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be stronger than that in summer, are sometimes lower 

than the mean annual constancies. These low 

constancies are associated with warm air advection from 

maritime air brought into Adelie Land when the 

continental anticyclonic ridge, connecting at times 

with New Zealand and Australia anticyclone, lies to the 

east of Adelie Land. 

3) There is a superadiabatic surface temperature 

change between the high plateau and intermediate 

plateau stations. Station 080, a high plateau station 

showed a distinct flow pattern in winter, which 

suggested the importance of the influence of three 

factors on the total pressure gradient force: the 

inversion strength, the slope angle, and the surface 

potential temperature gradient along the slope. Total 

pressure gradient force is divided into three 

components, (buoyancy, surface temperature gradient, 

and boundary depth change) and their relative 
,,'IL 

importancesAevaluated. The results showed that the 

superadiabatic surface temperature change along the 

slope could be of importance when the buoyancy 

component is balanced or nearly balanced by an increase 

in depth of the katabatic wind layer. 
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4) The entrainment of 

increases the density of the 

two· mechanisms: first, by 

blowing snow particles 

katabatic flow layer by 

the addition of snow 

particles to the air column; and second, by the 

sublimation of the snow 

corresponding loss of latent 

particles, with the 

heat from the air,. which 

decreases air temperature and thereby increases air 

density. This increase in density in the katabatic 

flow layer leads to increased wind speed as a result of 

the change in air density in the boundary layer 

relative to the air 

the same height 

density in the free atmosphere at 

further down the slope. This 

accelerative effect occurs primarily at wind speeds 

exceeding 12 mis, since at those high wind speeds there 

is usually a large amount of blowing snow. 
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for antarctic stations. The data are from 

Mather and Miller (1967) andSchwerdtfeger 

(1970) except for the stations in Adelie 

Land, Antarctica.The abbreviations are; 

MRN-Mirny, DDU-Dumont d'Urville, MSN­

Mawson, WKS-Wilkes, SYW-Syowa, DVS-Davis, 

BRD-Byrd, PIO-Pionerskaya, CHA-Charcot, 

SPO-South Pole, VST-Vostok, PLT-Plateau, 

SOV-Sovietskaya, KOM-Komsomolskaya, DMC­

Dome C. 

Fig. 2.2 Annual variation of temperature of 

Automatic Weather Stations in Adelie 

Land. Data for stations D47 and D57 

were combined. The measurement at DBa 

was only for one year, while those at 

the other stations were averaged for 

2 - 3 years. 

x 

24 

Fig. 2.3 Annual variation of monthly mean wind 26 

speed for Automatic Weather Stations in 

Adelie Land. Data for stations D47 and 

D57 were combined. The measurement at 

DBa was only for one year, while those 

at the other stations were averaged for 

2 -3 years. 

Fig. 2.4 The monthly resultant wind vectois for 29 





pressure, wind speed, wind direction, 

pressure gradient force, friction 

coefficient, and the number of 

observations at DIO. The method for 

calculating the diurnal variations of 

pressure gradient force and friction 

coefficient is explained in Appendix A. 

xii 

Fig. 3.2b The diurnal variations of temperature, 47 

pressure, wind speed, wind direction, 

pressure gradient force, friction 

coefficient, and the number of 

observations at D47. The method for 

calculating the diurnal variations of 

pressure gradient force and friction 

coefficient is explained in Appendix A. 

Fig. 3.2c The diurnal variations of temperature, 48 

pressure, wind speed, wind direction, 
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Fig. 3.2d The diurnal variations of temperature, 50 

pressure, wind speed, wind direction, 
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coefficient, and the number of 

observations at 080. The method for 

calculating the diurnal variations of 

pressure gradient force and friction 

coefficient is explained in Appendix A. 
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Fig. 3.2e The diurnal variations of temperature, 54 

pressure, wind speed, wind direction, 

pressure gradient force, friction 

coefficient, and the number of 

observations at Dome C. The method for 
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pressure gradient force and friction 
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Fig. 3.3 The 3 hourly diurnal variations of wind 55 

vector for all Automatic weather Stations 
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constancy of the winds, q, for all 

Automatic Weather Stations in Adelie Land. 
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Dots indicate the direction of the 
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boundary layer. x-axis of the coordinate 
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viscosity, ko = kn · 

Fig. 3.6 Wind hodograph obtained by 24-hour 61 

simulation of the model, Ut - wind 

velocity at the top of the boundary 
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Fig. 3.7 The simulated diurnal variations of 62 
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1. Introduction 

The role of Antarctica as one of the principal heat 

sinks is very important in the complex global climate 

system. It is essential to investigate the heat 

budget of the polar regions in order to understand the 

mechanisms of global climate and its change. Since 

surface winds affect the heat fluxes at the ground and 

vice"versa, the study of katabatic winds in Antarctica 

assumes great importance. 

Mawson and his 1912 expedition were awed by the 

strength of the katabatic winds along the coast of 

Antarctica. They experienced the most violent surface 

winds ever recorded; episodes of wind storms exceeding 

44 mls (IOO mph) lasting for days and even weeks were 

common. Gusts up to 112 mls (250 mph) were observed 

(Mawson, 1915). This led Mawson to entitle his book 

"The Home of the Blizzard," which describes the area 

around Cape Denison. 

Like Mawson and his party, many explorers and 

scientists who have traveled on the antarctic mainland 

have left numerous records, descriptions, and comments 

regarding the unique character of the surface wind. 

They observed that the surface wind has a strong 

1 





Fig. l.la 

3 

Time-averaged surface airflow pattern over 

Antarctica, inferred from predominant wind 

directions and sastrugi orientation. (After 

Mather and Miller 1967.) 
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slopes in the interior of Antarctica, using simple 

diagnostic equations of motion, the terrain slope, and 

the strength of the temperature inversion (Fig. l.lb). 

Generally, good agreement was found. The differences 

in the two figures are, as Parish (1980) argues, due to 

the fact that data in Fig. l.la were obtained from a 

sparse station network, which precluded any detailed 

analysis, and from the sastrugi reports, which have a 

seasonal bias since most observations were made during 

the summer months. The increased accuracies in the 

topographic maps of the Antarctic ice sheets used by 

Parish, relative to the one Mather and Miller used, 

would also help explain the differences in wind 

directions. However, do the differences depend only on 

these accuracies? Are there important factors other 

than the slope and the inversion strength factors, 

which would control surface winds in Antarctica? Is 

the topographic dependency of the surface winds true 

for summer, when the inversion is weak (Phillpot and 

Zillman 1970) or sometimes destroyed (Allison 1982, 

Sorbjan et ale 1985)? 

these questions. 

Automatic Weather 

This study attempts to answer 

stations (AWS) provide 

simultaneous data on a year-round basis at different 

locations on the continental slope, where no such data 
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Fig. l.lb Time-averaged winter flow pattern over 

Antarctica based on results from the two layer 

model by parish (1980). The pressure gradient 

force in the free atmosphere is neglected. 
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Manned stations are 

is rarely more than one 

have been previously obtained. 

sparsely distributed and there 

station on the continental slope. Data from field 

trips are not obtained simultaneously at different 

positions on the slope, or on a year round basis. The 

AWS , however, only provide surface data and do not 

supply information on the vertical profiles of 

temperatures or winds. This shortcoming is a big 

disadvantage in katabatic wind studies, because the 

katabatic wind is known to be mainly dependent on the 

inversion strength. Much effort was made to overcome 

this disadvantage in this study. 

Chapter 1 reviews the theories of katabatic winds 

and the definitions of katabatic force and its relation 

to thermal wind, and describes the topography of Adelie 

Land and the AWS. Chapter 2 outlines the general 

climate of Adelie Land, with emphasis on the annual 

variations of the meteorological components. 

Questions concerning katabatic winds in Adelie Land are 

brought up in chapter 2, and answers to the questions 

are offered in chapters 3 to 6. The diurnal variations 

of katabatic wind are treated in chapter 3, and in 

chapter 4 warm spells during winter months and their 

relationship to katabatic winds are discussed. Chapter 
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5 describes the large surface temperature gradient in 

Adelie Land, which influences katabatic flow, and in 

chapter 6, the effect of blowing snow on the katabatic 

wind is discussed. A summary and guidelines for future 

studies of katabatic winds are given in chapter 7. 

1.1 Theories of Katabatic Winds 

The word "katabatic" consists of two Greek words: 

"kata", which means "downwards", and "batos", which 

means "moving beyond" (Fairbridge 1967). Katabatic 

winds are winds which are"due to the effect of gravity, 

and thus have the alternative name, "gravity wind." 

The term is in contrast to anabatic, meaning "moving 

upward." 

Theoretical development of the subject of katabatic 

winds began relatively 

taken by Prandtl (1942; 

early. The analytic approach 

see Sutton(1953)) regards the 

katabatic winds as being in a steady state and having 

identical profiles anywhere on the slope. By taking 

exchange coefficients to be constant and the slope to 

be small the equations of motion can be solved to 

obtain the velocity and temperature fields as functions 



8 

of distance normal to the slope. The predicted 

functional forms for the velocity profile agree well 

with experiments (Defant 1951, Lettau 1966). Gutman 

(1953) extended Prandtl's approach to include diurnal 

variations, height dependent exchange coefficients, or 

nonstationary conditions. Later, the Coriolis force 

was also included (Lykosov and Gutman 1972). 

