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1 Introduction
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Abstract Estiates of near surface layer parameters over 78°N drifting ice in ice
canp over the A retic ocean are made using bulk transfer m ethods w ith the data fran
the experinents operated by the Chinese A rctic Scientific Expedition n August 22-
Septenber 3 2003 The results show that the net radiation received by the snow sur
face is only 3 6 W /m’°, among which the main part transported into amosphere in
tem of sensible heat and latent heat which account for 5% and 31% respectively
and less part being transported to deep ice n the conductive process The buk trans-
fer coefficient ofman entum is about 1 16 X 10" in the near neutral layer which is a
little smaller than that obtained over 75°N drifting ice However to canparew ith the
resu lts observed over 75°N drifting ice over the A retic O cean in 1999 it can be found
that the them odynan ic and man entum of interactions betw een sea and air are signifr
cant differentw ith latitudes concentration and the scale of sea ice It is very mpor
tant on considering the effect of sea-airice nteraction over the A rctic O cean when
studying clinate modeling

Key words A rcticOcean Ice canp Tutbulence flux H eat budget

Num erous studies show that n the e¢lobal wam ing backeround the Arctic ice laver
thinning and the covered area dim mishing are being accelerated m summer Undoubtedly
changes i the underly ng surface would affect the localw eather/clmate and energy budget
thereby exerting ranarkable mpacts on variations in clmate and envirooment on a global
basis mcling China and currently the prediction of global clmate change especially m
relation to the changing polar region clmate has becane a leading problan worldw ide
M any advanced clmatemodels produce bigger biases m smulations of the polar clim ate ow-
mgmainly to poorer understand ing of nteractions betv een snow cover and aimosphere in the
polar region A's a resulf it is necessary tom ake observational study of polar radiation bal-
ance water vapor manentun transfer aswell as energy exchange in conjunction w ith their
param eterizations i order to provide clm atemodelsw ith more suitab le am ospheric bounda-
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1y layer physical characteristic paraneters w ith which to mprove the relevant paran eteriza-
tion schemes thereby reasonably evaluate the role of the polar region mn global clmate
change For this reason China organized Arctic Scientific Expedition i 1999 and
2003 "', Since 1997 the United States has launched jointly w ith Canada Japan Russia
and northem-European countries a 10-yr SAFIRE Project for the A rctic observations -
cluding SHEBA (A rctic SurfaceH eat Equilbrim Observation), ARM (A rctic A mospher-
ic Radiation Observation) and FIRE ( mtemational cloud clmate regional experment).
Duynkerke and Roode (2001)""" discussed the structures and features of A retic ice-surface
heat equilbrim canponents based on the SIEBA data indicating that although themonth-
ly mean wibulent flux near ice surface layer is snall the dumal variation is renarkable It
was required to using suitable paran eterization schemes formanentun, heat and water va-
por exchange for studying the A retic O cean sea/ice/air interactions Jordan (1999)" in-
vesticated the exchange of energy and m ass betw een snow ice surface and amosphere with
the ice-snow m easures and m eteorological data fran 31 A rctic pack ice observation stations
and established mproved one-dm ensionalmodels ofmass and energy balance Lack ofA rc-
tic datta led to few er researches on applications of the boundary-layer param eters and varia-
tions to climatemodels Quetal (2002)'” and Bian etal (2003)'” made estimation of
near surface layer parameters over a range of drifting ice Since globalwam ng and the
thickness and area of sea ice of the A rctic O cean are decreased greatly fran year to year
yet the calculating m ethods of turbulent exchange and heat balance differ greatly between
ice-free and i ice regions It is concluded that by Lier al (2005)"" the bulk transfer
m ethod is one of the bestmethods for studying param eterization of sea/ice/air interactions
over the Arctic after they analyzed the wibulent fluxes of the A rctic O cean ice pack re-
gions based on boundary layer sm ilarity theory by using the measured m eteorological ele-
ments gradient derived fran the drifting ice observations over the A rctic O cean Follow ing
above conclusion this article analyses the exchange param eters of heat and man entum and
their variations i the near surface layer over a representative drifting ice by using m easured
radiation tuthulence and snow temperature profiles around the ice canp near 78°N during
the 2003 expedition which fumished expermental results for constructing param eterization
schem es and models

