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Some Characteristics of Turbulence in Katabatic Winds
over Mizuho Plateau, East Antarctica*

Shun’ichi KOBAYASHI** and Tamotsu ISHIDA**

FARR 2313 e T b D AR VR g JA, D L
MHhE—AH 5%

BE WBEEREC L 2R EGEREER (katabatic wind) DELIEAFESRANLH
oo BAMLEE, 2TEREMOTFREESCE EEKELED2 STHY, BiEE &
BN EEERE BEIMNEEBERO AN F e ) , 7 v 4 v 7 (hydraulic
jump) e LTEEST LR, 2000 E K02z, BOHEBGRED
DEE LCEERRHIA r — 1 v =2y P A IZE LS EhL.

Abstract: Wind turbulence was observed, using sonic anemometers, on a
snow surface at Mizuho Station (2230 m above sea level, Lat. 70°41.9’S, Long.
44°19.9’E) and on a bare 1ce field near the Yamato Mountains (1700 m above sea
level, Lat. 71°18’S, Long. 35°40’E) in the Mizuho Plateau 1n 1973 by the party of
the 14th Japanese Antarctic Research Expedition (JARE-14). Observations re-
vealed, as to katabatic winds blowing above the two places, that the one above the
latter 1s characterized by the presence of a hydraulic jump generated by nunataks
there, resulting 1n a stronger turbulence than the one above the former which 1s
stationary. Hence, a comparison 1s made in this paper between characteristics of
turbulence and a hydraulic jump in a katabatic wind

1. Introduction

An atmospheric turbulence constituting stable stratification above the sea ice area
around Syowa Station was first observed by MAKI (1974a, b), a member of the wintering
party of the 11th Japanese Antarctic Research Expedition (JARE-11), in Antarctica
during the period from February to December 1970. ADAcHI (1973, 1974) also made
observations of the same atmospheric turbulence in this area in 1971 (JARE-12). They
measured atmospheric turbulence using a 3-dimensional sonic anemometer-thermometer
(referred to as S. A. T. hereafter) which was mounted on a meteorological tower at the
height of 20 m. As the observation site is about 4 km away from the rim of the Antarc-
tic Continent, however, it is not suited to observe turbulence in stationary katabatic
winds. Then, Sasaki (1979) first observed atmospheric turbulence in stationary kata-
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batic winds at Mizuho Station (Fig. 1) in 1972 (JARE-13), also using the same S.A T. as
the above, which was mounted on the meteorological tower at the height of 10 m

One of the present authors (KoBAayasHi) made observations of wind and tempera-
ture fluctuations at the same tower in 1973 (JARE-14). Additionally, he analyzed the
data obtained at the bare ice field near the Yamato Mountains (Fig. 1) to measure
turbulence due to a hydraulic jump in a katabatic wind.

2. Measurements

2.1. Observations on Mizuho Station snow surface

A series of micrometeorological measurements was made on a katabatic wind slope
(mean surface slope: 3 107?) at Mizuho Station (2230 m above mean sea level, Lat
70°41.9'S, Long. 44°19 9’E) in the periods from August 28 to September 23, 1972, and
from April 15 to April 21, 1973. Meteorological conditions at this station are charac-
terized by stationary katabatic winds within the inversion layer over the surface slope.
The mean profile of wind velocity was obtained by measurements with five small ane-
mometers of the 3-cup type manufactured by Makino Instrument Company. They
were installed on the tower at the respective heights of 8, 4, 2, 1 and 0 35 m above the
snow surface. Rotations of the anemometers were counted by automatic magnetic
digital counters. The profile of temperature was obtained by the use of platinum
resistance thermometers each with a shelter, which were set on the same tower at the
respective heights of 4, 2, 1 and 0.5 m above the snow surface. Outputs of the thermom-
eters were automatically recorded every minute on a 6-channel recorder. Fluctuating
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wind components and air temperatures were simultaneously measured with a 3-dimen-
sional S.A.T. manufactured by Kaijo Denki Ltd., which was mounted at the height of
4.5 m. Electric signals from the S.A.T. were recorded on a 4-channel rectigraph with the
width of 40 mm per channel and the chart speed of 50 mm/s, the response time of the
recorder being about 0.03s. The sampling interval was between 0.1 s and 0.2 s, while
the recording time for each run was about 5 min.

