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Abstract: Wmd turbulence was observed, usmg some 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 ice field near the Yamato Mountains (1700 m above sea 

level, Lat. 71 °l8'S, Long. 35°40'E) m the Mizuho Plateau m 1973 by the party of 

the 14th Japanese Antarctic Research Expedition (JARE-14). Observations re

vealed, as to katabatic wmds blowmg above the two places, that the one above the 

latter 1s charactenzed by the presence of a hydrauhc Jump generated by nunataks 

there, resulting m a stronger turbulence than the one above the former which 1s 

stationary. Hence, a companson 1s made in this paper between characteristics of 

turbulence and a hydraulic Jump in a katabatic wmd 

1. Introduction 

75 

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-

* Contnbution No. 2057 from the Institute of Low Temperature Science, Hokkaido University. 

** �t<iaJ!!::k�{l&i/ll��?i1f�F9f. The Institute of Low Temperature Science, Hokkaido University, 
K1ta-ku, Sapporo 060. 



76 Shun'1ch1 KOBAYASHI and Tamotsu ISHIDA 

Fig 1. A map of two ofoervatwn site!>, Mizuho 

Statton and bare 1ce field nea, the Yamato 

Mountains 

battc wmds at Mizuho Stat10n (Fig. 1) m 1972 (JARE-13), also usmg 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 (KOBAYASHI) made observat10ns of wmd and tempera
ture fluctuat10ns at the same tower in 1973 (JARE-14). Addit10nally, he analyzed the 
data obtained at the bare ice field near the Yamato Mountams (Fig. I) to measure 
turbulence due to a hydraulic jump in a katabatic wmd. 

2. Measurements 
2J., Observations on Mizuho Station snow surface 

A series of micrometeorological measurements was made on a katabatlc wmd slope 
(mean surface slope: 3 x 10- 3) 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 condit10ns at this station are charac
terized by stationary katabatic wmds within the mvers10n layer over the surface slope. 
The mean profile of wmd velocity was obtamed by measurements with five small ane
mometers of the 3-cup type manufactured by Makmo Instrument Company. They 
were mstalled on the tower at the respective heights of 8, 4, 2, I and O 35 m above the 
snow surface. Rotat10ns of the anemometers were counted by automatic magnetic 
digital counters. The profile of temperature was obtained by the use of platmum 
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 mmute on a 6-channel recorder. Fluctuatmg 
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wind components and air temperatures were simultaneously measured with a 3-dimen
swnal 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 0.03 s. The samplmg mterval was between 0.1 s and 0.2 s, while 
the recording time for each run was about 5 mm. 

2.2. Observations on Yamato bare ice field 
Micrometeorological observat10ns were earned out on the bare ice field near the 

Yamato Mountains from December I to 7, 1973. The observat10n site was located on 
the leeward of the massifs E and F of the Yamato Mountams. The prevailmg 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 radiat10n. 
Wmd turbulence was observed by means of a I-component some anemometer, which 
was mounted at the height of 2.2 m. Electric signals from the some anemometer were 
recorded on a strip chart recorder. The samplmg mterval was 0.83 s, while the record
ing time for each run was about IO min. Results of vertical wind components are de
sen bed m this paper. 

3. Data Analyses 
Calculated in the present paper are standard deviations of turbulence, Eulerian 

auto-correlation coefficients, power spectral densities of vertical wind components and 
temperature fluctuat10ns The last two data were calculated with the maximum entropy 
method programed by SAITO (1974). According to INOUE (1952), the auto-correlation 
coefficient Rlt) at the small time lag t may be approximated by 

(I) 
where T:1 is the characteristic time taken for the "largest turbulence" to pass through a 
measuring pomt, m:1 is the numerical constant, and j is the subscript representmg any 
one of three components, longitudinal (u), 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 flfJ / flZ and the vertical wmd velocity gradient fl U/ flZ for each 
averagmg penod: 

g (flfJ I flZ) Rt=--- - --- ----
() ( fl U/ flZ)2 

' 

(2) 

where g IS the accelerat10n of gravity and ii Is the mean absolute potential temperature of 
a layer 

A very important parameter 1s md1spensable m all studies of stably stratified media; 
i. e, It 1s ca11ed the Brunt-Va1sala frequency (B-V frequency) Denoted by N, 1t 1s given 
by 

( g flf) )1/2 

N= 
-
; fl:X 

4. Observation Results 

(3) 

