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Abstract Analysis of sensble heat flux (Q, ), latent heat flux (Q.), Richardson
nunber (R i), buk transport coefficient ( Cd) and katabatic w nds are presented by
using themeteorlogical data n the near surface layer fran an autam atic w eather sta-
tion (AWS) in Princess E lizabeth Land East Antarctica ice sheet and the data of
correspond ing period at Zhongshan station mn 2002 It shows that annual mean air
temperature at LGB69 is — 23 6°C, which is 16 4°C lower than that at Zhongshan
where the elevation is lwer and located on the coast The tanperature lapse rate is a-
bout 1L 0°C/110m for the mitial fran coast to nland The wrbulence heat flux at
LGB69 displays obvious seasonal variations with the average sensble heat flux
~ 17 9W /m’ and latent heat flux — Q 9W /m’. The intensity (Q, + Q.) of coolling
source is — 18 8W /m’ mean ing the snow surface layer obtains heat fran amosphere
The near surface amosphere is nearneutral stratified w ith buk transport coefficients
(Cd) around 2 8 x10™°, and it is near constant when the w ind speed higher than 8
m /s The speed and the frequency of easterly Katabatic w inds at LGB69 were higher
than that at Zhongshan Station

Key words eastem Antarctic ice sheet tuibulent flux katabatic wind seasonal
variation

1 Introduction

9%k of the Antarctic land is pemanently snow-covered which is adjacent to the
southem ocean and acting as an mportant channel connecting southem oceans (1 e, the
south Pacific A tlantic and Indian O ceans). As a resull interactions beween ice and air
and bet een sea and air over the Antarctica exert significantly mpacts on extra-tropical at-
mospheric circulations aswell as on EastA sian clinateé " **'. TIn view of the severity of Ant
arctic climatemost of perennialweather stations are on the coasts and only severalm ake ob-
servations mland (e g, South pole station and Vostok station). Therefore canpared to
data fran coastal stations only paucity is provided fran nland stations thusmak ng more
difficult the analysis of mnteractions beween mland ice sheet and amosphere Autanatic
w eather station (AW S) netork has been working in Antarctica since the 1980s It m-
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cludes one setup by US in Rose ice shelf?, the one by A ustralian scientists to the south of
Casey station’” and the one established i the ice sheet aroundM izuho station by Japanese
meteorologistd . It foms a basis for the research of the wibulent flux exchange betveen
ice sheet and air nland Tan et al (1993)'" made analysis of 100~ 140°E clinate charac-
teristics by means of AW S data resulting a close relationship of surface tenperature pres-
sure and w ind to the ice sheet condition Cheng et al (1999)"" mvestizated the weather/
clm ate features of the G rove M ountains of the contment An AW S naned as LGB69 over
Princess E lizabeth land was founded in 2002 under the cooperation betw een Chinese Ant-
arctic Adm mistration and Australian Antarctic D ivision Based on AW S data throughout
2002 i order to better understand the differences i the features of near-surface layerm e-
teorological paran eters bew een coastal and inland Antarctica which plays a crucial role of
conceming interaction anong ice sheet and amosphere and prediction katabatic w ind a-
round Zhongshan station the present paper attanpts to nvestigate the annual variations in
urbulent fluxes and other elanents and to canpare w ith those smultaneously collected at

Zhongshan station
2 M aterials and m ethods
2. 1  Site and M icran eteorolog icalM easuran ents

LGB69 is located at 70°06'S  77°04'E and 1850 m abovems] 160 km fran the east
coast ( see Fig 1) and setup n January 2002 on Princess E lizabeth land by the 17th Chr
nese Antarctic expedition The AW S was developed and calibrated at Australian Antarctic
D wision before transport to the Antarctic It is consisted of a 4 m height tower measuring
gradient wind and temperature at I m, 2m and 3 m high above surface, as for relative
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Fig 1 Geographical position of LGB69 and Zhongshan Station
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hum dity wind direction and solar radiation at a 4 m height for snow tanperature atQ 1
m, lm, 3m and 10m depths and for pressure and snow cover with theirmodels and res-
olution presented n Table 1 Sanpling frequency is once an hour and the data transm it on
real-tine to the global telecanmunication systen (GTS) via the ARGOS satellite The data
can be downloaded fran ARGOS website through FTP or fran GTS directly