Another approach to understanding katabatic flow 

was first taken by A. Defant (1933, quoted by F. Defant 

(1949» and later by Fleagle (1950). They considered 

only the "average" flow within an identified cooled 

layer. All internal structure of the flow was 

eliminated and only variation with time was considered. 

Petkovsek and Hocevar (1971) extended Fleagle's idea to 

include a stable temperature stratification but 

obtained the anomalous result that predicted katabatic 

velocity to become infinite as the ambient 

stratification approaches adiabatic lapse rate. 

Streten et ale (1974) have compared their wind 

observations with the model of Petkovsek and Hocevar, 

and concluded that more detailed observations were 

required. For a model 

from a cold source, Ball 

of Fleagle's approach 

of drainage flow down a slope 

(1956) drew on the similarity 

to the theory of open-channel 
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hydraulics, and modeled a steady flow that depended on 

the thickness of the layer. Weller (1969) used Ball's 

theory successfully to explain the surface wind vector 

profile along the 62 0 East meridian in MacRobertson 

Land, Antarctica. 

Lettau and Schwerdtfeger (1967) placed an important 

limitation on the possible extent and occurrence of 

pure downslope or drainage flow. When the trajectory 

length approaches 10 100 km, continuity of flow 

canhot be maintained since it does not occur under 

equilibrium conditions. This means that steady 

downslope winds in Antarctica may generally be expected 

on the steep coastal slopes up to 100 km inland. On 

the less steeply inclined interior slopes, they 

suggested the use of the term "thermal inversion wind" 

to replace the term" katabatic wind." 

When an inversion layer is present over sloping 

terrain, a horizontal pressure gradient force becomes 

established (Fig. 1.2). This is an additional pressure 

gradient force which is induced by the thermal 

structure of the boundary layer over the slope. The 

magnitude of such a pressure gradient force is 

dependent upon two factors: the inversion strength and 

the slope of the terrain. A term combining these two 



inversion 
laYer 

above 
inversion 

sloPed 
inversion 
force 

10 

Fig. 1.2 The sloped-inversion pressure gradient force. 

The inversion strength and the terrain slope 

determins the magnitude" of the horizontal 

pressure gradient force. 
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factors is called by different names depending on the 

researcher. Ball (1956) called it "katabatic force", 

Parish (1980) "sloped-inversion force", and Gosink 

(1981), and Turner (1973) "buoyancy". The names 

express, respectively, its result, its cause, and its 

character. 

Since the pressure gradient force can be expressed 

as a geostrophic wind, the katabatic force is 

frequently related to the slope-induced thermal wind 

(Sorbjan 1982). The geostrophic relationship is 

expressed as follows: 

( 1 .1 ) 

where G and Gt are the geostrophic winds at a height 

and in the free atmosphere, R is the vertical unit 

vector, p is the air density, f is the Coriolis 

parameter, Vhp is the horizontal pressure gradient. vT 

is the thermal wind induced by a slope. It should not 

be confused with the thermal wind produced by the 

synoptic baroclinicity. The last equation in Fig. 1.2 

expresses the same relationship as Eq. 1.1, but the 

former is described by forces and the latter by 

velocities. Thus the magnitude of a thermal wind is 

the katabatic force divided by the Coriolis parameter. 
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1.2 Topography of Adelie Land 

Antarctica is 

permanent ice sheet. 

almost 

Less 

entirely covered by a 

than 3 % of its 14xl0 6 km 2 

is free of snow or ice for at least part of the year. 

The average. elevation of Antarctica's surface is a 

little more than 2300 m. 6 2 About 3.5xlO km of the 

high plateau of East Antarctica lies above 3000 m. The 

slope of the major part of the plateau is very small, 

less than 1/500 (Schwerdtfeger 1984). The slope 

increases towards the edge of the ice continent, so 

that the antarctic continent can be represented 

approximately by a parabolic ice dome. A simple 

mathematical equation for the parabola gives 

surprisingly realistic values (Miller 1974). 

Adelie Land is a sector located between George V 

Land to the east and Wilkes Land to the west (Fig. 

1.3). An elevation profile from Dome C to 010 is shown 

in Fig. 1.4. The slope varies from less than 10- 3 in 

the vicinity of Dome C to approximately 10- 2 at 010 

(Table 1.1). The determination of the slope is subject 

to the distance taken for the calculation. Therefore 
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Fig. 1.3 The locations of Automatic weather Stations 

and topographical features in Ade1ie Land, 

Antarctica. 





Table 1.1 The geographic setting of the Automatic 

Weather Stations in Adelie Land, Antarctica. 

The distance is measured along the line 

between Dumont d'Urville and Dome C. 

STATION LOCATION HT. 
(m) 

010 66°42'5 
139 0 48'E 

240 

047 67°23'5 
138 0 43'E 

1560 

057 68°11'5 
1370 32'E' 

2103 

080 70°01'5 
1340 43'E 

2450 

Dome C 74°30'5 
1230 00'E 

3280 

DISTANCE 
FROM 

COAST (km) 

5 

110 

210 

440 

1080 

SLOPE 

2xl0· 2 

5.5xl0 -3 

6.5xl0 -3 

1.8xl0 -3 

AZIMUTH 
MAX. 

UPSLOPE 

.210° 

210° 

210° 

210° 

15 
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it is extremely difficult to calculate an exact slope 

angle. The uneven terrain in the vicinity of 010 

presents an additional difficulty. The direction of 

maximum slope also depends on local features in the 

area, but is approximates 210 0 from true north. 

Dome C is located at the highest point of its 

surroundings, and the area is flat. 010 is on the ice, 

about 5 km inland from the coast, while Dumont 

d'Urville is located on an island about 5 km from the 

coast. 

1.3 Instrumentation 

A better understanding of the katabatic wind in 

Antarctica has been hampered by the lack of 

observational data, although the phenomenon has been 

described and studied for many years, e.g., in the 

classic work of Mawson (1915). Data in the past were 

generally recorded either at manned stations at fixed 

points on a year-round basis or, during a number of 

field trips in summer, at different places on the same 

slope, but at different times (Weller 1969). Automatic 

Weather Stations (Renard and Salinas, 1977; Stearns and 



Savage, 1981) have 

providing simultaneous 
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changed these procedures by 

measurement at different fixed 

places on the same slope on a year-round basis. 

In the late 1970s, A. Peterson at Stanford 

University developed AWS, which are able to record 

meteorological information on 

contrast to earlier versions 

a year-round basis. In 

of such stations which 

recorded the data in place (Sumner 1965, 1966), these 

newer stations are interrogated by satellite. This 

interrogation is carried out by polar orbiting 

satellites (NOAA 6, 7) which pass at intervals of less 

than two hours over the station. Normally, two 

satellites are used. Data are transmitted to Toulouse, 

France (Argos System), where they are recorded on 

magnetic tapes. The data tapes are sent to Stanford 

University, and, since 1981, to the University of 

Wisconsin at Madison, where they are transcribed into 

meteorological units, and sent on to us at Fairbanks 

for further analysis, usually about two months after 

the initial reading. 

Dome C station, powered 

thermoelectric generator (RTG), 

by 

can 

a 

run 

radioisotope 

a full year 

without servicing, as do each of the other stations, 

powered by an array of automobile batteries charged by 

solar cells. 
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Four AWS were installed between 5 km and 440 km 

inland from the coast on the slope of Adelie Land 

(Wendler and Poggi, 1980) at altitudes ranging from 240 

m to 2500 m above sea level. Another station, called 

Dome C, 1080 km from the coast, was installed on the 

top of an ice dome (3280 m) (Fig. 1.3). Their 

geographical settings are given in Table 1.1. The 

stations, sending information on meteorological 

conditions along the slope of Adelie Land on a year 

round basis via satellites, provide more comprehensive 

information than can be obtained by sporadic traverses. 

No manned stations exist in the area except Dumont 

d'Urville on the coast. 

The data collected by the AWS are temperature, 

atmospheric pressure, wind speed and direction. Also 

recorded for maintenance 

in the instrument boxes 

purposes 

and the 

are the temperature 

voltage of the power 

supplies. The station has a storage capability of four 

consecutive values of all meteorological parameters, 

sampled at 10 minute intervals. Therefore, under the 

best conditions, with two satellites in orbit, a steady 

data flow at ten minute intervals can be obtained. 

Notwithstanding the harsh environmental conditions in 

which they operate, i.e. temperatures below -80 oC and 





2 GENERAL CLIMATE OF ADELIE LAND 

To set the stage for the main topic discuseed in 

this dissertation, namely the factors affecting the 

katabatic winds, the climate of Adelie Land will be 

briefly reviewed in this chapter, especially the annual 

variation of mean monthly values of temperature, wind 

speed, and wind direction. All available data obtained 

by AWS were used to analyze these components. 

