for JRA25, dotted lines for
ERA-Interim, dot-dashed lines for NCEP1, and dot-dot-dashed lines for NCEP2. Thick (thin) lines are
for JJA (DJF). The correspondence between pressure levels and height levels follows that described in

Table 1. See the text for details.

JJA. This figure shows a number of features. First,
all data sets show that ¢ (Fig. 2a) is positive for
both zonal and meridional winds throughout the
year, and is larger for u than for v (note the differ-
ence in the abscissa range between u and v). In ad-
dition, @ in DJF is larger than that in JJA. Second,
b (Fig. 2b) is approximately constant with height
(0.75-0.95), except near the surface, and b in
DIJF is generally smaller than that in JJA. Third,
RMSE (Fig. 2c) is near-constant with height.
RMSE in DIJF is larger than that in JJA for all
data sets; the reproducibility is relatively poor in
DJF. Finally, d (Fig. 2d) is small below ~1 km,
but is nearly constant with height above ~1 km,
yielding values close to one for both u and v
throughout the year. There is no marked difference
in d between zonal and meridional winds or be-
tween DJF and JJA.

Among the data sets, MANAL performs best in
reproducing the WINDAS winds: for both « and v,
a is smallest, b is closest to unity, RMSE is small-
est, and d is closest to unity. Of the four global re-
analysis data sets, reproducibility is best for JRA2S;
the other three data sets show similar performance
in terms of lower-tropospheric winds over Japan.
The difference between NCEP1 and NCEP2 is so
small that the corresponding trend lines (Fig. 2)
largely overlap.

3.2 Validation of the diurnal wind component

The diurnal component in WINDAS is obtained
from hourly hourly-averaged data (as explained in
SF10), while that in MANALI and reanalysis is
from 6-hourly snapshot data. The following results
do not change if we use only 6-hourly hourly-
averaged WINDAS data (not hourly data) in calcu-
lating the diurnal component. This finding indicates
that negligible error arises from the difference in
sampling interval. In Section 3.2.a, we examine the
average errors in these data sets, and in Section
3.2.b we validate the horizontal inhomogeneity of
the diurnal wind component over Japan. In Section
3.2.c, the seasonality is validated.

a. Root-mean-square errors

Figure 3 shows vertical profiles of RMSE for
the amplitude (RMSEa), phase (RMSEp), and har-
monic dial vector (RMSEh) of the diurnal wind
component for u and v. The harmonic dial vectors
represent the amplitude and phase of any harmonic
component based on their length and direction, re-

spectively. RMSEM is defined as

1 &
= "V = Val’,
Nl’ i=1

where Vyy and V, are the harmonic dial vectors

RMSEh = (3)
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Fig. 3.

of the WINDAS and analyses, respectively, and N,
is the total number of WINDAS stations. By defini-
tion, RMSEh is related to both RMSEa and
RMSEp. As in Section 3.1, the analysis data at
the horizontal and vertical grid points closest to
each WINDAS station are used for calculation. In
Fig. 3a, RMSEa in DJF is nearly constant at 0.2—
0.3m s~'. In JJA, RMSEa attains a maximum of
0.3-0.4 m s~ near the surface but shows a con-
stant value at 0.1-0.2 m s~! with increasing height
above ~1 km. Considering the diurnal amplitudes
of WINDAS data (Fig. 7 in SF10), the relative
ratio of errors is ~0.5 near the surface in both
DJF and JJA, and ~0.4 (<0.2) in DJF (JJA)
above ~1 km. In DJF (JJA), RMSEp is constant
at 3-5 hr (2—-4 hr) (Fig. 3b), corresponding to just
~n/6 (~7n/8) radians in DJF (JJA). In Fig. 3c,
RMSEh summarizes the findings for RMSEa and
RMSEb. RMSEh is 0.3-0.4 (0.2-0.3)m s~! in
DIJF (JJA), except for large values near the surface.
Thus, the diurnal wind component in WINDAS is
reproduced reasonably well, particularly above
~1 km and in JJA. The reproducibility is best for

As for Fig. 2, but for RMSE for the diurnal wind component in terms of the (a) amplitude, (b) phase,
and (c) harmonic dial vector. See the text for details.

MANALLI, followed by JRA25 and ERA-Interim.

b.  Spatial inhomogeneity

In addition to the above quantitative measures
averaged over Japan, it is important to assess the
reproducibility of the spatial characteristics of the
diurnal wind component observed by WINDAS.
Figure 4 shows the harmonic dial vectors of
the MANAL1/JRA25 diurnal component of v at
1.6 km (850 hPa) and 5.1 km (500 hPa) in DJF
and JJA.

The key findings in SF10 regarding WINDAS
winds at 1-3 km, including the 850 hPa level, are
an eastward phase propagation in DJF-MAM and
a phase contrast between the north and south
coasts of the main Japanese islands associated with
the return currents of the surface wind system
throughout most of the year. For phase prop-
agation, at 850 hPa in DJF (Figs. 4a, e), the
WINDAS phase for stations at ~35°N shows that
the phase is ~0700 LT at 130°E, ~1300 LT at
135°E, and ~1800 LT at 140°E, indicating an
eastward-propagating disturbance. The MANALI

Fig. 4. Harmonic dial vectors of the diurnal component of v. Thick arrows represent vectors derived from
WINDAS data, while thin vectors represent vectors derived from (a—d) MANALI and (e-h) JRA2S5 data.
(a) and (e) are for 850 hPa (1.6 km) in DJF, (b) and (f) are for 850 hPa (1.6 km) in JJA, (c) and (g) are for
500 hPa (5.1 km) in DJF, and (d) and (h) are for 500 hPa (5.1 km) in JJA, in MANALI/JRA25
(WINDAS). Reference harmonic dial vectors are shown at bottom right.
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(Fig. 4a) and JRA25 (Fig. 4e) vectors are largely
consistent with this phase propagation, showing
that the phase at 35-40°N is ~0600 LT at 130°E,
~1200 LT at 135°E, and ~1800 LT at 140°E. For
the phase contrast due to the return currents, at
850 hPa in JJA (Figs. 4b, ), the WINDAS phase
for stations along the north (south) coast of the
main Japanese islandsis ~1800 LT (~0300 LT);
that is, the winds are onshore during the nighttime.
This phase contrast is also well reproduced by
MANALI (Fig. 4b) and JRA25 (Fig. 4f).