Table 1 Themodels and sensor resoluitions of sensors at LGB69 AW S

Sensors Types Sensor resoution
FS23D them istor

A Ir tanperature ( mdividually calibrated) Q 02°C

Relative hum idity Vaisala HM P45D k74

W ind speed AAD cup ananameter 0 2m/s

W ind direction A anderra 3590 vane 6°
Campbell Scientific

Snow height SR50-45 1 an

Solar radiation M iddleton EPO8 Q1MJm’
Paroscientific

Pressure D igiquartz 605 1A Q 1 hPa
FS23D them istor

Snow_tan perature (ndiwidually calbrated) Q 02°C

In close proxm ity to the ice sheet Zhongshan station is situated at 69°22'S 76°22'E
on Larssnan H ills inside Prydz Bay and snow -covered all the year round except D ecember-
M arch during which much of snow ismelied around the station Katabatic w nds prevail n
the summ er half year (O ctoberM arch) and LGB69 is upstrean of Zhongshan station so that
AW S data serve as an mportant source for studying the occurrence and development of
these w inds at Zhongshan station

2.2 Flux ProfileM ethod s

The data of 3-level w inds and temperatures as well as the flux profile relationship are
applied to canpute turbulent fluxes and the associated characteristic paran eters over the ice
sheet Before calculating sensible heat(H) and latent heat( LE) fluxes the M onin-Obuk-
hov sm ilarity theory is used to canpute frictional velocity( u* ), temperature scale (T
* ), characteristic specific hun dity ( ¢* ) and M onn-Obukhov length the expressions

shown i the follow ing

w = k(- u,-)/[A_Z‘ - W (5)+ Wa(5)] (1)
VA - TR AT (2
G = g - qa/[‘rl—z‘ - Ya(§)+ Wa(8)] (3)

L=-uw @ (6+8)/ 20, (4)

And the result as

2 lzzn(5/5)(0-8)

Ri > 5
(0+ 0)(w- w) (3)
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OJ’! = - m,nu"‘ e‘ (6)
Q== L ¢ (7)
C,= 4u /(u+u) (8)

It is noted that through (1) to (5), k(= 0Q 4) denotes Von Kaman constant u the

wind velocity q the specific hum dity obtaned fran ¢= Q 622 x—<, where e the vapor
p
pressure w ith respect to ice is canputed fran ice temperature and saturated hum dity 0 the

potential temperature acquired fran 0= T (P P,)" ™, L the Obukhov length R i the R ich-
ardson number as the stability paraneter g the gravitational acceleration W, (&) and
W, (§) are the universal functions of ( § ), or as the functions of correcting stratification
that denote the deviation ofw ind speed temperature and specific hum idity fran the relat-
ed logarithm ic profiles under neutral stratification & is a dinensionless height in the fom
as (9)

G = (Z- 7o) L (9)
in which Z; stands for observing height and Z, for the surface roughness that is obtained via
fitting of w ind speeds at different levels § has it’ s the expression s ilar to that for §. It
is noted that fom s of universal function are roughly analogous to each otherwhen using dif-
ferent observations except for san e difference in calculated paraneters The universal func-

tion by Dyer et al (1970)"”" is adopted which defined as

W hen
§< 0
X, = (1-16§)"
W (&) = 2/ (1+X,) /2] - W[ (1+X)/2] = tan ' (X,)+ T/2  (10)
W, (§) = 2/ (1+X]) /2] (11)
when
1>&>0
W, (&)= W, (§) =- 58§ (12)
when
> 1
W, (&)= W, (&) =-5I(§) (13)

A1l of then are nonlinear equations that are solved with iteration method In such a
way that mitial values ofU. , and L, are found under presum ed neutral stratification before
getting universal functions through mserting these mitial values mto ( 10) to ( 13). which
are then substituted nto (1) to (8) for iteration Generally the iteration is convergent and
reaches < 1% relative errors i results after 4~ 5 iteration