In section 2.1 the AWS are classified according to 

geographic location, temperature, wind speed, and 

degree of slope. The annual variations of temperature 

and wind are discussed in sections 2.2 and 2.3, 

respectively, followed by a 

combined effect in section 2.4. 

discussion of their 

In section 2.5, the 

importance of blowing snow on the climate of Adelie 

Land is introduced. Finally, the questions, which are 

brought up in this chapter and are discussed further in 

following chapters, are summarized in chapter 2.6. Our 

motivation for choosing the topics discussed in 

subsequent chapters will also be explained. 

20 
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2.1 Classification of the Stations 

Mather and Miller (1967) classified the 

geographical location of stations on the antarctic 

slope into three groups; high plateau, intermediate 

plateau, and coastal region, reflecting differences in 

mean annual temperature and wind speed (Fig. 2.1). 

Radok (1973) also defined three zones on the antarctic 

continent in terms of surface slope. The latter 

classification system results in groupings similar to 

those defined by Mather and Miller. 

The high plateau stations, Dome C and 080, show 

relatively low temperatures (-50 oC), light winds 

(Sm/s), and slopes less than 2.0xlO- 3 . 

047 and 057, the intermediate plateau stations are 

located closer to the coast and have stronger winds 

(10 m/s), higher temperatures (-30 oC), and steeper 

-3 slopes (2.0xlO 

stations. 

to -3 7.0xlO ) than the high plateau 

The wind speed at the coastal stations varies 

greatly depending on the station's location (Parish 

1980), such as near the foot of an ice slope or on an 

offshore island, etc .. However, the observed mean 
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annual temperature of all the coastal stations is 

close to -lOoC, much warmer than the other two zones. 

010 belongs to this group and is located on the ice 5 

km from the coast. 

2.2 Temperature 

The graph in Fig. 2.2 shows the annual variations 

in temperature at the stations. The temperatures of 

047 and 057 are combined, as they are similar. As 

would be expected, however, the average annual 

temperature at station 047, the lower of the two, is 

o 4.0 C warmer than station 057. The month-to-month 

variations at 080 are larger than those at the other 

stations, because the measurements at 080 were only 

for one year, while those at the other stations were 

averaged for 2 - 3 years. 

The coldest temperature in AWS of Adelie Land ever 

observed was -84.6 oC at Dome C. Temperatures at Dome 

C always stay well below the freezing point, while the 

coastal station 010 has temperatures above the freezing 

point in midsummer. 

Fig. 2.2 shows the typical "coreless" winter 

temperature pattern, the flattening of the temperature 
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curve in winter. This pattern will be discussed in 

chapter 4 in relation to the synoptic pressure pattern. 

The large temperature differences between Dome C 

or 080 and the rest of the stations in winter indicate 

a strong surface inversion at Dome C or 080 relative to 

the other stations. The lower temperatures at Dome C 

and 080 are more pronounced than would be suggested by 

an adiabatic temperature gradient. Note that the 

elevation difference is smaller between, for example, 

080 and 057 than between 057 and 010 (Table 1.1). This 

implies an above-adiabatic temperature gradient between 

080 and 057 for all months but midsummer. This 

phenomenon will be discussed in chapter 5 in relation 

to the katabatic winds. 

2.3 Wind 

The annual variations of 

are shown in Fig. 2.3. The 

very light, with a mean 

pronounced annual cycle. 

mean monthly wind speed 

wind speed at Dome C is 

value of 3.2 m/s and no 

Compared with other inland 

stations, Dome C experiences the lowest wind speeds of 
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all inland stations of Antarctica (Wendler and Kodama 

1982). This is unique, as an exposed station at a 

height of 3280 m on any other continent would have 

higher wind speeds than those at lower elevations. 

The wind speed steadily increases farther down the 

slope towards the coast (Fig. 2.3). Data for D57 and 

D47 are combined in the graph as they have similar 

annual patterns. On the average, however, the lower-

lying station D47 had a 19 % higher wind speed than 

D57. The increase in wind speed from 057 to D47 and 

the decrease from D47 to DIO suggests a wind maximum 
. . 

somewhere around D47. The decrease in wind speed at 

010, where the slope is greater than at OS7 or D47, can 

be explained by hydraulic jumps (Ball 1956) and 

uneveness of the terrain. When hydraulic jumps occur 

upslope from D10, tranquil flow is observed at D10 

rather than shooting flow (Streten 1963, Gosink 1983). 

Another explanation for the lower wind speed at D10 is 

its position on a ridge in the uneven terrain of the 

coastal area. The extremely strong wind on the Adelie 

coast experienced by Mawson was explained by Parish 

(1981) as a funneling effect often found in uneven 

terrain. The flow at the top of a ridge is 

characterized by a lower wind speed than that at the 

bottom of a valley. 
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Fig. 2.4 shows the monthly resultant wind vectors 

for all stations except Dome C, where the magnitude of 

the vectors is small and no systematic variations are 

found. The x-axis of the graph represents the down­

slope component of the wind vector and the y-axis 

represents the cross-slope component. Arrows show the 

mean annual wind vectors. Each of the integers 

represents an average of wind vectors for each month of 

the year. Generally, the wind blows about 45 0 to 60 0 

to the left of the fall line, and the monthly 

resultant wind vectors veer away from the down-slope 

in summer and toward the down-slope in winter. This 

veer in winds indicates the presence of a stronger 

thermal wind in winter than in summer. Compared with 

the mean annual resultant wind vectors of the other 

stations (arrows in Fig. 2.4), the vector at 010 points 

most closely in a down-slope direction. The angle 

and the down-slope. direction 
between the vector 

increases from 010 to 057, which is expected, because 

the angle is inversely proportional to the steepness 

of the slope (Ball 1960). However, the angle between 

the resultant wind vector and the down-slope direction 

decrease from 057 to 080. This phenomenon will be 

dicussed in conjunction with the temperature gradient 

along the slope in chapter 6. 
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Fig. 2.4 The monthly resultant wind vectors for 010, 

047, 057, and 080. Each of the integers 

represents an average of wind vectors for each 

month of the year. Arrows show the wind 

vectors, which are the resultant of all data 

available for each station. 
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With the exception of Dome C, all other stations 

show a strong constancy 

2.1). q is defined as 

(q) in wind direction (Table 

a ratio of the resultant wind 

speed to the mean wind speed. A value of q=l.O means 

that the wind blows only from one direction, whereas a 

value of q=O.O means that the winds blow from all 

directions with equal strength and frequency. There 

is, of course, no place where q=O.O is found, since the 

general circulation also has preferred directions. 

The strong directional constancy indicates that gravity 

is the most important factor in determining the 

direction of flow at all slope stations. However, two 

questions remain: 1) Why does q stay high during summer 

when the inversion is weak or destroyed? and 2) Why 

is the lowest value of q observed in winter instead of 

in summer? These questions are addressed in chapters 

3 and 4, respectively. 

2.4 Temperature and Wind 

Lettau et al. (1977) showed that the inversion 

strength increases with decreasing temperature in 

Antarctica. This also holds true for the arctic and 



Table 2.1 Wind direction constancy of Automatic 

Weather Stations in Ade1ie Land, East 

Antarctica. 

Month 010 047 057 080 

Jan 0.93 0.98 0.96 0.93 

Feb 0.92 0.93 0.95 0.90 

Mar 0.95 0.96 0.93 0.94 

Apr 0.94 0.95 0.91 0.98 

May 0.93 0.96 0.83 0.99 

Jun 0.86 0.93 0.73 0.84 

Ju1 0.90 0.95 0.90 0.83 

Aug 0.94 0.95 0.94 0.96 

Sep 0.93 0.89 0.92 0.90 

Oct 0.93 0.94 0.94 0.97 

Nov 0.87 0.88 0.93 0.90 

Dec 0.88 0.90 0.92 0.79 

Annual 0.92 0.94 0.91 0.92 

31 

Dome C 

0.43 

0.54 

0.47 

0.50 

0.28 

0.56 

0.36 

0.67 

0.41 

0.55 

0.72 

0.60 

0.51 
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subarctic areas (Wendler and Nicpon 1975). Further, 

the driving force of katabatic winds is proportional 

to the inversion strength on inclined surfaces. Hence, 

with lower temperatures, stronger winds are expected in 

areas dominated by katabatic winds. Fig. 2.5 shows 

this well for 010 and 057, whereas Dome C does not show 

any systematic relationship between temperature and 

wind speed. 

The combination of an increase in wind speed with 

decreasing temperatures results in an environment 

extremely hostile to humans. The lower the surface 

temperature, the stronger the wind becomes, resulting 

in extremely low 'equivalent chill temperatures.' An 

opposite condition, for example, is found at Fairbanks 

in the flat interior of Alaska (Fig. 2.5). As the 

inversion builds up over 

flow is experienced and 

this flat area, no gravity 

the inversion layer suppresses 

transmission of the wind aloft to the surface. Hence, 

during 

blow. 

cold spells no winds or very weak surface winds 

Occasionally stronger winds aloft partly 

destroy the inversion layer and bring warmer air to the 

surface. 