The key findings in SF10 regarding WINDAS
winds at 3-5 km, including the 500 hPa level,
are an eastward phase propagation in DJF-MAM
and coherent phases over Japan in JJA-SON.
For phase propagation, at 500 hPa in DJF (Figs.
4c, g), the WINDAS vectors for stations at
~35°N show that the phase is ~0700 LT at
132°E, ~1300 LT at 135°E, and ~1700 LT at
140°E, indicating an eastward-propagating distur-
bance. This phase propagation is well reproduced
by both MANALI1 (Fig. 4c) and JRA25 (Fig.
4g), although the phases in MANALI/JRA2S5 are
~3 hr later than those in WINDAS, and the ampli-
tudes in MANALI/JRA2S are 0.2-0.4 m s™!, ap-
proximately half those in WINDAS (this trend is
especially pronounced in eastern Japan). These
errors result in the relatively large RMSEs in
DIJF, as shown in Fig. 3. For the coherent phases
over Japan at 500 hPa in JJA (Figs. 4d, h), the
WINDAS phases are almost constantly 03000900
LT, with amplitudes of ~0.5 m s~'; MANALI and
JRA25 amplitudes and phases are consistent with
these WINDAS values.

SF10 also reported that stations on small south-
ern islands are influenced by a different wind sys-
tem from that over the main Japanese islands
throughout the entire lower troposphere during the
whole year. At 850 hPa (Figs. 4a, b, e, f) for the
region of (20-32°N, 120-135°E), the MANALI1
and JRA25 amplitudes are ~0.5m s~' in both
DJF and JJA, and the phases are coherent at
0900-1200 LT in DJF and at 0300-0600 LT in
JJA. At 500 hPa (Figs. 4c, d, g, h), the MANALLI
and JRA25 amplitudes are ~0.5m s~' in both
DJF and JJA, and the phases are coherent at
0300-0700 LT in DJF and at 0900-1200 LT in
JJA. These amplitudes and phases are largely con-
sistent with those at WINDAS stations located on
small southern islands. In addition, the MANALI1
and JRA25 vectors confirm that the wind system
around these stations has a large horizontal scale

Vol. 88, No. 3

(>3000 km) at both 850 and 500 hPa and in both
DIJF and JJA, being different from that recorded
by stations on the main Japanese islands.

The spatial inhomogeneity of the diurnal compo-
nent of u is also examined (data not shown). In
both MANALI1 and JRA2S5, the eastward phase
delay is not seen at 850 hPa in DJF. At 500 hPa in
DIJF, the eastward phase propagation is observed
only along the latitude region of ~40°N. In other
areas at 500 hPa in DJF, the phases are different
between the north and south coasts of the main
Japanese islands. At 500 hPa in JJA, the winds are
coherent over Japan. These features are consistent
with the WINDAS observations reported in SF10.

Other global reanalysis data (ERA-Interim,
NCEP1, NCEP2) give similar results to those de-
rived from JRA2S5. Note that the eastward phase
propagation at lower levels (~850 hPa) in DJF
(Fig. 4a or e) is reproduced in the v of ERA-
Interim at 850-700 hPa in winter—spring, but not
by NCEP1 or NCEP2. This finding probably
reflects the fact that WINDAS data are not assimi-
lated in NCEP1 and NCEP2. The phase propaga-
tion at upper levels (~500 hPa) in DJF (Fig. 4c or
g) is well reproduced by all the reanalysis data sets.

¢.  Seasonal variations

Finally, we consider seasonal variations in the di-
urnal wind component. SF10 showed that the am-
plitudes near the surface are largest (~0.8 m s~!) in
summer; those at 1-3 km show maxima in spring
(~0.5 m s7!) and autumn (~0.6 m s!), and those
above 3 km show a maximum (~0.8 m s™!) in
February. Figure 5 shows the month—pressure
distributions of MANALI1 diurnal amplitudes
averaged for the 31 grid points closest to each
WINDAS station. Near the surface, the MANALI
amplitude has a broad peak of 0.6-0.8 m s~! from
spring to autumn for both u and v, consistent
with the findings of SF10. At 850-700 hPa, the
MANALI amplitude of u and v has a maximum
of 0.4-0.5m s~!' in August—October, correspond-
ing to the autumn maximum in WINDAS at 1-
3 km, although the amplitude is ~0.2m s~!
smaller than that in WINDAS. Note that the spring
maximum at 1-3 km in WINDAS is not repro-
duced in the all-station average in Fig. 5; however,
it appears in the average for stations along the
north coast (see Fig. 9a). Above 700 hPa, the
MANAL1 amplitude reaches a maximum of
~0.4 m s~ in May for both u and v, with the am-
plitude of v being somewhat larger than that for u.

1
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This maximum corresponds to the February maxi-
mum in WINDAS, but the amplitude is approxi-
mately half that in WINDAS (SF10).

JRA25 and ERA-Interim data show a similar
seasonal variation to that in MANAL, although
the surface amplitude (0.4-0.5 m s~!') is smaller
than that in  WINDAS and MANALI
(~0.8 ms~!). In NCEP1 and NCEP2, the seasonal
variation above 700 hPa is similar to that in
MANALI] (maximum in May), but the seasonal
variation near the surface and at 8§50-700 hPa in
WINDAS and MANALI is not reproduced.