3 Results
3. 1 Annual variations of m eteorological elan ent
A swe know, variations ofm eteorological elan ents are under great mpacts of elevation

and geographic position of the station To canpare observations fran LGB69 to those fran
Zhongshan station the pressure are reduced to sea level values by means of theirmonthly
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mean tenperatures w ith monthly mean pressure temperature specific hum dity and w ind
velocity m 2002 Fig 2 displays their variations on an annual basis Fran the yearly curves
of pressurg the trends aremuch the sane except for the difference of ~ 10 hPa n the aver
age beween than for wo stations with the maxma and m mina observed n the sane
months, and the pressures are considerably higher n the w nter than n the summer half
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Fig 2 Annual variations of air pressure ( Py ). air tanperature( t, )~ hun dity ( q) and wind speed (V) at

LGB69 ( sold lne) and at Zhongshan ( dashed lne).

year ( April-Septenber versus O ctoberM arch), with the correlation coefficient of Q 95
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(Fig 3), mdicative of the fact that both stations are under the sane influence of a large-
scale synoptic systan. As for yearly mean temperature it is — 25 6'C at LGB69 about
16 4C lower canpared to that at Zhongshan station meaning that the tanperature drops
roughly 1°C for 110 m rise in height at a 10 km iterval nland For LGB69 the coldest
( hottest) tamperature is often below — 40C (- 10C) nw inter ( summer), a yearly varr
ation thatwhich is smilar on the wholg to that at Zhongshan station with temperature
changing fast n the summer and slow ly m w inter half year indicating the core-free feature
ofwintertime temperature variation (Fig 2). This is approxmately true for other Antarctic

w eather stations
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Fig 3 Relations ofmonthly mean air pressures( Py ) and temperatures ( t,) betveen LGB69 and Zhongshan n
2002

Monthly mean hum dity is lower at LGB69 than at Zhongshan station the data fran
both show mg an apparent annual variation with the higher happening mn Decenber and
January and the lower n August The difference nmean hun idity betveen the stations in
the ssmmer is significant ndicating that the low ered hum ity is due to the fact that LGB69
is located mland at higher elevation with colder temperature in contrast to considerably
higher hun dity at Zhongshan station that is on the coast and exposed to relatively high tem-
peraturg w ith plentiful vapor can ng into the air In the w inter half year on the other
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hand much of the sea is frozen neatby Zhongshan station thus greatly reducing preventing
vapor mto the aix so that the difference becanes very snall in hum ity betveen the wo
sites

Annualmean w ind is snaller at LGB69 canpared to M izuho station at the sane latr
tude (9 Om /s vs 11m/s)'®, with itsmonthlymaxina i excess of 10m /s in Septanber
As evidenced m Fig 2 monthly mean w inds are all higher at LGB69 than those at Zhongs-
han station The differences in w inds betw een the stations are markedly greater n the sum-
mer than n the w nter half year because of katabatic w nds prevalent at LGB69 during the
summ er

Fig 4 shows the yearly variation of tenperature m the snow depth of Q 1, L Q@ 3 Q
and 10m at LGB69 It is obvious that the tanperature n atQ Im depth snow is nfluenced
by themal conductivity fran the surface resulting i very distinct annual variation with
monthly meanm inmal and m axm al tanperature of — 35 2° in September and — 18 3°C i
January respectively The annual temperature amplitudes of snow are 16 9°C and 12 7°
C, 4 8°C and Q 6°C for at the snow depthsof Q@ I, 1. Q@ 3 0 and 10m respectively which
ndicates that the annual anplinde of snow temperature decreases with increasng snow
depth M axmal and m minal tenperature n depth snow of 3 0 and 10m occur lagging be-
hmd Q 1 and L. Om. They were m January and Septenber atQ 1 and 1 Om respectively,
and mM arch and O ctober for 3 Om, aswell as n August and February for 10 Om. This
evident illustrates that there is little effect of them al condition below 1. Om on the near sur-
face snow temperature In otherwords the themal exchange of snow and air appearsmain-

ly above L Om.
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Fig 4 Annual variations of snow tenperature (TS) in different deepness
3.2 Turbulent fluxes