3 ) Does the 

between the interior 

temperature difference 

and the coastal area , 

which is larger than the adiabatic temperature 

change, affect the katabatic winds? 

4) Is there any effect of blowing snow, 

which occurs frequently on the antarctic 

coastal slopes, on the katabatic winds? 

These questions will be discussed in the 

following chapters. 
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3 DIURNAL VARIATION OF KATABATIC WIND IN ADELlE LAND 

3.1 Introduction 

The diurnal variation of katabatic winds in summer 

is one of the most frequently studied fields in 

antarctic meteorology, mainly because summer 

expeditions providing meteorological information have 

outnumbered winter expeditions. Changes in the diurnal 

variation of katabatic wind as a function of the 

steepness of the slope and the distance from the coast 

had seldom been 

time. Earlier 

gathered from 

investigated previous to the present 

Mather and Miller (1967), from data 

most of Antarctica's weather stations, 

showed that maximum wind speeds occurred in the morning 

in coastal area, and at midday on the interior plateau. 

Loewe (1974) analyzed the winds over the interior of 

Antarctica and Greenland, and found a mechanism to 

explain why stronger winds frequently occur near midday 

rather than during the colder part of the day. 

In this chapter, using the data from AWS, the 

behavior of the wind in summer on the slope of Adelie 

Land is analyzed. Also, the change in the diurnal 
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the transfer of energy from the upper wind into the 

surface layer is facilitated by the low stability 

within the boundary layer. Thus, the flow in the 

boundary layer is closer to G
t 

(Loewe 1974). 

3.3 RESULT 

Figs. 3.2a e show the diurnal variations of 

temperature, pressure, wind speed, wind direction, 

pressure gradient force, friction coefficient, and the 

number of observations at 010, 047, 057, 080, and Dome 

c, respectively. Fewer transmissions are received 

around local noon than at other times, as is shown at 

the bottom of the graphs. 

At station 010 (Fig. 3.2a), the temperature 

variation is a smooth sinusoidal curve with its maximum 

at 1500 LST and its minimum at 0300 LST. The pressure 

variation is somewhat irregular, possibly due to the 

variation of the number of observations. The wind 

speed has its maximum at 0400 LST, which is about the 

time of the lowest temperature observed. The weakest 

wind is observed a few hours after the time when the 
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highest temperature occurs. The variation of wind 

direction correlates well with the inverse pattern of 

the temperature graph. 

The fifth curve in Fig. 3.2a shows the diurnal 

variation of the pressure gradient force, which is 

calculated from the diurnal oscillation of the wind 

vectors (see Appendix A). Since the pressure gradient 

force divided by the Coriolis parameter is a thermal 

wind, the diurnal component of the pressure gradient 

force arises only from the horizontal temperature 

gradient which is induced by the heating or cooling at 

the surface of the slope. 

the diurnal variation of 

wind. According to Fig. 

In other words, it indicates 

the slope-induced thermal 

3.2a, the graph for the 

pressure gradient force agrees well with that of the 

wind direction. 

The sixth curve in Fig. 3.2a is the diurnal 

variation of the friction coefficient, which is also 

calculated from the diurnal variation of the wind 

vectors assuming that the cross-slope component (y­

direction) of the pressure gradient force is negligibly 

small and that the friction coefficient is constant in 

any horizontal direction. The friction coefficient 

indicates the stability of the boundary layer as well 
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as the intensity of the turbulent mixing. According to 

Fig. 3.2a, an inverse reading of the friction 

coefficient graph matches well with the graph of the 

wind speed variation. 

From these graphs of wind speed, wind direction, 

pressure gradient force, and the friction coefficient, 

the following statements concerning 010 can be made: 

1) At night the wind speed is greater and 

the wind direction is directed more toward 

the fall line than in the day because of the 

stronger thermal wind and stability. 

2) During the day the wind speed is at a 

minimum when turbulent mixing is strongest, 

and the wind blows in a maximum cross-slope 

direction when the thermal wind is weakest. 

3) As a corollary to 2), the daytime 

direction of Gt could be quite constant in a 

direction close to the cross-slope direction. 

Since both the stability and thermal wind are 

weak during the day, the only factor which 

controls the surface wind direction is Gt . 

The small change in the surface wind direction 

from night to day can not be explained without 
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Fig. 3.2b The diurnal variations of temperature, 

pressure, wind speed, wind direction, pressure 

gradient force, friction coefficient, and the 

number of observations at 047. The method for 

calculating the diurnal variations of pressure 

gradient force and friction coefficient is 

explained in Appendix A. 
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stability found a few hours after the occurrence of a 

minimum temperature: 1) Temperature variations aloft 

lag behind the surface temperature variations. Riordan 

(1977) reports a phase lag of 5 hours between 

temperature at 32m and the surface in February at 

Plateau Station. 2) A decrease in the inversion depth 

due to the entrainment at the top 

(Yamamoto, et al. 1979, Caughey 

increases the temperature gradient. 

of the boundary 

et al. 1979), 

Mahrt (1981) 

suggested the existence of a nocturnal mixed layer, 

which is the remains of a daytime mixed layer. This 

nocturnal mixed layer, which is more turbulent than the 

layer beneath, might contribute to the decay of the 

stable boundary layer. 

At 080 (Fig. 3.2d), the relationship between the 

diurnal curves of the 

force, and the friction 

those at 010, 047, and 

wind vector, pressure gradient 

coefficient are different from 

057. Although the number of 

observations is very small relative to the rest of the 

stations, the mean deviation for each parameter is 

comparable to that found at the other stations (Table 

3 .1) • 

The diurnal pressure pattern (Fig. 3.2d) is 

semidiurnal, suggesting the influence of solar tides, a 

result of the global solar heating pattern (Chapman .and 





Table 3.1 The average summer values for data from 

Automatic Weather Stations in Adelie Land. 

Station 010 047 057 080 Dome C 

Mean Temp.(oc) - 4 . 4 -15.8 -19.0 -27.4 -35.0 

Mean Dev. (oC) 0.23 0.48 0.27 1.17 0.43 

Mean Pres.(mb) 952.3 812.0 757.0 719.1 651.0 

Mean Dev. (mb) 0.93 0.48 0.42 0.91 0.41 

Mean Speed(m/s) 8.5 11.3 9.7 6.9 2.7 

Mean Dev. (m/s) 0.34 0.42 0.24 0.40 0.11 

Mean Dir.(deg) 151.4 140.4 139.9 143.4 199.5 

Temp. Var. (oC) 1.9 2.5 3.0 3.7 6.5 

Dir. Constancy 0.91 0.95 0.94 0.91 0.48 
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Lindzen 1970). Such tidal variations are, however, 

both of inadequete magnitude and 

explain the wind variation. 

number of observations (47 or 

of the wrong phase to 

Because of the small 

46) and the large 

deviation (the mean deviation averaged for 24 points is 

0.9mb), the influence of the tidal wave on the wind 

vector cannot be proven. 

The diurnal oscillations of temperature at 080 

(Fig. 3.2d) and at the other stations have the same 

shape. Typical of interior plateau stations in 

Antarctica (Mather and Miller 1967), 080 has a maximum 

wind velocity at midday. 

mentioned above, at 080 

the pressure gradient 

direction pattern matches 

friction coefficient. 

In contrast to the stations 

the wind speed pattern matches 

force pattern, and the wind 

the inverse pattern of the 

The larger total surface 

geostrophic wind at midday is explained by Loewe (1974) 

as mentioned in section 3.2 (Fig. 3.1). Although the 

pressure gradient force is large at midday, the wind 

direction is more cross-slope than at night due to the 

weak thermal wind at midday. 

At Dome C, the diurnal curve of temperature 

variation is the same as that found at the other 

stations, but the variation is the largest among the 
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stations (Fig. 3.2e). At midday, the wind speed is at 

its maximum and the wind direction is closest to a 

cross-slope direction. The diurnal curve of the 

pressure gradient force fits well with the wind speed 

curve. The inverse pattern of the friction coefficient 

fits well with the wind direction pattern. Since Dome 

C lies in a flat area, the thermal wind must be 

negligible, even though there might be some effect from 

the slope leading towards Vinson Massif, the highest 

point in East Antarctica. Therefore, an explanation of 

the increase of the pressure gradient force at midday 

must be that it is the same as that found at 080 and in 

section 3.2 (Fig. 3.1). 

Fig. 3.3 shows the diurnal variations of the wind 

vector. Each point is the average of values taken one 

hour before and after the hour indicated. The arrows 

show the mean wind vector. The shape of the diurnal 

variation of wind vectors is dependent upon the phase 

difference between the wind speed deviation and the 

wind direction deviation from the mean wind vector. The 

shape also depends on the 

and the stability of the 

changes in the thermal wind 

layer. At 010, the shape is 

almost oval stretching along the fall line, indicating 

the small phase difference between the wind speed and 
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Fig. 3.3 The 3-hourly diurnal variations of wind 

vector for all Automatic Weather Stations in 

Adelie Land. The x-axis is the down-slope 

component of wind velocity and the y-axis is 

the cross-slope component of wind velocity. 