2.2. Observations on Yamato bare ice field

Micrometeorological observations were carried out on the bare ice field near the
Yamato Mountains from December 1 to 7, 1973. The observation site was located on
the leeward of the massifs E and F of the Yamato Mountains. The prevailing wind
direction near the surface was nearly easterly. This area 1s marked by a hydraulic jump
accompanied by a strong turbulence generated by nunataks. Five sets of 3-cup ane-
mometers were installed at the heights of 3.35, 1.85, 0.86, 0.55 and 0.35 m respec-
tively. Air temperatures were measured using thermister thermometers instabled at the
heights of 3.15, 1.65 and 0.15 m respectively.

Some results of analyses of these data have been reported (KoBayasHi, 1978, 1979),
in which the atmosphere showed an unstable condition (negative Richardson number)
with the decrease of wind speed, as the bare ice surface was heated by solar radiation.
Wind turbulence was observed by means of a 1-component sonic anemometer, which
was mounted at the height of 2.2 m. Electric signals from the sonic anemometer were
recorded on a strip chart recorder. The sampling interval was 0.83 s, while the record-
ing time for each run was about 10 min. Results of vertical wind components are de-
scribed 1n this paper.

3. Data Analyses

Calculated in the present paper are standard dewviations of turbulence, Eulerian
auto-correlation coefficients, power spectral densities of vertical wind components and
temperature fluctuations The last two data were calculated with the maximum entropy
method programed by Saito (1974). According to INOUE (1952), the auto-correlation
coefficient R,(¢) at the small time lag ¢t may be approximated by

R()=1—(/T)™ , )

where T, is the characteristic time taken for the “largest turbulence” to pass through a

measuring point, m, is the numerical constant, and j is the subscript representing any
one of three components, longitudinal («), lateral (v) and vertical (w).

Turbulence can be generated either thermally or mechanically. For a convenient

stability parameter, a gradient Richardson number Ri was calculated from the vertical
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air temperature gradient Af/AZ and the vertical wind velocity gradient AU/AZ for each
averaging period:

_ g (A9/AZ)
k=g (uazy @

where ¢ 1s the acceleration of gravity and 6 1s the mean absolute potential temperature of
a layer
A very important parameter 1s indispensable in all studies of stably stratified media;

i. e, 1t 1s called the Brunt-Vaisala frequency (B-V frequency) Denoted by N, 1t 1s given
by

4. Observation Results

4.1. Eulerian auto-correlation coefficients on Mizuho Station snow surface

As examples of Eulerian auto-correlation coefficients, those obtained at Mizuho
Station are shown in Fig 2. The figures represent a relation between the lag time ¢
and 1—R,(t) (Jj=u, v, w). Solid Iines 1n the figure are drawn so as to fit eq. (1). Since
tequals 7, when 1 —R,(#) 1s unity, each of characteristic times is obtained from the point
of intersection of a solid Iine and the line of 1 —R(z)=11n Fig. 2. Thus, we have charac-
teristic times as shown 1n Table I. The characteristic times are smaller than those 1n
katabatic winds obtained and reported by Maki (1974b) at Syowa Station It 1s al-
ready known that the katabatic winds observed at Syowa Station are affected by a weak
hydraulic jump in a katabatic flow, 1 e., MORITA (1968), who described some charac-
teristics of katabatic winds at Syowa Station, reported that their effect reaches Syowa
Station only when the katabatic flow 1s of the “type 2’ in Ball’s theory (BALL, 1956,
1960)in which a jump can occur inland. Meanwhile, ADACHI (1979) reported differences
i power spectrum of katabatic winds at Syowa Station between those stationary winds

Table 1 Mean and turbulent parameters

“ VU(4 5m)

‘ Date - ] N | U |
Run | 1973 Time (L T) mJs = m/¥s { Ri(3m)
e e e - e e e e U — ‘,, — e e e — e ——
M1 . Apr 20 | 1810-1815 13 2 0 58 0 003
M2 . Sep 7 1409-1514 155 0 61 0 004
M3 Sep 8 © 0%07-0915 10 2 0 38 ‘ 0 024
M4 Sep 9 . 1458-1505 152 0 56 0 004

U,: Friction velocity, R:* Gradient Richardson number, g, d,, 0, Standard deviations of
T,, T,, T,,- Characteristic times (i, v, w same as above), m,, m,, m,* Values of exponent 1n
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Fig. 2. Eulerian auto-correlation coefficients of longitudinal (O), lateral (1), and vertical

(O) wind velocity [1-R(t)] aganst time lag [t] in stationary katabatic winds obtained at
Mizuho Station

and those winds affected by a hydraulic jump inland. According to these characteristic

times, the mean scale of the “largest turbulon” (INOUE, 1952) represents an ellipsoid
like a long and narrow visionary vortex having the dimensions of length, breadth, and
height in 3.7: 2.3: 1.