3.3 Validation of the semidiurnal wind component

Here, we validate the semidiurnal wind compo-
nent in MANAL2. The semidiurnal component in
WINDAS is obtained from hourly hourly-averaged
data, while the component in MANAL? is derived
from 3-hourly snapshot data. By comparing the
results with those from only 3-hourly hourly-

0.2 .
a averaged WINDAS data, we confirmed the exis-
tence of negligible errors due to the difference in
Fig. 5. Month—height distributions of the di- sampling mterva}. SF10 found that the semidiurnal
urnal amplitudes of (a) u and (b) v derived phase (_’f u (U) 18 ~0400 LT _(““0100 LT) abOYe
from MANALI] data, averaged for the 1 km; in addition, the semidiurnal amplitude is
31 MANALI grid points closest to each largely constant with height, and the amplitude is
WINDAS station. Dashed lines represent largest in winter (0.4-0.5 m s~!) and smallest in
statistically significant regions (95% level; summer (0.2-0.3 m g_l)_
t-test). Figure 6 shows vertical profiles of RMSEa,
RMSEp, and RMSEh of the semidiurnal compo-
nent for WINDAS and MANAL2. RMSEa is
0.1-0.2 m s~! and the relative ratio of errors is
~0.3. RMSEp is 1-2 hr, corresponding to /12—
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Fig. 6. As for Fig. 3, but for RMSE for the semidiurnal wind component between WINDAS and MANAL2.
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Fig. 7. As for Fig. 4, but for the semidiurnal component of v from WINDAS and MANAL2 data.

n/6 radians, and RMSEh is 0.1-0.2 m s~!. Thus,
the semidiurnal wind component is also reproduced
reasonably well in MANAL?2.

Figure 7 shows the harmonic dial vectors of
the semidiurnal wind component of v in DJF and
JJA at 1.6 km (850 hPa) and 5.1 km (500 hPa) for
WINDAS (MANAL2) data. The MANAL2 vec-
tors show that the phase of the semidiurnal compo-
nent of v is 0000-0200 LT for the whole analysis
region, at both 850 and 500 hPa, and in both DJF
and JJA. This phase is largely consistent with that
in WINDAS and that of the theoretical semidiurnal
migrating tide. The semidiurnal component of u
in WINDAS is also reproduced reasonably well by
MANAL2 (data not shown); the phase is 0300—
0500 LT in MANAL, being preceded by that of v
by a quadrature.

Figure 8 shows the month—pressure distributions
of the MANAL2 semidiurnal amplitudes averaged
for the 31 grid points closest to each WINDAS sta-
tion. The amplitudes in both u and v attain maxima
(0.4-0.5 m s7!) in winter—spring, largely consistent

with the results in WINDAS (Fig. 15 in SF10),
both qualitatively and quantitatively, except that
the amplitude in MANAL2 is largest at 900—
850 hPa, particularly for v, being lower than the
value derived from WINDAS data (4-5 km). In
Fig. 7, the amplitude in DJF is larger than that in
JJA for the entire analysis region, including Japan.

In summary, the spatial and seasonal character-
istics of the WINDAS diurnal wind components
reported by SF10 are reproduced reasonably well
at both 1-3 km and 3-5 km, at least in MANALIL,
JRA25, and ERA-Interim. The semidiurnal wind
component is reproduced reasonably well in
MANAL2.

4. Results and discussion regarding the diurnal
wind component

Here, we investigate the dynamical processes
that control the diurnal wind component over
Japan at 1-3 km (900-700 hPa) and 3-5 km
(700-500 hPa), based mainly on MANALI and
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JRA25. We focus on the height region above
~1 km, as below ~1 km it is clear that local wind
systems are the primary processes. In Section 4.1,
based on MANALI data, we discuss the seasonal
maxima in the diurnal wind component at 1-3 km
found in spring and autumn, as reported by SF10.
In Section 4.2, based on JRA25 data, we reveal the
contribution of atmospheric tides to the diurnal
wind component at 3—5 km height over the main
Japanese islands, and throughout the entire lower
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troposphere at stations on small southern islands.
In Section 4.3, again based on JRA25 data, we con-
firm the suggestion made by SF10 that medium-
scale eastward-traveling waves prevail at 3-5 km
in winter—spring.

4.1 Return currents and diurnal eastward-moving
eddies

WINDAS and MANALI data reveal that the
diurnal amplitude at 850—700 hPa has maxima in
spring and in autumn. Figure 9 shows the regions
and time periods when the diurnal amplitude of v
attains its maximum at 800 hPa (~2 km height),
based on MANALI data. Along the north coast of
Japan and over the Sea of Japan, the amplitudes
tend to attain maxima in MAM, whereas along the
south coast of Japan and in the Pacific south of
Japan, the amplitudes tend to attain maxima in
August—September—October (ASO). These features
are also seen in the diurnal component of u (data
not shown).

Figures 10—12 shows time series of the spatially
high-pass filtered diurnal component of horizontal
winds and geopotential height at 800 hPa in dif-
ferent seasons, as derived from MANALI data.
Large-scale, low zonal-meridional-wavenumber
components (i.e., tidal components) are defined
using multiple regressions (i.e., X =ax+ by +c,
where x and y are longitude and latitude, respec-
tively) at each local time, and are subtracted from
the original fields. We have confirmed that the re-
gression components of winds are largely consistent
with the tidal wind field in JRA25 (see Section 4.2)
and that the distribution of spring and autumn
maxima in Fig. 9 does not change considerably be-
fore or after this high-pass filtering process. In other

(c) Aug—Sep—0Oct

l

150 120
°F

120 125 130 145

145

125 130 135 140 145

Fig. 9. Regions and time periods for which the diurnal amplitude of v attains a maximum at 800 hPa derived
from MANALI data. Panel (a) shows such regions (dotted) in March—May, panel (b) in June—July, and

panel (c) in August—October.



360 Journal of the Meteorological Society of Japan

(09 JST)

T o IR

Vol. 88, No. 3
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Fig. 10. Time series of the longitude—latitude distributions of the diurnal component of horizontal winds
(vectors) and geopotential height (color scale) at 800 hPa in March—April-May (MAM), as derived from
MANALLI data at 0000 Japanese Standard Time (JST) to 2100 JST at 3-hour intervals. Three-hourly data
were compiled from the harmonic diurnal component (see Section 2). A high-pass filter has been applied;
see the text for details. A reference vector is shown at the bottom.

words, the spring and autumn maxima are primar-
ily caused by smaller-scale disturbances, not by the
diurnal tide. In Section 4.1.a, we describe the fea-
tures of eastward-moving phenomena reported for
the first time in this paper. Subsequently, the contri-
bution of these phenomena to the diurnal wind
component at 1-3 km is discussed in Section 4.1.b.

a. Diurnal eastward-moving eddies

Figures 10—12 show that eddies with a horizontal
scale of ~700 km move eastward over the Japan
region throughout the year. In MAM (Fig. 10), a
region with large geopotential height (hereafter, Z)
first appears at 0000 Japanese Standard Time
(JST) in the northwesternmost part of the Sea of
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Fig. 11.