Each arrow shows the mean wind vector for each 

station. The number indicates the local solar 

time. Each point was averaged with the values 

one hour before and after. 
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wind direction. It becomes almost round at 047 and 

057, and at 080 it becomes oval again stretching along 

the cross-slope direction. These changes are a result 

of the delay of the phases in the thermal wind and the 

stability in the boundary layer, which do not respond 

equally to the temperature variations at the surface. 

The same anticlockwise cyclic variations of the wind 

vector were reported by Riordan (1977) and Oabberdt 

(1970) for Plateau Station. At Dome C, a clockwise 

variation is found. However, since the variation is 

very small and the mean deviation is relatively large 

(Table 3.1), observational uncertainties can not be 

eliminated. 

Fig. 3.4 shows the diurnal variation of the 

directional constancy of the winds, q. Table 3.1 

shows that the mean constancy is very high for all 

stations except Dome C, where the value is almost half 

that of the other stations. Fig. 3.4 shows that, for 

010, 047, and 057, the directional constancy is at its 

maximum in the early morning, indicating that the 

slope-induced thermal wind is important for the 

directional constancy of wind. At 080, in strong 

contrast, the directional constancy is low in the 

morning and reaches its maximum in the afternoon. 
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These observations suggest that the direction of G
t 

is 

very consistent. 

3.4 A Simulation 

A simple time- and height- dependent model, 

developed by Sorbjan et ale (1985), is modified to 

simulate the diurnal variation of katabatic wind. The 

model is explained in Appendix B. The equations used 

in the model assume a balance of the Coriolis, 

frictional, and pressure gradient forces, which include 

components generated by a slope and by synoptic 

resulting in a non-zero wind baroclinicity, 

acceleration. Simple time- and height- dependent 

parameterizations are developed for the eddy viscosity 

and the slope induced thermal wind The values of 

v T are allowed to vary as a sinusoidal function of 

time. 

The tests for four different orientations of Gt are 

performed using the steady-state version of the model 

for the different parameterizations. The results are 

shown in Fig. 3.5. The figure at the left is obtained 

using a relatively large thermal wind and a small eddy 

viscosity. Note that the surface wind direction does 
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Fig. 3.5 Hodographs of the wind vectors obtained from 

the steady-state version of the model, for 

different orientations of the geostrophic wind 

vectors. A test of the 'role of the main 

factors influencing the flow over Antarctica: 

1. vT - +15 MIs; k 
0 - 1 m2/s 

2. vT - +15 MIs; k - 20 m
2
/s 0 

3. vT .. +1 m/s; ko _ 1m2/s 

Dots indicate the direction of the geostrophic 

winds at the top of the ABL. x-axis of the 

coordinate system is oriented downslope. Eddy 

viscosity, k = k . n 
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not change much for any of the four directions of G
t

, 

varying by less than 70 0
. Mahrt and Schwerdtfeger 

(1970) obtained almost the same result, which was used 

to explain the high directional constancy in the 

katabatic wind in Antarctica. However, from the center 

figure and the right figure, it is obvious that the 

surface wind direction is dependent on the direction of 

Gt when, respectively, the eddy viscosity is large, or 

the slope-induced thermal wind is small. These results 

lead to the conclusion that the relatively high 

directional constancy in summer or during the day, when 

the thermal wind is weak at the slope stations in 

Adelie Land, must be caused by Gt having a constant 

direction. 

Wind hodographs obtained from a 24 hour simulation 

of the model are shown in Fig. 3.6. Nighttime 

simulated hodographs have a spiral shape. The 

strongest low level jet is obtained about 9 hours after 

the beginning of the simulation, which is equivalent to 

3:00 A.M. local time. 

Fig. 3.7 shows two simulated diurnal variations of 

wind speed and wind direction. Note that a smaller 

value for wind direction denotes a more down-slope 
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direction of flow. Gt is kept equal in both cases, 

but eddy viscosities and thermal winds differ. In each 

case, the variation in wind direction is quite similar. 

However, the curves of wind speed variation differ, 

that in Fig. 3.7a having its maximum in the early 

morning and that in Fig. 3.7b at midday. The curves in 

Fig. 3.7a are similar to the curves of wind vector 

variation at 010 (Fig. 3.2a). The same comparison can 

be made between curves in Fig. 3.7b and Fig. 3.2d at 

080. We can conclude from Fig. 3.7 that, 

assuming Gt to be consistent, the diurnal variation of 

wind vectors depends on the variation in eddy 

viscosity and slope-induced thermal winds. The phase 

difference is controlled by these two factors. 

3.5 Summary 

Mather and Miller (1967) first documented the 

occurrence of maximum wind speeds at midday at the 

stations on the interior plateau of Antarctica. In 

this chapter, the diurnal wind vector variation was 

analyzed. The wind speed curves at 010, 047, 057, and 

D80 showed a similar pattern, but the time of maximum 



wind speed shifted from 

(080). Data from AWS 

showed the influence 
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early morning (010) to midday 

and a simple model simulation 

of slope-induced thermal wind, 

and geostrophic wind at the upper 
eddy viscosity, 

boundary on the 

Adelie Land. 

diurnal variation of wind vectors in 
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temperature, the "core", or "kern". Hann, quoting 

Middendorf, stated that a "kern" is not found in the 

European part of the Arctic. Pol log later studied the 

winter temperature patterns in Europe and called the 

prolonged period of uniform winter temperatures, 

"kernlose", a modification of Hann's term (Loewe 1969). 

Before Pollog, Simpson (1919) had already noted the 

existence of a very developed coreless winter in the 

Ross Sea area of Antarctica. The following is a short 

historical note by Schwerdtfeger (1984) concerning 

Siple's observations: 

"When Paul Siple came to the South Pole 

on 30 November 1956, the first scientist to 

stay for a full year at that far-out place, he 

did not hesitate to dig, in 4 days of hard 

work, a 5.5 meter-deep pit. The purpose was 

to measure the temperature which at that depth 

comes close to the mean annual value. Knowing 

about the summer temperature on the plateau 

from Amundsen's and Scott's reports, and 

assuming the temperature of the coldest month 

should be as much below the annual mean as the 

summer values are above it ("like it is in 



most other places"), he concluded the average 

temperature of 

below -84 0 C 

the coldest 

(-120 0
F), a 

month might drop 

possibility he 

considered "half in apprehension and half in 

excitement" (Siple 1959). Ten months later, 

he was surprised as well as relieved to find 

that the winter of the Antarctic Plateau is 

different. In 1957, the coldest month was 

September with a mean o temperature of -62.2 C 

and the lowest minimum of -74 0 C." 

Schwerdtfeger (1970) pointed out that 
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the 

tempearture inversion strength in the atmosphere never 

exceeded a limit of 40 0 C, and in his model he assumes 

the existence of an equilibrium state in which long 

wave radiation loss in winter is balanced by 

atmospheric back radiation, vertical eddy flux of heat, 

heat conduction from the ground, and heat of 

sublimation. Also, he speculated that warm air 

advection is an important item in this heat balance. 

Wexler (1958) attributed the reversal of the 

temperature trend to warm air advection associated with 

increased cyclonic activity during these months. 

According to his hypothesis, this cyclonic activity was 
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caused by baroclinic instability resulting from the 

great temperature contrast between the cold Antarctic 

continent and the surrounding oceans. This zone of 

high temperature contrast moved northwards later in the 

season as the Antarctic pack ice formed, leading to the 

eventual return of colder temperature. However, van 

Loon (1967), in considering the Ross Sea region, noted 

a shortcoming in Wexler's theory by pointing out a 

wintertime rise of mean pressure over the other 

southern hemisphere 

amplification of the 

apparently greatest in 

continents. This causes an 

planetary wave pattern which is 

that half hemisphere in which 

Australia is centered and results in an increase in 

warm air advection. 

Loewe (1969) stated that Wexler's explanation for 

advection of warm air is correct for coastal areas but 

does not apply to inland areas where more pronounced 

warm spells are found, and that van Loon's explanation 

is correct for the Ross Sea area but does not apply all 

over Antarctica or the Arctic. He, as well as Thompson 

(1969), concluded that radiation is the main reason for 

coreless winters in high latitudes. Heat transport, a 

consequence of radiation, is probably only a 

contributory cause for coreless winters. The outflow 
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of cold air along the dome-shaped ice surface in 

Antarctica and in Greenland leads to descent of the 

warmer air above. The larger the cooling by radiation, 

the stronger will the outflowing wind be, and the more 

vigorous the mixing with the warmer air above. This 

mixing, extended over a period of time and tending to 

halt a drop in temperature, produces a coreless winter. 

However, the supply of warm air aloft to the 

surface is limited unless warm air advection from lower 

latitudes is assumed. Loewe's explanation for coreless 

winters would be true for each episode of warm spells, 

but, without a horizontal influx of warm advective air, 

the temperature would generally decrease. This 

temperature decrease"has never been observed. 

