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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
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(>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
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Fig. 9. Regions and time periods for which the diurnal amplitude of v attains a maximum at 800 hPa derived
from MANALI d