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

As examples of Eulenan auto-correlation coefficients, those obtamed at Mizuho 
Station are shown m Fig 2. The figures represent a relat10n between the lag time t 
and 1-R/t) (1=u, v, w). Solid Imes m the figure are drawn so as to fit eq. (1). Smee 
t equals T2 when 1-Ri(t) 1s umty, each of charactenstic times js obtamed from the pomt 
of mtersect1on of a sohd hne and the hne of 1-R(t)= 1 m Fig. 2. Thus, we have charac
tenst1c t1mes as shown m Table I. The charactenstic times are smaller than those m 
katabat1c wmds obtained and reported by MAKI (1974b) at Syowa Station It 1s al
ready known that the katabatic wmds observed at Syowa Stat10n are affected by a weak 
hydraulic jump in a kataba6c flow , z e., MORITA (1968), who descnbed some charac
teristics of katabat1c wmds at Syowa Station, reported that their effect reaches Syowa 
Station only when the katabat1c flow 1s of the "type 2" m Ball's theory (BALL, 1956, 
1960) in which a jump can occur mland. Meanwhile, ADACHI (1979) reported differences 
m power spectrum of katabatic wmds at Syowa Station between those stationary wmds 

M2 
M3 
M4 

Sep 7 
Sep 8 
Sep 9 

- --��--�� -

1810-1815 
1409-1514 
0907-0915 
1458-1505 

Table I 

U(4 5 m) 
m/s 

----- -

13 2 
15 5 
10 2 
15 2 

-
I 

Mean and turbulent parameters 

u>(. 
m/s 

0 58 
0 61 
0 38 
O 56 

Rz(3m) 

0 003 
0 004 
0 024 
0 004 

U*: Friction velocity, Rz · Gradient Richardson number, au, av , aw · Standard dev1at1ons of 
Tu, Tv , Tw · Characteristic times (u, v, w same as above), mu, mv, mw · Values of exponent m 
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Fig. 2. Eulerian auto-correlatwn coe/ficzents of longitudmal (D), lateral (.6), and vertical 
(0) wznd velocity [1-R(t)] against tzme lag [t] in statwnary katabatzc winds obtained at 
Mizuho Statwn 

79 

and those winds affected by a hydraulic jump mland. 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: I . 

4.2. Power spectral densities obtained at Mizuho Station 
Four examples given m Figs. 3-6 show power spectral densities of vertical wind 

obtained at Mizuho Station 

1 18, 

1.29, 

0 66, 

1.32, 

0.93, 

0 94, 

0 53, 

1.03, 

0 72 

0.78 

0.45 

0.75 

1.24 3.0, 

1 28 1.6, 

1 18 3.7, 

1.34 2.2, 

2.1, 0.9 0.42, 0.30, 0 28 

1.1, 0.5 0 60, 0.53, 0.40 

2.7, 1.1 0 48, 0 36, 0.21 

1.0, 0.5 0 59, 0.46, 0.41 

wmd velocity (u, v, w· representing respectively long1tudmal, lateral and vertical components), 

eq (1) (u, v, w: same as above) 
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speed :fluctuat10n and air temperature :fluctuat10n obtamed m the period of stat10nary 
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 obtamed in such conditions may well be complicated by the coexistence of 
two types of mot10ns, i. e. turbulence and mternal gravity waves One way of d1stin
gmshing 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 withm 183 m above the earth's surface during noc
turnal inversions over land; accordmg to their results, all the spectra have pronounced 
peaks in the frequency range of O 002<n<0.003 Hz corresponding to a period lymg 
between 5 and 8 min. The value of 0.002 Hz given by SETHURAMAN (1977) for mternal 
gravity waves at a height of 23.5 m over the ocean m surface-based mvers10ns is m agree
ment with the above results The values obtamed by the present authors, however, are 

St 

6f 

10 n ( 1-'z l 10 

Fzg 3. Fzg 4 

Figs 3 and 4 Normalized power spectral densrtzes of verttcal wmd fiuctuatwn and au 
temperature fiuctuatwn agaznst nondzmenswnal f1equency [f=nZ/U] and frequency 
[n] m stationary katabatzc wznds obtamed at Mizuho Statwn An ows denote pos1-
tzons of Brunt-Vazsala frequencies 
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Figs 5 and 6. Normalized power spectral densittes of vertical wind fluctuation and air 
temperature fluctuation against nondimensional frequency [f=nZ/U] and frequency 
[n] zn stationary katabaflc winds obtained at Mizuho Station. Arrows denote posi
tions of Brunt-Vazsiila frequencies 

larger than those of the above results. 
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The peaks may shift to the high frequency side when strong shears are present. 
Using instrumented aircraft, MASCART et 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- 213 on the high frequency side. The -5/3 power law is rarely seen applicable at 
temperature spectra, the except10n being shown in Fig. 4. In general, the slope of 
spectra in a stable surface layer began to approximate to n- 213 (KAIMAL, 1973; RAYMENT 
and CAUGHEY, 1977). In Figs. 3-6 arrows denote the posit10ns 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 Ml 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 posit10n of 
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internal waves when a strong shear is present m 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 wmds accompanymg a hydraulic jump, observations were made of vertical 
wind fluctuations at the Yamato bare ice field, which 1s marked by the presence of a 