Sinclair (1981) studied the extremely high summer 

temperatures of December 1978, and reported that 

advection of exceptionally warm, maritime air by strong 

winds from lower latitudes is an important heat source. 

He suggested that cyclogenesis at the high latitudes 

and simultaneous intensification of anticyclonic flow 

seem to be necessary conditions for the intense 

poleward advection. 
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4.3 Results 

Fig. 4.1 shows the monthly mean air temperature for 

three stations on the slope of Adelie Land in 1983. The 

three stations were chosen because a large set of data 

was available. This figure shows the coreless winter 

temperature patterns with their distinctive reversals 

of the expected curve in June and September. If the 

mean of temperatures over a long period were taken, one 

would expect the curve to be U-shaped and to have less 

pronounced reversals (Schwerdtfeger 1970). Although 

average potential temperatures in summer are similar 

for all stations, in winter the potential temperature 

at 080 is much lower than at 010 or 047. The 

temperature curves, however, are very similar for the 

three stations, indicating that the warm spell is a 

phenomenon throughout Adelie Land. From February to 

April the drop in temperature is steep and in the 

months of May and June a warming of the temperature is 

observed. In July all stations recorded the coldest 

monthly mean temperatures. 

August and September and 

observed in October. 

Warm spells are seen in 

a cold spell is again 
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Fig. 4.3a Sea-level (a) and sao mb (b) pressure charts 

for OOZ 20 June 1983. 
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Fig. 4.3b Sea-level (a) and 500 mb (b) pressure charts 

for OOZ, 6 July, 1983. 
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Antarctic plateau is stronger than normal. This 

extends and intensifies the pressure ridge between the 

two semi-permanent cyclones which are situated at 1000E 

and 170 0 W just off the coast of the antarctic continent 

(Schwerdtfeger 1970). Since this pressure ridge 

normally moves eastward and 

at the stations during warm 

ridge must be located to 

the pressure usually falls 

spells (Table 4.1), the 

the east of the stations 

(Fig. 4.3a). Because northernly maritime air flows on 

the west side of the ridge, high temperatures can be 

the result Jf the warm air advection explained above. 

If this holds true, a shortcoming of Wexler's 

explanation for the coreless winter would be overcome. 

He could explain the coreless winter temperature for 

the coastal stations by increased cyclonic activity. 

However, the pronounced coreless winter temperature 

patter.n on the interior plateau is difficult to explain 

in this manner. The explanation which takes into 

account the warm air advection associated with 

anticyclones, makes the coreless winter temperature 

patterns more plausible for the inland stations. The 

subsidence of warm air aloft to the surface boundary 

layer is also more likely to occur under the influence 

of anticyclones than under the influence of cyclones. 
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Cold spells in Adelie Land are associated with low 

pressure areas lying over or to the east of the Ross 

Sea. When the cyclone intensifies, it also brings cold 

air from the central part of the continent toward the 

coast. At this time, the high pressure ridge from the 

continental anticyclone is frequently located to the 

west of the stations. Therefore, when the cold airmass 

flows out from the central part of the continent, it 

brings abnormally cold temperatures to the stations. 

The above explanation . for the extremes in 

temperature do not apply everywhere in Antarctica or in 

the Arctic. However, it can be applied to the areas 

where the anticyclonic ridge is frequently located. 

According to Berson and Radok (1960), there are 

preferable areas for the formation of an anticyclonic 

ridge along the meridional lines of 0°, 60 0 W (Antarctic 

Peninsula), l20 0 W, and l40 0 E (Adelie Land). In these 

areas, the same relationship between temperature and 

pressure found in Adelie Land can be observed. 





5 THE TEMPERATURE GRADIENT OVER ADELlE LAND 

5.1 Introduction 

Radok (1973) first pointed out the importance of 

the effect of the vertical gradient of surface 

temperature on the magnitude of the true horizontal 

temperature gradient, which determines the actual 

thermal wind. The vertical gradient of surface 

temperature is defined as the surface temperature 

change between two stations divided by their difference 

in elevation. This factor is usually ignored in model 

and simulation studies. For exampl"e, Dal rymple et al. 

(1966) neglected this term, and as a result, the 

magnitude of the thermal wind estimated from the model 

using the wind observations was found to be twice that 

estimated from the inversion strength (Radok 1973). 

The pronounced variations in temperature existing on 

the surface of the antarctic ice sheet have been 

reported by many glaciologists, e.g. Budd et al. (1971) 

and Kane (1970), who analyzed 10m firn temperatures. 

Vertical gradients of surface 

as large as -2 oe/100m were 

temperature on the slope 

reported by Budd et al. 

(1971). This means that if the vertical gradient 
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of surface temperature is less than -loC/lOOm, an air 

parcel going down the slope is experiencing warmer air 

around it. This could cause acceleration down the 

slope or an increase in the magnitude of the thermal 

wind. 

Several different assumptions have been used by 

modelers to describe the temperature structure in the 

inversion layer along the 

Schwerdtfeger (1970) assumed 

slope. Mahrt and 

the isotherms to be 

parallel to the inclined surface and temperatures to be 

constant along the slope surface. Schwerdtfeger (1975) 

discussed the effect on the inversion strength of the 

product of the inversion height variation and the 

average change of temperature along the fall line, but 

found it to be negligible. Radok (1974) mentioned the 

importance of surface temperature change along the 

slope plus the inversion strength on the slope in 

estimating the total horizontal temperature gradient. 

Ball (1960) assumed an isothermal condition for both 

the inversion layer and the free atmosphere with a 

discontinuous temperature jump at the interface. 

Parish (1982) used Ball's assumptions, but extended 

them to include variations in the inversion height and 

the effect of entrainment of air at the top of the 

inversion layer. 
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In this chapter, utilizing the data from AWS, we 

will discuss the wind and temperature of Adelie Land, 

making particular reference to the vertical gradient of 

surface temperature along the slope. 

5.2 Results 

As mentioned in chapter 2.1, the annual mean 

temperature distribution could be characterized by 

three zones: high plateau, intermediate plateau, and 

coastal. The differences in mean annual temperatures 

between the high plateau stations and the intermediate 

plateau stations and between the intermediate plateau 

stations and the coastal stations 

20 0 C (Fig. 2.1). However, 

are the same, about 

since the elevation 

difference between the· high plateau stations and the 

intermediate plateau stations is less than lSOOm (Table 

1.1), the rate of change in temperature with respect to 

elevation is superadiabatic, whereas it is close to the 

value of the dry adiabatic lapse rate between the 

intermediate plateau stations and the coastal stations, 

where the elevation difference varies from lSOOm to 

2000m. This characteristic of temperature distribution 
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in Adelie Land is well illustrated in Fig. 5.1, which 

shows the monthly averages of potential temperatures 

for four stations on, the slope and Dome C station for 

the years of 1982 and 1983. The differences in the 

potential temperature between 010 (coastal station) and 

047 or 057 (intermediate plateau stations) are very 

small «2K) throughout the year, whereas the 

differences between Dome C or 080 (high plateau 

stations) and 057 or 047 are very large (15K) during 

the winter months. Fig. 5.2 shows the variation of 

mean monthly vertical gradients of air temperature 

between the stations. The vertical gradient of 

temperatures between the coastal stations (010) and 

intermediate plateau stations (047 and 057) show the 

values to be very close to the dry adiabatic lapse rate 

throughout the year. This is also true for summer 

months between the intermediate plateau stations (047 

and 057) and the high plateau stations (080 and Dome 

C)i but in winter months, o they reach over 2 C/IOOm, or 

twice the dry adiabatic lapse rate. Budd et al. (1971) 

found the same feature in the surface temperature -

elevation gradient (the surface temperature 

measurements are taken from the firn 10 m below the 

surface, where they assumed that temperatures 
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deviation angle in winter is smaller (more downslope) 

than at 057 where the slope is steeper. The reason for 

this may be due to a combination of smaller values of 

Q, and/or larger values of k and F. However, F is more 

likely to affect the deviation angle than Q and k, 

since F has the highest numerical power. According to 

Phillpot and Zillman (1970) the average inversion 

strength in winter (June, July, and August) at 080 is 

The inversion strength calculated using 

Eqs 5.1 and 5.2 for 080 is 19 0 C, i.e. 25 % larger than 

that predicted by Phillpot and Zillman. Therefore, the 

simple expression for F given in Eq. 5.2 will not 

adequately explain the small deviation angle there, and 

a more complete expression for total pressure gradient 

force must be found. From the bottom part of Fig. 5.3, 

it is obvious that the largest surface temperature 

gradient exists at 080. A scale analysis of total 

pressure gradient force will be done in the next 

section in order to determine the significance of 

additional terms in F, in particular the surface 

temperature gradient. 
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5.3 Discussion 

As shown above, the vertical gradient of surface 

temperature along the slope can be one of the most 

important components of the total pressure gradient 

force which controls the surface wind in Antarctica. 