Japan, at around (42°N, 132°E). The region of high
Z propagates eastward, accompanied by anticy-
clonic winds. The center of this anticyclonic eddy
is at (43°N, 133°E) at 0300 JST, (41°N, 134°E) at
0600 JST, (41°N, 135°E) at 0900 JST, and reaches
(41°N, 138°E) at 1200 JST. The phase velocity is
estimated to be ~15 m s~ based on a Hovmoller
diagram for v (data not shown). This speed is ap-
proximately consistent with that estimated from
the phase propagation at 1.9 km in February in
WINDAS (~20m s7!), as reported by SFI10.
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As for Fig. 10, but in May—June—July (MJJ).

Therefore, we suggest that the eastward phase
propagation at 1.9 km in winter—spring, as re-
ported by SF10, is due to this eddy. The diameter
of the eddy is estimated to be ~700 km. Hereafter,
this type of eddy is referred to as a ‘““Diurnal
Eastward-moving Eddy (DEE),” and the DEE
over the Sea of Japan, as described above, is re-
ferred to as “DEE-a”. DEE-a is also found in other
seasons. In May—June—July (MJJ) (Fig. 11), the
positive Z region for DEE-a travels eastward at
the same latitude region and at the same phase
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Fig. 12. As for Fig. 10, but in August—September—October (ASO).

speed as in MAM. However, the amplitude of Z
for DEE-a in MJJ is only half that in MAM (e.g.,
at 0300 JST). In ASO (Fig. 12), the location of
DEE-a at a given time is different from that in
MAM and MJ]J, although the phase speed is simi-
lar. For example, at 0900 JST, DEE-a is found at
134°E in ASO, but at 136°E in MAM and MJJ.
In addition, in ASO, DEE-a tends to sustain its
original strength during eastward propagation. For
example, the positive Z region of DEE-a at 1200
JST has a value of ~1 m in ASO, whereas DEE-a
is not evident at 1200 JST in MAM and MJJ.

Figure 13 (left panels) shows a time series of
the longitude—pressure distributions of the diurnal
component of v and Z at 41°N in ASO, where and
when DEE-a develops (Fig. 12), from 0000 JST to
0900 JST at 3-hour intervals. At 0000 JST, a posi-
tive Z region appears at 850-700 hPa, along the
eastern slope of high mountains upon the east coast
of the Eurasian Continent (~130°E). At 03000600
JST, the positive Z develops up to 500 hPa and ex-
tends eastward. The diurnal component of v is also
strong up to 800-500 hPa, being in geostrophic
balance with the westward pressure gradient at
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Longitude—pressure distributions of the diurnal component of v (contours) and Z (gray scale), as

derived from MANALI data at (a) 00 JST, (b) 03 JST, (c) 06 JST, and (d) 09 JST along 41°N between
125°E and 140°E, and at (e) 00 JST, (f) 03 JST, (g) 06 JST, and (h) 09 JST along 37°N between 135°E
and 150°E, in August—September—October (ASO). Black shading indicates the topography. Three-hourly
data were compiled from the harmonic diurnal component (see Section 2).

~130°E. At 0900 JST, the positive Z and associ-
ated v propagate further eastward to ~133°E, with
their center being near the surface (900-800 hPa).
DEE-a has a barotropic structure up to 700-
500 hPa.

Two other DEEs were observed along the east
and south coasts of Japan. Figure 10 shows that
one of the DEEs (DEE-b) propagates eastward
from the east coast of Japan (37°N, 143°E) at 0000
JST, through (37°N, 144°E) at 0300 JST and
(37°N, 146°E) at 0600 JST, to (38°N, 148°E) at
0900 JST. The other DEE (DEE-c) propagates
from the south coast of Japan at (32°N, 133°E) at
0300 JST, through (31°N, 135°E) at 0600 JST and
(30°N, 137°E) at 0900 JST, to (30°N, 139°E)

at 1200 JST. Both eddies have a diameter of
~700 km. The zonal phase speed is estimated to
be 10-15m s~ based on a Hovmoller diagram.
DEE-b is also observed in MJJ and ASO, affecting
the diurnal wind component over Japan, as shown
in the following section. DEE-c is only observed in
MAM.

Figure 13 (right panels) also shows a time series
of the longitude—pressure distributions of the diur-
nal component of v and Z at 37°N in ASO, where
and when DEE-b develops (Fig. 12). The character-
istics of DEE-b are similar to those of DEE-a. At
0000 JST, a positive Z region appears near the east
coast of Japan at ~140°E in the height region from
975 hPa to 700-500 hPa. At 0300 JST, the region
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of positive Z has developed and moved eastward to
~143°N. The diurnal component of v is strong up
to 700-500 hPa, being in geostrophic balance with
the zonal pressure gradient (~140°E) associated
with DEE-b. At 0600-0900 JST, the positive Z
and associated v propagate further eastward, with
their center near the surface (900-700 hPa). DEE-
b has a barotropic structure up to 700-500 hPa, as
with DEE-a.

Thus, it is confirmed that at least three DEEs,
with diameters of ~700 km, prevail around Japan
throughout the year. The DEEs are generated on
the eastern side of high mountainous regions (either
on the eastern edge of the Eurasian Continent or in
Japan) and move eastward over the ocean with a
zonal phase speed of 10—-15m s~'. The pressure
and velocity fields largely satisfy the geostrophic
relationship. In addition, the DEEs are confined
to below ~700 hPa (~3 km), showing a barotropic
structure. Note that the strength and temporal/
spatial configuration of the DEEs show a strong
seasonal variation, which is a key feature in terms
of understanding seasonal variations in the diurnal
wind component over Japan, as will be shown in
the following section.