2 Observation instrum ents and data

The Second Chinese N ational A rctic R esearch Expedition was carried out onboard
“Xuelong” research vessel Itsetoffon July 13 2003 fran Dalian crossed the Bering Sea
into the drifting ice regions of the A rctic O cean and arrived at the adjacent region of 78°N
on August 20 where a relative flat multiyear-ice (2~ 3 m thick and the area about 300
kmz) was selected by helicopter reconnaissance whereon a canp was established for jont
observation Fran August 22 to September 23 Chinese and F innish scientists made a wo
w eek observation experment of ocean/sea ice/amosphere mteractions w ith a 6m m eteoro-
logical tower elected over a pack ice w ith thickness about 2m, on which all necessary de-
vices were mounted temperature and hun dity probes (Model Hmp-35D, Vaisala) and
w ind direction/speed sensors (M odels Cpe-3 d Chma and 05106 monitorM a Y oung
USA) atQ § 3 0 and 6 Om above surface a 3D ultrasonic tibulent flux observing sys-
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tan (Model SA-4 andM10Q App Tec Ihc, USA) and up- and downward long- and
shortwave radiation sensors ( PSP and PR, Eppley) at 2 m, ice tanperature sensors
(PT100) at a range of depth of the pack ice along with ice-surface pressure sensor
(PTB10Q Vaisala) and an ice-surface mfrared temperature transducer (KT19 8§ HE-
ITRON ICS). A1l the transducers were connected w ith the data sanpler ( D atataker-60Q
TEC) for autanatic recording with 1 m in sanpling frequency and a set of data recorded at
10 m in mtervals A ll the sensorswere calibrated at CMA ( ChineseM eteorological A dm nis-
tration) before setting off for the m ission Under the effects of w nd and ocean circulation
the camp ice drifted fram west to east ( fran 148W, 78 3°N to 143W, 78 7°N) during
the observation'”

This paper used the data of tanperature hum ity w nd profile and radiation balance
canponents near-ice-surface layer along w ith other relevant data calculated and analyzed
the boundary layver param eters in near ice surface layer by means of bulk transfer method

w ith the results canpared to those obtained fran i situ observations during the First Chi
nese N ational A rctic Expedition

3 M ethods

The ice surface energy balance can be expressed as

R,=8-S,+L,-L, (1)

R.,=H+LE+G+M (2)
where R, is net radiation S, and S, are ncan ing and reflected shortvave radiation fluxes
L, andL, are ncan ng and en itted longw ave radiation fluxes A ll of these tems are of n st
tu measuranents H andLE are the turbulent fluxes of sensble and latent heat which eval
uated at the surface by bulk transfermethod and G is the subsurface conductive heat flux
aswell asM is the heat flux absorbed/released n surface melting/freezng A ccording to
the known boundary layer paraneters mak ng use of the average of w ind speed tempera-
ture and hum ity derived fran the near surface and a layer of certan height above the sur-
face turbulent characteristics were calculated by using the bulk transfermethod as follow s

T= @,U° (3)
H = L,C UG- 0) (4)
LE = ELVCEU((;(,— C]) (5)
_ 2 _ k |
Ca= (w A1) " W(Z/Zy) - W, (Z/L)+ W, (Zy /) (¢)
' U(o- )

i |

R(W(Z/Z)- W (ZL)+ B (Z /L)) (W(Z/Zx) - W (Z L)+ W(Z /L))
(7)