In this section, using a scale analysis of the forces 

composing the total pressure gradient force, we will 

discuss the conditions under which the force due to the 

gradient of surface temperature along the slope is 

dominant. The method of scale analysis is used to 

determine the relative importance of the forces. This 

technique involves the estimation of order of magnitude 

through the use of representative values of the 

dependent variables and constants that make up the 

forces. This method is widely used in model simulation 

in order to alter the complex general equations to 

easier and more economical 

application. 

forms for a specific 

The total pressure gradient force can be written as 

follows (Mahrt and Larsen, 1982): 
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Fig. 5.4 The schematic diagram of the distribution of 

equivalent potential temperature in the 

inversion layer. 
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Table 5.1 The scales for the katabatic wind in Adelie 

Land. 

PARAMETERS SCALE UNIT REFERENCE 

SUMMER 

de 6 °c AWS 

6Z 400 m 

dT 3 °c Wendler and Kodama (1982) 

H 200 m Wendler and Kodama (1982) 

WINTER 

de 10 °c AWS 

6Z 400 m 

dT 15 °c Phillpot & Zi11man (1970) 

H 350 m Kawaguchi et a1. (1982) 
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The phenomenon which leads to a positive dH can be 

found in a deceleration of the flow associated with the 

entrainment of momentum from above the inversion layer. 

Since the wind speed becomes progressively stronger 

from OBO to 057 and to 047, Eq. 5.B might not be 

realistic. The entrainment mechanism is suggested by 

many researchers, e.g. Parish (19BO), Monin and 

Sawford(197B), but no data are available to verify this 

hypothesis for Antarctica. 

tends to be directed more 

where the slope is less than 

the values in Table 5.1, 

In winter, the wind at OBO 

down-slope than that at 057 

at OBO (Fig. 5.3). Using 

Eq. 5.7 requires dH to be 

greater than 150 m, thus suggesting a large entrainment 

of momentum from above the inversion layer. Overall, 

the temperature gradient can be an important part of in 

theA total pressure gradient force. However, to better 

justify the importance of the temperature gradient 

term, an increase in the flow layer depth downward on 

the slope is required. Also the entrainment mechanism 

at the top of the layer needs to be investigated. 
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5.4 Summary 

Station 080 on the high plateau showed a distinct 

flow pattern in winter, which suggested the importance 

of three components of the total pressure gradient 

force: the inversion strength, the slope angle, and the 

surface potential temperature gradient aiong the slope. 

The direction of the flow at 080 is more downslope than 

at 057 despite a less steep slope at 080. A scale 

analysis demonstrated the conditions under which the 

surface potential temperature gradient becomes more 

important relative to buoyancy in contributing to the 

total pressure gradient 

require an increase of 

further down the slope, 

force. These conditions also 

the thickness of the layer 

which suggests .that the 

entrainment mechanism is important. 



6 THE EFFECT OF SNOW ENTRAINED IN KATABATIC WINDS 

6.1 Introduction 

Katabatic winds with entrained snow are a common 

phenomenon in Adelie Land. There are, however, few 

experimental or model studies which consider the effect 

of snow entrained in katabatic winds, although both 

blowing snow and katabatic winds have been studied 

frequently and independently ( e. g. Ball 1956, 

Schwerdtfeger 1970, Parish 1982', Loewe 1953, Budd et 

ale 1966, Kobayashi 1972, Schmidt 1982). The "only 

study combining these two subjects was done by Mather 

and Miller (1964), who investigated the role of the 

direction of surface winds in Antarctica on the 

formation of sastrugi. Ball (1957) and Loewe (1974) 

mentioned the possible influence of drifting snow on 

katabatic flow. 

Snow particles entrained into the katabatic flow 

layer have three possible influences on the character 

of the boundary layer flow: 1) an increase in density 

by entrainment of snow from the surface, 2) a decrease 

in temperature ( 1. e. increase in density) by 
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sublimation of snow particles and 3) an increase in 

surface friction. This paper discusses 1) and 2), as 

3) can be assumed to be negligible compared with the 

influence of the density increase just by entrainment 

of snow particles, according to Ball (1957). Budd et 

ale (1966) reported that, in a wind profile under snow 

drift conditions at Byrd station, no evidence had been 

found of any significant deviations from the 

logarithmic. wind profile. A slight tendency for the 

roughness height to increase with wind speed apparently 

cannot be explained by friction due to the drift snow 

itself. 

In the next section, the theoretical relationship 

between katabatic force and the speed of wind with 

entrained snow is derived. The estimation of the 

katabatic force using the altimeter correction method 

is explained in section 6.3. In section 6.4, katabatic 

force due to the entrainment of blowing snow is 

obtained by the relationship derived in section 6.2 

using the data from AWS. This chapter is summarized in 

section 6.5. 
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6.2 Katabatic Force and Blowing Snow Density 

The cooling at the surface of sloping terrain 

generates an additional horizontal pressure gradient 

force (katabatic force), due to horizontal temperature 

differences (Sorbjan 1983). Details are given in Fig. 

1.3. The increase in flow density due to the entrained 

mass of blowing snow is equivalent to an additional 

cooling, and therefore, increases the katabatic force. 

The graph in Fig. 6.1 plots the equivalent amount of 

cooling due to the entrainment of blowing snow against 

the blowing snow density. This graph does not consider 

any latent heat change associated with the sublimation 

of the blowing snow. For example, the increase in 

density of air to which 10 g/m3 of snow have been added 

is equal to the density increase of air cooled 20 C 

(Loewe 1974). This cooling is comparable to the 

average inversion strength during the summer months in 

Antarctica (Phillpot and Zillman 1970). The cooling 

equivalent of blowing snow of a few grams per cubic 

meter becomes an important factor in wind velocity. 

This density and higher ones were frequently observed 

at wind speeds above 18 mls at the 10 m level at Byrd 

station in Antarctica (Budd et a1. 1966). 
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as in Eq. 5.2, where KF=F. For this derivation Ball 

assummed: 1) a negligible synoptic pressure gradient, 

and 2) a quadratic shear stress. Since the effect of 

snow particles entrained into the flow does not affect 

the values of temperature and pressure, KF with 
a 

blowing snow present becomes; 

3 
KFa = kV /Q - KFbs 

The transport rate of snow 

( 6 • 3 ) 

by wind, PbsQ, is 

proportional to the cube of wind speed (Kobayashi 1972, 

Dyunin 1967). Since KFbs is proportional to Pbs' KFbs 

is, as a result, proportional to v3/Q. Thus, from the 

Eq. 6.3, it follows; 

3 
KFa = (k - C)V /Q (6.4) 

where c is a constant. The slope of the relationship 

of KFa and v3 is expected to be smaller in the case of 

blowing snow. 

6.3 Katabatic Force and Altimeter Correction Method 

Since AWS collect only surface data, information on 

the free atmosphere is needed to estimate the katabatic 

force. Therefore, the altimeter correction method, 

which is frequently used to estimate the surface 
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Two linear regression lines are drawn using the lower 

six points and the upper five points. It is obvious 

from Fig. 6.2 that the slope for weaker wind speeds is 

steeper than that for stronger wind speeds. This may 

indicate the effect of blowing snow, as the stronger 

wind speeds, which reflect the effect of blowing snow, 

are increased by a relatively small increase in KFa , 

which does not take into account the effect of blowing 

snow. The wind speed at the terminal point of two 

regression lines (12.4 m/s) agrees quite well with the 

wind speed at which blowing snow density can be more 

than 1 g/m3 according to Budd et ale (1966). 

In order to test whether the increase in wind 

velocity which occurs at wind speeds exceeding 12.4 mls 

could be due to the increased density of the air with 

the entrained blowing snow, we will compare the 

measured intensification of the wind with the 

theoretical intensification of the wind due to 

entrained blowing snow. KFbs is defined by Eq. 6.3 and 

is calculated as the difference in the two regression 

lines in Fig. 6.2 for wind speeds stronger than 12.4 

m/s. Kbs is plotted against the wind speed (solid line 

in Fig. 6.3). The ordinate at the right side of the 

figure is the amount of suspended snow required to 
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explain the total increase of wind speed. This 

ordinate may be determined from Fig. 6.1. For a wind 

example, an amount of suspended 

be required. However, for the 

et ale (1966) measured, 13 g/m 3 , 

particle density (broken line in 

Fig. 6.3) needed to explain KFbs . Hence, there must be 

an additional accelerative force. 

speed of 18 mis, for 

snow of 39 g/m 3 would 

same wind speed, Budd 

one third of the snow 

Cooling due to sublimation of blowing snow 

particles may provide the additional accelerative 

force. Sublimation from blowing snow particles occurs 

due to the difference in vapor pressures at the surface 

of snow particles and the ambient air. It is difficult 

to achieve an accurate estimate of sublimation without 

knowledge of the moisture in the katabatic flow. 