Fig 5 presents annual variation of urbulent fluxes for at LGB69 calculated by m eans of
3-level gradient data and the sm ilarity theory It is ndicated that the annual variation of
sensble heat flux is quite ranarkable Themonthly mean values are negative except n De-
canber Fran O ctober toM arch heat is very snallw ith — 5 4W /m’ and fran A pril to Sep-
tamber it reached — 32 3W /m’. Iis annual average is — 17 9W /m°, andm eans that the
snow surface gains heat fran the amosphere The annual average of latent heat is as low as
- Q 9W /m” with snaller annual variation as the inland area is less influence by marie
w ith the extranely low temperature and very snall anount of latent heat released fran sublr
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mation of snow or ice aswell throughout a year H owever the annual variation of latent heat

flux ismuch snaller canpared to that of the sensible heat
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Fig 5 Annual variations of sensible heat flux( Q. ) ( solid Ine) and latent heat flux (Q.) ( dashed Ine) at
LGB69

Fran the equation of surface energy balance (Q, + Q.[ GW 6] ) the mtensity of heat
source can be defined asQ, + Q.> 0 referred to as a themal source and Q, + Q.< O the
opposite as a cold source Follow ng this definition the LGB69 annualmean flux of Q, +
Q. is— 18 8W /m’, e g the surface layer can be as a cold source and obtained fran the at-
mosphere Them inimum monthly mean of Q, + Q. is — 41 5W /m” in July and the maxr
mum is9 4W /m’ in Decamber In the summer (winter) half yearQh+ Qe is — 3 3W /
m’ (- 34 3W /m’), indicating that surface layer acts as aweak ( strong) cold source w ith
heating by air m year round

In Fig 6 themean diumal variation of heat flux is shown as an average for the summ er
and w inter seasons In the day tme (06: 00— 18: 00) the heat flux is higher than zerq
with peak value of 41 4W /m”. It is negative in the noctumal tme The daily anplitude
reaches 69 1W /m”. There is amost no significant daily variation w ith constant about — 35
W /m®> i thew inter This can be ntempreted as heating the surface layer w ith longer sun-
shine duration and stronger solar radiation for the daytme leading to the transfer of sensible
heat into airwhile radiation cooling the surface layer n the nighttme and the heat fran air
is transferred downward to the surface Especially n the period of polar day the surface
layer is heated by air

A's the tanperature of the surface is below 0 C there is snall anounts of latent heat by
heat of sublm ation absorbed and condensation released of the snow surface In summer the
daily maxinun of latent heat value is 7 5W /m” w ith daily range of 11W /m” On the other
hand m thew inter daily the heat is alnost no variation w ith small fluctuating of — 1. 8W /
m’. Therefore latent heat plays a negligible role on the interaction betveen snow and air in

the Antarctic inland
3.3 Bulk tranger cogfficient and amospheric stability

A mospheric stability is one of the mportance param eters on the study of boundary lay-
er In tem of defnition of the criteria( R1) developed by R ichardson i detem mation of
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the amospheric stability R i< O denotes mstability R i= 0 neutral stability R i> 0 stabilr
ty
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Fig 6 D umal variations of sensible heat flux( Q) ( solid lne) and latent heat flux (Q.) ( dashed line) n sum-

mer and w inter at LGB69

In practice — Q 025< Ri< Q 025 refers to a neutral or nearneutral stratification In
the whole year 4696 valid sanples for Ri ( R ichardson number) at2 5 m level are ob-
tamed There are is 4208 samples for neutral or nearneutral stratification 368 and 120
sanples for steady and unsteady stratification respectively They are 89 o, 7 8k, and
2 6l of the valid sanples respectively It is dedicated that the amosphere of the surface
layer dan nates neutral or nearneutral stratification and less convective w eather throughout
the year n the Antarctic inland

The buk transport coefficient is an mportant factor for dynam ic and them al research
of the boundary layer The coefficient ofmanentum flux (Cd) represents the drag of wrbu-
lent friction depending largely on dynam ical effect of w ind speed Fig 7 gives their corre-
lation It can that the coefficient is larger with smaller wind speed and it approaches a
steady value w ith w nd speed n excess of 8m /s The linear relation betveen Cd and w ind
speed (u) at2m height is obtained as the fom of Cd= 3 8 x10™° X log (u) + 2 6045 X
107",