where C,, C; and Cy; is bukk transfer coefficient formanentum, sensible heat and w ater va-
por respectively and assumed Cy = C; during the calculating process @, and ¢, are poten-
tial tem perature and specific hum ity over the pack ice U, 0 and ¢ arew ind speed poten-
tial tanperature and specific hun ity at the reference height respectively Z,, Z; and Z,
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are roughness ( strength ) formanentum, sensible heat and moisture generally assumed Z,
=Zy=27,= 0 mitially ITtwas approxmately considered as near neutral stratification when
the buk R ichardson Number IR 3 1<Q 025 A ccording to neutral stratification w ind pro-
fileU=ku W(Z/Z,), then Z,= 1 526 % 100 * m was obtained by using lest squares
method ¢, is specific humn dity over the ice surface and can be canputed by the fomula ¢,
=RH , X(].wl 10|, w here Gt = a 622 xp_oe'—‘g%g% and Cot = 6 11 % 109 54/( 4+ 263 5) are
saturation specific hum ity and saturation water vapor pressure at the drifting ice respec-
tively, £ ( C) is the tanperature atZ, height here taken for the drifting ice surface temper
ature f,, andRH 5 is relative hum ity atQ Sm. The stability functions ¥, and W, in ( 6)
and (7) adopted the fomula that Liet al (2005)"" selected fran Holislag et al

(1988)'" expressions

4 Radiation param eters

In Fig 1 temporal series of hourly up- and downward radiation fluxes and albedo at
snow surface August 22 to Septanber 3are illustrated In Fig la it is ndicated that rem ark-
able nterdiumal and dumal variations of total and reflected radiation occurred with total
radiation higher n fine days than in overcastweather Themaxmum flux at noon mn a fine
day was asmuch as 600Wm~ ’ in contrast to < 200Wm™’ in a cloudy sky It showed that
the radiation fluxes are related to the cloud cover The mean daily total radiation over the
period reached 110Wm™ > approxinately w ith daily anplitude range over 80~ 182Wm ™ .
The maxmum of daily reflected radiation flux was 435Wm~ 2., w ith the total daily m ean 95
Wm™* and daily anplinde range over 71~ 147 Wm ’. The total and reflected radiation
values in fine days were more than w ice as great as that m cloudy days The albedo (A)
represented significant daily variation (Fig lc¢) with mean reaching Q 83 The ratio of re-
flected to total radiation was rather high when the solar altitnde angle wasmaxmum, lead-
ng to the greatest ( amallest) reflectivitv of Q 95 (Q 5). The albedo becane snall as ice
melted when the ice structure was changed due to the fact that the thaw ing w ater nfiltrated
through ice It also declined during a snow ng day Camparison shows that the 2003 ob-
served reflectivity was obviously greater relatively to the nstantaneous measuraments ob-
tained i 1999 at 75°N'"", and the greater albedo was associated w ith a clean snow cover
which thicknesswas about7 an and w ith no depositing pollutants on its surface practically,
on the 78°N pack ice in canparison to themultiyear snow -free icesurface n the 1999 case
that was grayish on account of sea water erosion and amospheric contan nants that led to
absorbed radiation ncreased responsble for reduced reflectivity That the A rctic ice re-
flectvity mcrease depends on increasing latitude and distance fran human actwity is of par-
ticu lar significance to the param eterization scheme of clmate models

W ith temporal series of snow surface en itted and amospheric long-wave radiation ab-
sothed m Fig 1b it can be seen that the dumal variation w as very snall but its mterd umal
variation was reanarkable both varying msignificantly only during snow fall The snow cover
an itted long-w ave radiation had its interdumal range over 294~ 317Wm ™ °, with themaxr

mal daily total slightly smaller than 320Wm™” at 75°N ( in 1999). It showed that the snow
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surface longwave radiation itensity was related to snow temperature indicating its
dependence upon latinde. The daily anplinde of amospheric radiation ranged over 287
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Fig 1 Tme series of 30m nmean fluixes of gbal (S, solid Ine) and reflected radiation (S,, dashed line),
ncan ng (L,, sold line) and outgomng (L, dashed line) longwave radiation and ice surface abedo