The DEEs are different from the medium-scale
waves that develop in the upper troposphere (Sato
et al. 1993; see also Section 4.3): the zonal wave-
length (~1500 km: double the horizontal scale of
an eddy) and the zonal wave velocity (10-15 m s™!)
of DEEs are smaller than those of medium-scale
waves (2000-3000 km and 25 m s~', respectively).
In addition, the DEEs are confined to the lower
troposphere.

b.  Contribution of DEEs to the diurnal wind
component over Japan

Here, we discuss the contribution of DEEs to
seasonality in the diurnal amplitude over the main
Japanese islands. During the nighttime (0000-0600
JST) at 800 hPa in MAM (Fig. 10), geopotential
height, Z, is negative (~—0.5 m) over the main
Japanese islands, while Z is positive over the adja-
cent sea. In contrast, Z at 975 hPa has large posi-
tive values (~2 m) over the main Japanese islands
during the nighttime (data not shown). Thus, dur-
ing the nighttime, the pressure gradient forces are
offshore at 975 hPa and onshore at 800 hPa. These
forces at 975 and 800 hPa control the local surface
winds (i.e., land—sea breezes) and their return cur-
rents, respectively. In fact, at 800 hPa (Fig. 10),
the winds are basically onshore at 0000-0600 JST
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and offshore at 1200-2100 JST over the main Japa-
nese islands. In addition, we find a large pressure
gradient over the Sea of Japan at 0000-0600 JST,
due to DEE-a. The anticyclonic winds oriented
normal to the pressure gradient (i.e., geostrophic
winds) are southwestward at 0300-0600 JST, being
onshore along the north coast. As a result of this
in-phase relationship, the winds associated with
DEE-a act to strengthen the return currents along
the north coast, and the diurnal component has
large amplitudes. The strong winds along the north
coast extend to the south coast, being in phase with
the surface wind system. This result explains the
finding by SF10 that the surface wind system ex-
tends up to 1.5 km in MAM.

In MJJ (Fig. 11), the low pressure system at
800 hPa over the main Japanese islands during the
nighttime is weaker than that in MAM. Tijm et al.
(1999) showed that the strength of the return cur-
rents relative to that of the surface winds is depen-
dent on the strength of the inversion above the
boundary layer. Thus, the weaker pressure gradient
between land and sea at 800 hPa in MJJ may be
due to seasonal variations in the vertical profile
of temperature; i.e., weaker stability in summer. In
addition to the weakness of the return currents, the
winds at 0300-0600 JST associated with DEE-a are
slightly weaker than those in MAM; consequently,
the onshore/offshore winds along the north coast in
MJJ are not as strong as those in MAM. In con-
trast, the return currents along the south coast in
MIJJ are stronger than those in MAM because of
the minor influence of winds from DEE-a. In MJJ,
the onshore (offshore) return currents from the
north and south coasts converge (diverge) over
the main Japanese islands during the nighttime
(daytime). In addition, these return currents do not
appear to feel the “local’’ coast but seem to be con-
trolled mainly by larger-scale (~100 km) pressure
gradient forces (i.e., the contrast between the main
Japanese islands and adjacent sea), as suggested in
SF10.

Finally, in ASO (Fig. 12), the nighttime pressure
gradient between the main Japanese islands and the
adjacent sea is not as clearly pronounced as that
in MAM, as is the case in JJA. Note that we see
a negative Z region of DEE-a centered at (40°N,
136°E) and at (40°N, 138°E), at 0000 JST and
0300 JST, respectively. At the same time, a positive
Z region of DEE-b starts to develop at (37°N,
143°E) at 0300 JST. Thus, the pressure gradient
force strengthens in a northwest—southeast orienta-
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tion at 135-140°E over Japan, generating strong
northward geostrophic winds, particularly over
southeastern Japan during the nighttime (0000—
0300 JST). These winds are basically in phase with
the return currents along the south coast, resulting
in large amplitudes in this region.

In DJF (data not shown), the return currents are
observed even though their amplitudes are small.
The main Japanese islands are influenced mainly
by the winds associated with DEE-a, as inferred by
SF10.

Finally, we briefly describe the results obtained
from global reanalysis data. DEE-a is observed
at 850 hPa (800 hPa) in JRA25 (ERA-Interim)
throughout the year. The characteristics in JRA25
and ERA-Interim (e.g., location, horizontal scale,
and phase speed) are basically the same as those in
MANALI, except that the strength in Z of DEE-a
in ERA-Interim is half that in MANALI and
JRA25. DEE-a generates large diurnal amplitudes
along the north coast during MAM in JRA25 and
ERA-Interim. In JRA25, DEE-b propagates in
the same way as that in MANALI in summer—
autumn, although the amplitude of Z is only half
that in MANALL. In JRA25, DEE-a and DEE-b
generate strong geostrophic winds in ASO, result-
ing in large diurnal amplitudes along the south
coast. DEE-b is barely observed in ERA-Interim,
and DEE-c is not observed in JRA25 or ERA-
Interim. Finally, no DEEs (i.e., DEE-a, DEE-b, or
DEE-c) are observed in NCEP1 or NCEP2.

In summary, at 800 hPa (~2 km), the return cur-
rents of the local wind systems, which are onshore
(offshore) during the nighttime (daytime), prevail
throughout the year. In addition, we discovered
that around Japan, DEEs with a horizontal scale
of ~700 km develop at regions with high moun-
tains and thereafter travel eastward with a zonal
phase speed of ~10—15m s~'. The diurnal wind
component at 800 hPa over the main Japanese is-
lands is determined by the superposition of the re-
turn currents and the winds associated with DEEs.
In spring, the DEE that develops and travels over
the Sea of Japan acts to strengthen the return cur-
rents along the north coast. In autumn, the pressure
gradient between two DEEs acts to strengthen the
return currents along the south coast.

4.2 Diurnal tide
Here, we examine the contribution to the diurnal
wind component of the atmospheric diurnal tide,
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Fig. 14. Diurnal amplitudes of v for each
zonal wavenumber averaged for 25-45°N
at (top) 850 hPa and at (bottom) 500 hPa
derived from JRA2S5 data. Solid lines are
for June—July—August (JJA), and dashed
lines are for December—January—February
(DJF). The positive and negative wave-
numbers correspond to components prop-
agating westward and eastward, respec-
tively.

based on JRA25 data. The three other reanalysis
data sets (ERA-Interim, NCEP1, and NCEP2)
yield similar results to those in JRA25 regarding
the amplitude of each zonal wavenumber compo-
nent (Fig. 14) and the horizontal distribution of
tidal amplitudes and phases (Fig. 15) for both u
and v.