The relationship betveen the coefficient and stratification is close The coefficients of
different stratification is detem ined to be 2 6 x 10" for the nearneutra] 1L 8 x 10" for
the steady and 3 9 x 10 * for the unsteady stratification respectively obtamned by fitting
the annual data However our coefficients in this paper are larger canpared to those repor-
ted by Qu et al ( 1989) for the Japanese AntarcticM izuho station The possible reason is
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associated w ith difference in snow surface conditions and katabatic w nd effect bew een the

Wwo regions
100

Y= 0.0038* log(X)+2.6045

T T T TTT00

T T IIIlIII

T Illllll

o
s
co
o
>

20
V, (m/s)

Fig 7 Relations betwween w ind speed (V2) at2m and Buk transportcoefficient ofmanentum ( Cd) at LGB69
4 Katabatic winds

Zhongshan station is located at the fringe of the Antarctic ice sheet where katabatic
winds is amamly weather systan, which is caused by the mutwal mpact fran the topo-
graphic of the eastem Antarctic plateau and a high pressure systen over the continent .
Fig 8 shows the dumal variation ofmonthly mean w nd speed for the summ er and w inter at
LGB69 and Zhongshan station The variation is apparentw ith the daily maximun of 10 0
m /soccurredon11: OOLT. anddailym mmum of6. 5Sm /son20: OOLT. mn summerat
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Fig 8 D umalvariation ofw ind speed in summer( solid line) and w inter ( dashed Iine) at Zhongshan( ZS) and

LGB69
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LGB69 It is mdicated that the LGB69 region prevails katabatic w inds in the summer and
which not appear n thew inter The pattem of the dumalw ind speed at LGB69 corresponds
to the katabatic displayed in other Antarctic regions This is because the strength of radia-
tion cooling on the snow surface layer is relative larger and leads to the w ind speed the
nighttme and while the strength of radiation cooling mn the daytime becanes weaker and
while thew ind speed decreases n summer Fran Fig 6 it can be seen that there is no dur-
nal variation of the w nd at both stations i the w inter thatm eans the solar radiation forcing
is oo negligible to cause the katabatic w nds
Fig 9 presents the frequencies of w ind directions at 8 orientations i 2002 for LGB69
and Zhongshan station It can be seen that for LGB69 the frequencies of NEN, NEE and
SEE orientations are higher and the NEE ismost prevalent The region of LGB69 is one of
the significant A ntarctic katabatic area
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Fig 9 Frequency of eight orientations of w ind direction appeared at Zhongshan( slash) and LGB69( dot).

For Zhongshan station located at the downstrean region of LGB69 and where the w ind
speed exhibits apparent diumal variation w ith the daily peak of 8 6 m /s at04: 00 LT. and
dailym mmum of3 3m /s at16: O0LT. mn summer The summerw inds at Zhongshan sta-
tion are snaller canpared w ith that at LGB69 and the consistence tme of the katabatic w ind
is shorter A lso frequency of prevailing w ind direction is amost the sane toa M eanwhile
the w nds i the w inter is no distinct dumal variation H owever the region of Zhongshan
station is under the great effect of katabatic w nds can ng upstrean i LGB69 area region
and the previous deduction also given by Bian et al ''".

5 Conclusion and discussion

Based upon the canparison ofm eteorological elan ents fran LGB69 and Zhongshan sta-
tion and on the analysis of calculated turbulent paran eters for LGB69 the follow ng conclu-
sions can be discussed

(1) AsLGB69 located at the Antarctic mland of the higher elevation and snow -cov-
ered all the year round its annualmean temperature is — 23 6'C, with about 16 4/C low-
er than that at Zhongshan station Itm eans that teanperature drops by L 0C /110m rise in

elevation at a 10 km mterval mland The characteristic of annual variation of tenperature
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for both stations are basically sin ilay the temperature changes fast n the sunmer half year
(Oct —Mar ) and slwly n the winter half year(Apr — Sep ). The change shows a
“ core-free” w inter