However, a rough estimation was done by assuming the 

following conditions. 1) the air is kept saturated 

with respect to ice, 2) flow is downslope and in a 

steady state, 3) sublimation occurs due to the 

temperature increase caused by compression-warming 

during descent, 4) time of travel for an air parcel is 

fixed to a time scale of gravity flow, tg = V/B9'w, 

after Gosink (1981) so that the distance of descent 

depends on the wind speed, and 5) the average 
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sublimation of the whole layer is proportional to the 

depth of a blowing snow layer with densities of more 

than 1 g/m3 . The estimated cooling under these 

conditions is converted to the equivalent blowing snow 

density and added to Fig. 6.3 (mixed broken line). 

This effect adds another 20 30 % to the katabatic 

force. Hence, suspended snow and sublimation of the 

snow particles under the above assumed conditions can 

explain about two thirds of KFbs . Complete agreement 

might not be expected due to the differences in the 

physical properties of snow surfaces and turbulence in 

the flow between 047 and Byrd stations. The blowing 

snow density depends mainly on the size of snow 

particles blown from the snow surface into the flow 

layer. The difference in nature of turbulence, 

especially due to -the difference in the roughness 

parameter (which is also a result of removal and 

accumulation of snow particles by wind), would affect 

the blowing snow density in the flow. Another cause 

for these differences could lie in our assumption that 

the amount of snow transported is proportional to the 

cube of the wind speed. Takahashi (1985) reported that 

the amount of snow transported by wind at Mizuho 

station is proportional to the power of 4 to 8 of the 
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wind speed as a result of the change in air density in 

the boundary layer relative to the air density in the 

free atmosphere at the same height further down the 

slope. This accelerative effect occurs primarily at 

wind speeds exceeding 12 m/s, since at those high wind 

speeds there is usually a large amount of blowing snow 

entrained. Further intensive measurements of moisture 

profiles are needed to quantify more accurately the 

effect of sublimation of the blowing snow on the 

katabatic flow. 



7 SUMMARY, DISCUSSION, AND GUIDELINES FOR FUTURE STUDY 

Anlyses of katabatic winds were made from data 

collected from five Automatic weather Stations 

extending from 010 to Dome C in Adelie Land. Data in 

the past were generally recorded· either at sparsely 

distributed manned stations on a year-round. basis or, 

during a number of field trips, at different places on 

the same slope, but at different times. AWS have 

changed this procedure by providing simultaneous 

measurements at different fixed places on the same 

slope on a year-round basis. 

The AWS in Adelie Land are classified into three 

groups according to their location: high plateau, 

intermediate plateau, and coastal region, each having 

distinct annual temperature and wind speed patterns. 

The AWS locations can also be classified by degree of 

slope. From the flat area at Dome C, the slope 

increases in a parabolic curve through the other 

stations to the coastal station at 010. The coastal 

station, 010, on uneven terrain, has the highest mean 

annual temperature of the AWS but a somewhat lower wind 

speed than the intermediate stations, 057 and 047, 

where the highest wind speeds are observed. The high 
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plateau stations, 080 on a gentle slope, and Dome C on 

a flat area at the top of an ice dome in the interior 

of the continent, are characterized by the lowest wind 

speeds and the lowest temperatures in the groups. The 

mean annual wind speed at Dome C is the lowest of any 

of the Antarctic interior plateau stations. 

The high directional constancy of the surface winds 

in Antarctica has previously been reported and 

explained by the inversion strength and steepness of 

the terrain. In summer, however, when the inversion is 

weak or destroyed, a high directional constancy of 

approximately 0.9, comparable to the mean annual value 

of 0.92, is found at the slope stations. An analysis 

of data, and model simulations of diurnal variations of 

katabatic winds in summer, shows that geostrophic winds 

blowing at the upper boundary of katabatic flow and 

eddy viscosity also affect the constancy of the wind 

direction in summer. 

The consistency of geostrophic winds at the upper 

boundary of katabatic flow during daytime in summer was 

not confirmed due to the lack of data. The pressure 

maps, available from the few weather stations scattered 

over the large area of the Antarctic, are insufficient 

to prove the consistency in geostrophic wind direction. 
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The most realistic approach to confirm this point is to 

analyze vertical profile data taken from rawinsondes 

(or possibly remote sensing using satellites) 

simultaneously at each AWS. Sorbjan et al. (1985) 

analyzed some profile data in Adelie Land, and reached 

the same result as described in chapter 3. 

Wind directional constancies at the slope stations 

in winter, when the inversion is expected to be 

stronger than that in summer, are sometimes lower than 

the mean annual constancies. These low constancies are 

associated with warm air advection from maritime air 

brought into Adelie Land when the continental 

anticyclonic ridge, connecting at times with the New 

Zealand and Australia anticyclones, lies to the east of 

Adelie Land. 

The mechanism of entrainment of heat and momentum 

of the advected warm air into the katabatic flow layer, 

that changes its depth, has not been clearly 

understood. "Subsidence and adiabatic warming" is an 

easy and commonly used 

by many researchers, 

explanation for the warm spells 

e.g. Loewe (1969), but 

"subsidence" mechanisms and warming processes have not 

been explained clearly. It is also necessary to obtain 

vertical profile data showing the change in the depth 





120 

1.3). Although the entrainment of heat and momentum 

lead to an increase in depth of the boundary layer, and 

as a result, to a deceleration of flow, the observed 

increase in wind speed from D80 to D57, and to D47, 

would indicate the importance of katabatic force due to 

the increase in slope an9le and to the surface 

temperature gradient along the slope rather than to the 

effect of the increase in the depth of katabatic flow. 

The entrainment of blowing snow particles increases 

the density of the katabatic flow layer by two 

mechanisms: first, by the addition of snow particles to 

the air column; and second by the sublimation of the 

snow particles, with the 

heat from the air, which 

thereby increases air 

corresponding loss of latent 

decrease air temperature and 

density. This increase in 

density in the katabatic flow layer leada to increased 

wind speed as a result of the increase in air density 

in the boundary layer relative to the air density in 

the free atmosphere at the same height further down the 

slope. This accelerative effect occurs primarily at 

wind speeds exceeding 12 mis, since at those high wind 

speeds there is usually a large amount of entrained 

snow. 
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After all this, two questions on entrainment 

mechanisms remain, one relating to the entrainment of 

heat and momentum at the upper boundary, and another to 

blowing snow at the ground. In addition to vertical 

profile measurements of temperature and wind in and 

above the katabatic wind layer, measurements of 

moisture profiles are necessary. 

Also unknown yet are the mechanisms of turbulent 

mixing, entrainment and gravity waves in the strongly 

stable boundary layer. Even when the overall 

Richardson number (a measure of the stability in the 

layer) exceeds 0.25, turbulence may occur sporadically. 

The Richardson number of a part of the boundary layer 

temporarilly dips below the critical value of 0.25 in 

response mainly to internal wave motions. This 

sporadic turbulence is 

motions and therefore 

absorbed by the internal wave 

is 

measure. High stabilities 

extremely 

in which 

difficult to 

the Richardson 

number exceeds its critical number are observed even 

during night in summer in Adelie Land (Sorbjan et ale 

1985). These mechanisms must be clarified in order to 

better understand katabatic winds. 





v = Vs + vd 

Fx = FSX + Fdx 

Fy = Fsy + Fdy 

k = ks + kd 
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(A2) 

The stationary variables satisfy the steady-state 

version of Eq. AI: 

(A3 ) 
a = 

and for the diurnal part: 

(A4 ) 

The diurnal variation of the friction coefficient, 

kd , is obtained assuming that Fdy is negligibly small: 

(AS) 

Then, Fdx is calculated using the following equations: 
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Fdx = (A6 ) 







where Kn = K Z(l-Z) (neutral case, o 
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(B3 ) 

z/H, where H is the height of ABL. We assumed in Eqs. 

B3 that H = 200m. 

The time forcing in the model is expressed by the 

function F, which describes a diurnal variation of the 

eddy viscocity and the thermal wind. We assumed Kn(t) 

= [l+cF(t)] with c = 20, and l1(t) = -lSF(t). The 

function F(t) is defined as: 

F(t) = (COS((2nt/T))-1)/2. (B4 ) 

where T = 24 hours. 

The form of F(t) indicates that we assume the 

neutral condition to start with and stay in·the stable 

condition changing its intensity. 

In Eq. Bl, we also assume that 

-Z -1 -1 
v T = vT(O)(e - e )/(1 - e ) (B5 ) 

where VT(O) = RF(t) and R is equal to the amplitude of 

the thermal wind multiplied by the Coriolis parameter. 

Notice that the thermal wind decreases exponentially 
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and then express Eq. B7 in the finite difference form. 

The finite differences algebraic equations were solved 

by the "tridiagonal algorithm", described in Appendix A 

of Roache (1972). 

We performed a numerical experiment with the non­

zero synoptic thermal wind of the magnitude of 5 m/s/km 

in a 200 m deep layer, which is equivalent to the 

horizontal temperature gradient of about 1.5 K/IOOkm. 

We found that synoptic baroclinicity modifies the wind 

hodographs very little in the ABL. Therefore, the A is 

assumed to be negligible in the study. 
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