Figure 14 shows the diurnal amplitude /a2 + b2
of v for each zonal wavenumber s in Eq. (1) aver-
aged for the latitude region from 25°N to 45°N at
850 and 500 hPa in DJF and JJA, based on
JRA25 data. Large amplitudes are confined to
—6 < s < 6 at 500 hPa. The amplitudes at 850 hPa
are more broadly distributed than those at 500 hPa.
Based on these findings, we define the diurnal tide
as the diurnal wind component reconstructed from
the components of (—10 < s < 10) in Eq. (1). The
ratio of variance for —10 < s < 10 to the total vari-
ance is 0.56 (0.61) in DJF (JJA) at 850 hPa, and is
0.53 (0.83) in DJF (JJA) at 500 hPa. The relatively
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850 hPa, and for (e) DJF, (f) MAM, (g) JJA, and (h) SON at 500 hPa. Reference harmonic dial vectors
are shown at bottom right. See the text for details.

low rate at 500 hPa in DJF is due in part to the
large amplitudes for —20 < s < —10, which result
from the medium-scale waves discussed in Section
4.3. Note that in the tidal model GSWMO02, the tide
is defined as the components of —6 <s < 6. We
confirmed that a change in the definition of tide to
(—6 < s < 6) has no qualitative effect on the below
results for the entire latitude region at 500 hPa
and for the latitude region equatorward of ~30°N
at 850 hPa. Figure 14 shows that among the tidal
components, the migrating component (s =1) is
large but not the largest, and the other nonmigrat-
ing components make a relatively large contribu-
tion to the diurnal tide, particularly at 850 hPa.
Figure 15 shows harmonic dial vectors for the
diurnal tidal component of v at 850 and 500 hPa,
based on JRA25 data. At 850 hPa and equator-
ward of ~33°N, the tidal phase and amplitude
are 0600-0900 LT and ~0.5m s~!, respectively,
throughout the year. Note that for the region of

(25-30°N, 120-130°E), the tidal amplitude reaches
~1.0m s~ ! in JJA. At 850 hPa and poleward of
~33°N, the tidal amplitude is small (<0.2 m s7!)
except in MAM, when the phases and amplitudes
over the Sea of Japan are 1200-1500 LT and
~0.5 m s™!, respectively.

At 500 hPa, the tidal phase is markedly different
(~6 hr) between the regions poleward and equator-
ward of ~35°N. The phase is 0900-1200 LT
(1400-1800 LT) poleward (equatorward) of 35°N
in DJF, and is 0300-0600 LT (0900-1200 LT)
in JJA, showing regional and seasonal variations.
The tidal amplitude is ~0.5 m s~! throughout the
year, being relatively large in areas equatorward of
~35°N.

An analysis of tidal component of u yields simi-
lar results to those above, except that the phase of
u is ~6 hr later than that of v and the wind vectors
rotate clockwise. This phase relationship is largely
consistent with tidal theory.
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Next, we estimate the contribution of the diurnal
tide to the diurnal wind component over Japan, by
comparing the results in Fig. 4 (for JRA25) with
those in Fig. 15. At 850 hPa, the tidal amplitudes
and phases (Figs. 15a, ¢) match those of the origi-
nal JRA2S vectors (Figs. 4e, ) for regions equa-
torward of 30°N, including stations on small south-
ern islands. Therefore, we conclude that the diurnal
wind component at these islands is controlled pri-
marily by the diurnal tide throughout the year,
even near the surface. In JJA, at 850 hPa, stations
on Kyushu (30-35°N, 128-132°E) are also con-
trolled mainly by the diurnal tide, as inferred
in Section 3.2.b. Furthermore, along the north
(south) coast of the main Japanese islands in
MAM (JJA), the tidal component with an ampli-
tude of ~0.2 m s~! is approximately in phase with
the return currents (Figs. 15b, ¢), meaning that the
diurnal tide acts to strengthen the diurnal wind
component to some extent in these regions and
seasons.

At 500 hPa in JJA, the tidal amplitudes and
phases (Fig. 15g) basically match those of the diur-
nal amplitudes and phases (Fig. 4h) over both the
main Japanese islands and small southern islands;
this finding also applies in SON (data not shown).
Therefore, we conclude that the large-scale diurnal
wind system reported by SF10 above 3-4 km in
JJA-SON is due primarily to the diurnal tide over
all of Japan. An analysis of u yields similar results
(data not shown). In DJF, in contrast, the tidal
vectors of v (Fig. 15¢) do not match the original
JRAZ2S vectors (Fig. 4g), except for small southern
islands at ~25°N. The tidal vectors of u in DJF
basically match the original vectors, except for the
latitude region of ~40°N, where eastward phase
propagation is observed (data not shown). In other
words, the difference in the phase of u between sta-
tions located along the north and south coasts in
DIJF, as reported in SF10, is explained by the tidal
components.

Here, we discuss the excitation mechanism of the
diurnal tide. For regions equatorward of 30°N, in-
cluding stations on small southern islands, an anal-
ysis of vertical profiles of the JRA25 tidal phase
shows that the phases have basically positive slopes
below 5-10 km (10-20 km) in DJF (JJA) and neg-
ative slopes above these levels (data not shown).
These findings indicate that the excitation sources
exist in the middle—upper troposphere, from which
energy propagates both upward and downward.
The vertical wavelengths below 5 km are small
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(~10 km) in DJF and large (~20 km) in JJA
(data not shown), being consistent with the
WINDAS results at small southern island stations
(SF10). These phase structures in JRA25, including
their seasonal variations, are basically consistent
with those of the diurnal tide excited by radiative
heating of water vapor (see Fig. 20 in Lieberman
and Leovy 1995). The GSWMO2 results, which
consider radiative heating of ozone, and water
vapor and latent heat release as excitation sources,
show similar phase structures, although the abso-
lute phase values are inconsistent with our results,
as shown in the following paragraph. Thus, the
diurnal tide for this latitude region would be pri-
marily excited by radiative heating of tropospheric
water vapor and/or latent heat release. In addition,
the small longitudinal variability of tidal phases in
these regions (Fig. 15) indicates the primary impor-
tance of the migrating component. It is inferred
that the long wavelengths in JJA show the domi-
nance of the principal Hough mode of the migrat-
ing component and that the small wavelengths
in DJF show the non-negligible influence of high-
order Hough modes of the migrating component.
For regions poleward of ~30°N, including the
main Japanese islands, the large horizontal vari-
ability of tidal components at 850 hPa (Figs. 15a—
d) indicates the dominance of nonmigrating com-
ponents throughout the year, which would be ex-
cited by sensible heating from the planetary bound-
ary layer. An analysis of profiles of JRA25 tidal
phase reveals that above 700 hPa (~3 km), the
phase structures are similar to those for regions
equatorward of 30°N. Thus, it is inferred that the
diurnal tide at 3-5 km for these regions is that
excited by radiative heating by tropospheric water
vapor and/or latent heat release, as is the case for
regions equatorward of ~30°N.