(2) There is apparent annual variation of sensible heat (Qh) and the annual mean
flux is — 17 9W /m°, that amosphere is heating the snow surface The yearly variation of
latent heat (Q,) is greatly analler than that n sensible heat and its yearly average is — Q
9W /m’. The annual average ofQ, + Q. is — 18 8W /m’, with sharing of — 5 3W /m’ for
summ er half year and — 34 3W /m’ forw inter half year It is indicated that the strength of
heat transferred fran air to surface is over 6 tines as high m the w nter as in the sunmer
half year

There is a distinct dumal variation of sensible heat flux w ith daily anplitude of 69 1
W /m’> in summer The latent heat flux is significantly higher in summer than that in w inter
with the daily anplide of 11W /m’. w inter diumal variations of sensble and latent heat
are not obvious

(3) Based on analysis of Riobtamed m 2002 for amospheric stability nearmeutral
stratification is dan mant n the surface layer at LGB69 and less convective w eather happen-
ing Correspond ingly the coefficient of bulk transport(C,) is2 6 X 10 i the nearneutral
case 1 8%10° for the steady and 3 9 x 10" for the unsteady stratification The anpli
tude of Cd depends on w ind velocity It approaches a constant value atwhen > 8 m /s The
linear relation beween Cd and w ind speed (u) is obtamed as the foom Cd= 3 8 X 10°° x
log(u) + 2 6045 x 107",

(4) The annualmeanw ind speed is9 Om /s at LGB69 w ith m axmum monthly m ean
over 10 O m /s occurred n Septenber where easterlies prevails all the year round as a
source of typical katabatic winds A's Zhongshan station located n downstrean region of
LGB69 despitew ind speed where is analler than that at LGB69 the frequencies of easterly
w inds is basically sane as at LGB69 indicating the katabatic at Zhongshan station is affected
greatly by simking flows resulted fran radiation cooling of the mland ice sheet upstream.

Acknow ledgam ents This work was supported by NSF of Chma(Na 40575033) and
MOST of China project(Na 200603805005). The authors thank X ia Lm in  Xu X iax ing

YanM ing Gao X nsheng andW ang Fudong for very helpful during mstallation of the AW S
in the 18th Chnese Antarctic expedition The authors alsow ish to thank Dr Gao Zhiqu for

his canm ents

R eferences

[ 1] Chen N, Zhang Y (1998): Characteristics of Antarctic sea ice extent and its relations to SSI' in the
tropical pacific ocean transaction 20( 3): 134~ 139

[ 2] Xie M, Bao CL(1996): Interaction betveen bipolar cold air and tropical heat air A cta O ceanological
Sinica 18(2): 41~ 49

[ 3] ZhenQY, Wang YH(1999): Smulation of sea ice abnomal in weddle sea of Antarctica impacts on A t-
mospheric circulation and weather of Northeast A sia in earlier smmer A cta O ceanological Smica 21
(2): 40~ 48

[ 4] Steams CR, SavageM ( 1986): Autanaticw eather station 1980— 1981 Antarctic JU S 14( 5): 46~ 59



Chen Zhigang et al

lan A, M orrissy JV ( 1983): Autan atic w eather stations in the Antarctic AustM eteoroIM ag 31 71~ 76

Qu SH, Shan NG( 1989): Observational uibulent flux of manentum and sensible heat Antarctic Re-
search 1(4): 17 1L

lan A, Gerd W, Uwe R(1993): Clmatology of the East Antarctic ice sheet ( 100°E~ 140°E) Derived
fran autam atic weather stations J Geophys Res 98 (DS5).

Chen Y] LulH, Bian LG ( 1999): W eather characteristics in summer over G rover M ountain area in
East Antarctic Chmese Joumal of Polar Research 11(4): 291~ 30Q

DyerA] H ick BB(1970): Flux-gradient relationships i the constant flux layer Quart JRoyM eteorol

so¢ 96 715~ 721

Hu SL (1993): The observation and study report on marine m eteorology of Chinese Seventh A ntarctic
Research Expedition w intering at Zhonshan station O cean Forecast 10(2): 51~ 57

Bian LG, Xue ZE Lu CG ( 1998): Characteristics of clmate in short tem over Larssnan hill Antarc-
tic Research 10( 1): 38~ 46