4.2. Power spectral densities obtained at Mizuho Station

Four examples given 1n Figs. 3-6 show power spectral densities of vertical wind

obtained at Mizuho Station

Oy Oy Ow 0l Ug T, T, T, my m, m,
m/s S

118, 093, 072 1.24 3.0, 2.1, 0.9 0.42, 0.30, 028

1.29, 094, 0.78 128 1.6, 1.1, 0.5 060, 0.53, 0.40

066, 053, 0.45 118 3.7, 2.7, 1.1 048, 036, 0.21

1.32, 1.03, 0.75 1.34 2.2, 1.0, 0.5 059, 0.46, 0.41

wind velocity (u, v, w* representing respectively longitudinal, lateral and vertical components),
eq (1) (u,v, w: same as above)
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speed fluctuation and air temperature fluctuation obtained in the period of stationary
katabatic winds at Mizuho Station. In recent years, wave-like motions have been fre-
quently observed in stably stratified atmospheric conditions; the interpretation of atmos-
pheric data obtained in such conditions may well be complicated by the coexistence of
two types of motions, i. e. turbulence and internal gravity waves One way of distin-
guishing between the two was proposed by AXFORD (1971) who drew on spectral charac-
teristics of temperature and velocity fields. Meantime, CAUGHEY and READINGS (1975)
described a wave-like phenomenon within 183 m above the earth’s surface during noc-
turnal inversions over land; according to their results, all the spectra have pronounced
peaks in the frequency range of 0 002<<n<<0.003 Hz corresponding to a period lying
between 5 and 8 min. The value of 0.002 Hz given by SETHURAMAN (1977) for internal
gravity waves at a height of 23.5 m over the ocean 1n surface-based inversions is in agree-
ment with the above results The values obtained by the present authors, however, are
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Figs 3 and 4 Normalized power spectral densities of vertical wind fluctuation and ai
temperature fluctuation against nondimensional frequency [f=nZ|U] and frequency
[1] in stationary katabatic winds obtained at Mizuho Station  Ariows denote posi-
tions of Brunt-Vaisala frequencies
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Figs 5 and 6. Normalized power spectral densities of vertical wind fluctuation and air
temperature fluctuation against nondimensional frequency [f=nZ|U] and frequency
[#] in stationary katabatic winds obtained at Mizuho Station. Arrows denote posi-
tions of Brunt-Vaisdila frequencies

larger than those of the above results.

The peaks may shift to the high frequency side when strong shears are present.
Using instrumented aircraft, MASCART ef al. (1978) reported that the frequency of peak
is close to 0.03 Hz within a low-level inversion where the gradient Richardson number is
small, i. e. shear production is present. The general slope of spectra falls, approximating
to n™ %3 on the high frequency side. The —5/3 power law is rarely seen applicable at
temperature spectra, the exception being shown in Fig. 4. In general, the slope of
spectra in a stable surface layer began to approximate to n~2/3 (KAIMAL, 1973 ; RAYMENT
and CAUGHEY, 1977). In Figs. 3-6 arrows denote the positions of B~V frequencies
calculated at 4.5 m. The depression of a peak (marked with an asterisk in Figs. 4 and
6) at the low frequency in the vertical wind component (see Run M2 and Run M4) is
in the neighborhood of the B-V frequency. However, the trough in the neighborhood
of the B-V frequency is not remarkable in Run M1 and Run M3. Since the observed

frequencies of any waves will have been Doppler-shifted by the mean flow (CAUGHEY,
1977), it cannot be expected that the B-V frequency will correspond to the position of
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internal waves when a strong shear is present 1n the flow.