SF10 showed that the tidal phase at 4 km height
in the tidal model GSWMO02 is 1800 LT (1200 LT)
for u (v) at 20-50°N throughout the year. These
phases are largely consistent with the JRA2S tidal
phases equatorward of 30°N at 500 hPa, particu-
larly in JJA (Fig. 15). However, the seasonal varia-
tions in tidal phase shown in JRA2S5 are not repro-
duced in GSWMO02. Furthermore, the tidal phases
over the main Japanese islands (e.g., ~0600 LT in
JJA) are not reproduced in GSWMO2. This finding
raises the possibility that the inconsistency in the
diurnal wind component between WINDAS and
GSWMO02 at 500 hPa, as reported in SF10, occurs
because of the poor reproducibility of the diurnal
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tide in GSWMO02, at least over the main Japanese
islands. The poor reproducibility may result in
part from the lack of boundary layer heating in
GSWMO02, which is the main source of diurnal tides
near the surface (Tsuda and Kato 1989; Lieberman
and Leovy 1995), in part from the contrasting defi-
nitions of tides used in the present study and in
GSWMO02 (M. Hagan 2009, personal communica-
tion), and in part from the inaccuracy of the exci-
tation sources (water vapor and/or latent heat re-
lease) in GSWMO02.

In summary, we define the diurnal tide as the
diurnal component with zonal wavenumbers of
—10 <5< 10. For the region equatorward of
~30°N, including small southern islands, the diur-
nal wind component is controlled primarily by
the diurnal tide, over the entire lower troposphere
throughout the year. Over the main Japanese is-
lands, the diurnal tide is predominant at 3—5 km in
JJA-SON, as well as in some areas below 3 km
(e.g., over Kyushu in JJA). The diurnal component
at 3-5 km in DJF, in contrast, is not explained by
the diurnal tide over the main Japanese islands,
particularly for v.

4.3 Medium-scale eastward-traveling waves

In the previous section, we found that the diurnal
wind component (particularly v) at 500 hPa in
DIJF is not explained by the diurnal tide. At this
height region, WINDAS measurements (SF10) sug-
gest that medium-scale eastward-traveling waves
control the diurnal wind component over Japan in
DJF-MAM. The zonal phase speed and amplitude
at 5.1 km are estimated to be ~25m s~! and
~0.8 m s~!, respectively. Here, we confirm the
contribution of medium-scale waves to the diurnal
wind component based on an analysis of JRA25
data. Analyses of other global reanalysis data sets
(ERA-Interim, NCEP1, and NCEP2) yield similar
results for these waves.

Figure 16 shows a time series of longitude—height
distributions of the diurnal component of v, aver-
aged at 35-40°N from 0600 JST to 1500 JST in
February, based on JRA25. We observe a clear
wave train with a zonal wavelength of ~2300 km,
ranging from 700 to 200 hPa with a maximum
in the upper troposphere (~300 hPa). The vertical
structure is barotropic in this height region. These
waves travel eastward at a zonal phase speed of
~25m s! (e.g., at 300 hPa, a maximum at 128°E
at 0600 JST moves eastward to 137°E at 1500 JST).
At 500 hPa, the amplitude is ~0.7 m s~! over
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Fig. 16. Longitude—height distributions of
the diurnal component of v averaged for
35-40°N in February, as derived from
JRA25 data at (a) 0600 JST, (b) 0900 JST,
(c) 1200 JST, and (d) 1500 JST. The con-
tour interval is 0.25 m s~!. Three-hourly
data were compiled from the harmonic
diurnal component (see Section 2).

Japan (e.g., at 135°N in Fig. 16c). These character-
istics are largely consistent with the WINDAS
measurements presented by SF10, and are consis-
tent with the medium-scale waves in the upper
troposphere reported by Sato et al. (1993), although
the maximum amplitude at the tropopause in the
present study (~1 m s~!) is somewhat smaller than
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Longitude-latitude distributions of the diurnal component of horizontal winds (vectors) and geopo-

tential height (contours) in February, as derived from JRA25 at (a) 0600 JST, (b) 0900 JST, (c) 1200 JST,
and (d) 1500 JST at 300 hPa, and at (¢) 0600 JST, (f) 0900 JST, (g) 1200 JST, and (h) 1500 JST at 500 hPa.
Three-hourly data were compiled from the harmonic diurnal component. The contour interval for geo-
potential height is 1 m for (a—d) and 0.5 m for (e—h). A high-pass filter was applied; see the text for details.

A reference vector is shown at bottom right.

that reported by Sato et al. (1993) (~5 m s™!). Thus,
we conclude that the diurnal component of v at 3—
5 km in DJF-MAM is controlled mainly by me-
dium-scale waves. Note that the winds associated
with DEE-a are also observed in Fig. 16 around
850—700 hPa: a maximum at ~133°E at 0600 JST
travels to ~135°E at 0900 JST and to ~136°E at
1200 JST, reaching ~140°E at 1500 JST.