1 0 

0 5  
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FlgJ 7-9. Eulerian auto-correlatwn coeffiuents 
of vertrcal wind veloczty [1-R(t)] against 
tune lag [t] m a  hydraulzc Jump of a katabat
zc wmd obtamed at Yamato bare zce field 
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Table 2. Mean and turbulent parameters obtazned at Yamato bare ice field 

;u:-- I ?tJf I (I'.':;�) I U(;;,7,
m

) I ;/,is I R ,(I 7 m) I ;:,7, I a • .! U * I �
w mw . 
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�� . � . :: 

y 3 II I 1752-1802 ! 1 1 . 7  0 . 52 I -0 001 0 . 32 I 0 . 61 350 0 26 
y 4 II \ 2037-2051 1 10 . 1  0 . 50 I O 013  0 . 3 1 0 . 63 5000 0 . 39 
v 5 ,, 

1

2350-2403 1 10 1 o . 5o 
11 

o 013  0 . 14 ! 0 . 2s 8 0 . 1 1  
Y 6 Dec 2 0530-0543] 12 5 0 . 60 - 0  006 0 . 19 0 32 60 0 06 
Y 7 11 0900-09161

1 
1 1  6 0 . 65 - 0 . 005 0 . 34 I 0 . 53 320 0 . 06 

y 8 ,, 1025-1041 10 . 1  o . 52 - 0  002 0 . 15 I o . 29 1 1  o 08 
y 9 II 1 343-1359: 10  1 0 52 - 0  018 0 . 22 1 

I

I 0 . 43 15  0 13 
Y lO " 1540-15571 10  1 0 . 52 -0 010 0 . 21 0 40 15 0 13 
Y l l  " 

I 
1745-1759; 10 . 1  0 . 52 0 0 34 0 . 66 17  0 05 

U* · Friction velocity, Rz : Gradient Richardson number, aw · Standard deviation of vertical 
wmd velocity, Tw Charactenstlc time , mw : Value of exponent m 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 m 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 m preservation of the bare ice surface which results m 
an energy exchange between the vortexes and the ice. 

1 0 
Yamato bare i c e  f , et 
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Figs. 10-12. Normalzzedpower spectral densztzes 
of vertzcal wind ffuctuatwn agaznst nondz
mensional frequency [f = nZ/ U] zn a hydrau
lzc jump of a katabatzc wmd obtained at 
Yamato bare ice field 
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41.4l. Power spectral densities on Yamato bare ice J!ield 
Figs . 10-12 show some examples of normalized power spectral densities of vertical 

wmd velocity fluctuat10n m a hydraulic Jump m katabatic wmds obtamed at the Yamato 
bare ice field. The magmtudes of spectral estimates have large differences among the 
runs As pomted out m section 4.3, 1t is suggested that many vortexes of vanous sizes 
are present m the flow. We cannot identify peaks that are not associated with a hydrau
l ic  jump On the other hand, ADACHI (1979) reported the depress10n of the peak m 
smoothed power spectra observed at Syowa Station. In spite of the unstable cond1-
t1ons, the slope of spectra falls roughly to n- 213 over the frequency range. In general, 
the levels of power obtamed 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 m the kata

bat1c winds flowmg over the sloped ice sheet m Antarctica Katabatic wmds m the neigh
borhood of Mizuho Stat10n are steady m both speed and direct10n. According to 
rad10sonde observat10ns, the katabatic wmds are accompanied by a relatively thm layer 
of cold air, i. e. 1t 1s associated with a surface mversion Smee mternal gravity waves 
can be supposed at the top of an invers10n layer, turbulences and waves co-exist near 
the surface layer. In a spectral analysis, dominant troughs sometimes have been seen 
correspondmg to the positions of Brunt-Va1sala frequencies Propagat10n of gravity 
waves and their breakmg are important phenomena for m1xmg of an air mass between 
the surface layer and the free atmosphere above 1t. Meanwhile, a pressure jump (hy
draulic Jump) will occur near the foot of the ice slope on the leeward of nunataks 
In reg10ns where strong katabatic winds occur, for example m the Yamato bare ice 
field, there often occur strong vortexes which are rendered visible by dnft snow. 

The charactenstic times estimated from Eulenan auto-correlat10n coefficients 
obtamed at the Yamato bare ice field showed that there are large-scale vortexes. These 
large and strong vortexes will contnbute to the keepmg of the bare ice field free from 
snow accumulat10n. 
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