4.3. Eulerian auto-correlation coefficients on Yamato bare ice field

For a comparison between the data of stationary katabatic winds and the data of
katabatic winds accompanying a hydraulic jump, observations were made of vertical
wind fluctuations at the Yamato bare ice field, which 1s marked by the presence of a
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Table 2. Mean and turbulent parameters obtained at Yamato bare ice field

i
Run ?93‘7t§ l ;rLlr%?’) t U(%rﬁsm) ‘ g/*s ]\ Ri(1 7m) ;{75 0wl Us 7;"’ | My
Y1 | De.1 |1400-14121 92 | 0.46 } —0.005 | 0.71 | 1.54 | 2700 | 011
Y 2 . liessoims 117 | os2 | —oo0o1 | 0.13 | 02 IRCRRE
Y 3 , 175241802 117 | 052 —0001 | 0.32 | 0.61 | 350 | 026
Y 4 , 20372051 10.1 | 0.50 = 0013  0.31 | 0.63 | 5000 | 0.39
Y s s, | 23502403 101 | 0.50 | 0013 | 0.14 | 0.28 8 | 0.11
Y 6 | Dec2 |0530-0s43 125 | 0.60 | —0006 | 0.19 | 032 | 60 006
Y7 | 4 ]0900-0916 116 | 0.65 | —0.005 | 0.34 | 0.53 | 320 | 0.06
Y 8 , | 1025-1041 10.1 | 0.52 | —0002 | 0.15 | 0.29 | 11 | 008
Y 9 , 13431359 101 | 052 | —0018 | 0.22 | 0.43 | 15 013
Y10 » 1sa0as7 101 | 052 000 | 021 | 040 15 [0
yi1 ;11759 100 | 052 | 0 034 | 066 | 17 | 005

U, Friction velocity, R:: Gradient Richardson number, ¢, Standard deviation of vertical
wind velocity, T,, Characteristic time, m,: Value of exponent in eq (1)
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strong hydraulic jump associated with vortexes, using a one-component ultra sonic
anemometer.

Eleven examples of Eulerian auto-correlation coefficients are shown in Figs. 7-9.
The characteristic times given in Table 2 show a wide change over the range from 8 to
5000 s. There are many vortexes varying in size in the hydraulic jump. The larger
vortexes may be Karman vortexes generated by the Yamato Mountains. The vortexes
contribute to the expansion of the bare ice field on the leeward of the Yamato Moun-
tains, playing an important role in preservation of the bare ice surface which results in
an energy exchange between the vortexes and the ice.
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4.4. Power spectral densities on Yamato bare ice field

Figs. 10-12 show some examples of normalized power spectral densities of vertical
wind velocity fluctuation 1n a hydraulic jump in katabatic winds obtained at the Yamato
bare ice field. The magnitudes of spectral estimates have large differences among the
runs As pointed out in section 4.3, it 1s suggested that many vortexes of various sizes
are present in the flow. We cannot identify peaks that are not associated with a hydrau-
lic jump On the other hand, Apach1 (1979) reported the depression of the peak in
smoothed power spectra observed at Syowa Station. In spite of the unstable condi-
tions, the slope of spectra falls roughly to n~2/% over the frequency range. In general,
the levels of power obtained at the Yamato bare ice field were higher than those obtained
at Mizuho Station.

5. Concluding Remarks

Unfortunately, a fairly precise knowledge 1s lacking about turbulence 1n the kata-
batic windsflowing over the sloped ice sheet in Antarctica Katabatic winds 1n the neigh-
borhood of Mizuho Station are steady in both speed and direction. According to
radiosonde observations, the katabatic winds are accompanied by a relatively thin layer
of cold air, i. e. 1t 1s associated with a surface inversion  Since internal gravity waves
can be supposed at the top of an inversion layer, turbulences and waves co-exist near
the surface layer. In a spectral analysis, dominant troughs sometimes have been seen
corresponding to the positions of Brunt-Vaisala frequencies Propagation of gravity
waves and their breaking are important phenomena for mixing of an air mass between
the surface layer and the free atmosphere above it. Meanwhile, a pressure jump (hy-
draulic jump) will occur near the foot of the ice slope on the leeward of nunataks
In regions where strong katabatic winds occur, for example in the Yamato bare ice
field, there often occur strong vortexes which are rendered visible by drift snow.

The characteristic times estimated from FEulerian auto-correlation coefficients
obtained at the Yamato bare ice field showed that there are large-scale vortexes. These
large and strong vortexes will contribute to the keeping of the bare ice field free from
snow accumulation.
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