Next, we examine the horizontal structures of
these waves in order to determine the horizontal

distribution of their influence. Figure 17 shows a
time series of the longitude—latitude distributions
of the diurnal component of horizontal winds and
geopotential height at 300 and 500 hPa in Febru-
ary, based on JRA25. As in Figs. 10—12, the multi-
ple regressions have been removed. At 300 hPa,
waves with a horizontal scale of ~2000 km travel
eastward over Japan. For example, cyclonic winds
centered at (35°N, 122°E) at 0600 JST travel to
(35°N, 132°E) at 1500 JST. These waves are
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confined to the latitude region of 30-45°N. The
winds and geopotential height generally satisfy the
geostrophic balance, consistent with the finding
reported by Sato et al. (1993).

The wavy structure is also seen at 500 hPa, at
which height the locations of the northward winds
are the same as those at 300 hPa. Note that the
zonal winds associated with these waves are strong
in the latitude regions of 38-43°N and 25-30°N,
while the meridional winds are strong at 30-40°N
(e.g., Fig. 17e). This latitudinal dependency ex-
plains why, based on WINDAS measurements,
SF10 observed eastward-propagating signals in v
at ~30-40°N, while those in u are seen only
around 40°N. Note that for most of the main Japa-
nese islands, the diurnal component in u is ex-
plained largely in terms of the diurnal tide, as
shown in Section 4.2.

In summary, the diurnal wind component over
Japan at 3-5km in DJF-MAM is controlled
mainly by medium-scale waves with amplitude max-
ima in the upper troposphere. At 500 hPa, medium-
scale waves have large amplitudes at —20 < s <
—10 (eastward-traveling components with a zonal
wavelength of 1500-3000 km) in DJF (Fig. 14).

5. Concluding remarks

Following on from SF10, we studied diurnal
variations in lower-tropospheric wind over Japan,

using JMA mesoscale analysis (MANAL) data
and four global reanalysis data sets. We first vali-
dated the winds in these analysis data sets by com-
paring them with WINDAS winds. MANAL and
JRA25 perform best in reproducing the diurnal
and semidiurnal wind components measured by
WINDAS, including their horizontal distributions
and seasonal variations.

Figure 18 summarizes the month—height distri-
butions of the dynamical processes that primarily
control the diurnal wind component over the main
Japanese islands, as revealed by an analysis of
WINDAS data (by SF10) and MANALI1 and
JRAZ25 data (the present study). Local wind systems
(e.g., land—sea breezes) prevail near the surface, and
their return currents extend up to ~3 km through-
out most of the year. Below ~3 km, DEEs prevail
around Japan and influence the diurnal component.
The DEEs exist throughout the year, but their in-
fluence on diurnal winds over the main Japanese
islands is small in JJA. Above 3 km, local wind sys-
tems and DEEs have only a minor influence on the
diurnal wind component. Medium-scale eastward-
traveling waves with amplitude maxima in the upper
troposphere make a large contribution to the diurnal
wind component at 3-5 km in winter—spring. In
contrast, the diurnal tide is predominant at 3-
5 km in summer—autumn, although it exists over
the entire lower troposphere throughout the year.
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In the region equatorward of ~30°N, including
WINDAS stations located on small southern is-
lands, the diurnal wind component is controlled
primarily by the diurnal tide in the entire lower tro-
posphere throughout the year.

Possible dynamical mechanisms for the DEEs
are as follows. Yamamori et al. (1997) noted the ex-
istence of eastward-traveling waves below 700 hPa
over the Northwestern Pacific, including Japan
(10-70°N, 80-180°E), with an average zonal phase
speed of 17 m s~!. These characteristics are largely
consistent with those of the DEEs reported in the
present study; thus, the waves described by Yama-
mori et al. (1997) may be identical to the DEEs.
Garreaud and Munoz (2004) studied a traveling
phenomenon in the lower troposphere along the
west coast of South America (15-25°S) with a
phase velocity of 30 m s~!, although showing west-
ward propagation. The authors suggested that this
system was generated by local wind systems be-
tween the high mountainous region along the west
coast of the continent and the adjacent ocean, and
that the system was maintained as gravity waves.
In the present study, we found that DEEs around
Japan satisfy the geostrophic relationship; thus,
they are not considered as gravity waves. Given
that the medium-scale waves in the upper tropo-
sphere are considered to be maintained as neutral
edge waves at the upper boundary in the Eady
problem (e.g., Eady 1949; Tomikawa et al. 2000),
the DEEs may correspond to neutral edge waves
at the lower rigid boundary in the Eady problem.
Theoretically, the lower edge waves are slower
than the upper edge waves; this is qualitatively
consistent with our finding that the DEEs are
slower than medium-scale waves. In the Eady solu-
tions, the zonal phase velocity and vertical scale of
the lower edge waves are expressed as fU./Nkj; and
f/Nky, respectively, where f is the Coriolis pa-
rameter, U, is the vertical shear of the back-
ground winds, N is the Brunt—Vaisalla frequency,
and k;, 1is the total horizontal wavenumber
(Vk? +1?) (e.g., chapter 6 in Vallis 2006). If we
assume f =1.0x10"*s"!, U.=5s"" and N =
1.0 x 1072 57!, which are typical values in the
midlatitude troposphere, and that k=1/=
271/1500 km~' = 4.5 x 107% m~!, which are values
obtained for DEEs, then the theoretical zonal phase
speed and vertical length scale become ~10 m s~/
and ~2 km, respectively, approximately consistent
with the present findings. Therefore, DEEs are
likely to be neutral edge waves in midlatitudes with
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a vertical wind shear. Additional studies are re-
quired to identify the selection mechanisms of hori-
zontal wavelength (~1500 km) or periodicity. It is
also necessary to study the generation mechanisms
and seasonal dependency of DEEs based on numer-
ical simulations.

The present results demonstrate that global rean-
alysis data can be used to study the diurnal tide.
Note that it is in the troposphere and stratosphere
that the tides are excited; therefore, it is impor-
tant to use reanalysis data to determine the exci-
tation mechanism, global structure, and seasonality
of such tides, in order to obtain a comprehensive
understanding.

With regard to medium-scale waves in the upper
troposphere, we confirmed the suggestion by Ko-
dama et al. (2008) that the medium-scale waves
contribute to the diurnal wind component, at least
over East Asia. This finding may provide a key
in understanding the generation mechanism of this
phenomenon.
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