(A) on August 22-Septanber 3 2003

~300Wm > For the nterdiumal amplitude evidently amospheric net longwave rad ia-
tion was greater at 78°N than that at 75°N, because it related in ice concentration and
weather conditions As for 75°N the ice concentration was relatively lower so that stronger
ocean-air interactions occurred in contrast to the 78°N case where ice-air ntem lavs dan ma-
ted because of higher ice concentration leading to a quick change n amospheric tem pera-
ture and hum ity in the near surface layer such that the longwave radiation varied more
greatly. As shown mFig 1h during nighttme of 28 to the earlymommg of 29 August the
m nmum tenperature and longw ave radiation of snow and airwere observed which was ob-
viously consequent on the mtense radiation cooling n a cloudless sky near surface m assocr
ation w ith the incursion of the cold airmass

5 Param eters of turbulence

The dumalm ean variations of sensible heat (H ) and latent heat fluxes (LE) over the
snow cover calculated by fomulas (3) and (4), snow ice heat conductivity fluxes (G) ac-
quired fran the observed snow-ice temperature profile and canputed by the schame of
Duynkerke (2001)'* are presents n Fig 2 aswell as ( 1) -given net radiation flux (R n).
The positive ( negative) H and LE denote heat transfer into the air ( snow cover); positive
G ndicates the downw ard transfer of heat mside the cover for upward transport vice versa
positive ( negative) Rn designates snow -ice surface absorbed ( released) net energy L it
ed effective radiation taken by the ice surface resulted n ratherweak turbulent exchange be-
tveen snow cover and air As indicated n Fig 2 the urbulent heat flux showed a signifr
cant dumal variation For 0600 to 1700 LSI, net radiation energy absorbed by snow cover
was an itted nto air in the form of sensible and latent heat part of heat conducted nto dee-
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per layers of the snow-ice and all canponents of the heat balance w ere negative for the rest
of tme ntervals Due to the radiation cooling the snow cover received energy fran the at
mosphere as sensible and latent heat with the energy lost fran the ice cover canpensated
for partly by heat fran the layers of greater depth A round the noon solar radiation becan e
maxmum, leading to the strongest wibulent fluxes with the dumal anpliude of sensible
( latent) heat fluxes ranging over — 5 t0 13 (- 5 t0 2) Wm >, ice conductive heat flux o-
ver — 8 1o 12Wm ™ °, and net radiation flux over — 15 t0 33Wm ", Fig 3 depicts the tme
series of ice surface sensible ( leant) heat fluxesH (LE), snow conductive heat flux G,

and net radiation flux (Rn) for August 22~ Septanber 3 2003 ndicating that all tem s
of the energy balance show more remarkable nterdumal variations In fine and partly
cloudy weather snow cover absorbed net radiation was greater such that the heat and vapor
fluxes exchange w ere stronger betw een the snow -ice and amosphere and vice versa in over-

cast and snow fall weather
40

B,H,LE,G(W/m2)
2
=
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Fig 2 M ean dumal variation of fluxes sensible heat flux (H ) and latent heat flux (LE ), sea-ice conductiv ity
heat flux (G) and net radiation flux (R, ).
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Fig 3 Tme series of hourly net radiation flux (R,), sensble (H) and latent (LE) heat flux sea-ice conduc-
tive heat flux (G) i August 22-Septanber 3 2003

6 Parameter of man entun

A mosphericmanentum paraneter n the near surface layer is often denoted by the
drag coefficientC,;, which is one of the most mportant param eters to boundary-layer m od-
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els Owing to lack of observations for the A rctic O cean most of such models take the drag
coefficient of 2~ 3 X 10" " over the ice surface for near neutral stratification To further un-
derstand the characteristics of drag coefficientw ith the variations of latitude and drifting ice
concentration i this context the calculation of the amospheric stability z /L and drag coef
ficientC, was canpleted by means of ice-surface gradient observations and s ilarity theo-
1y The results showed that a fev of the absolute values of z /L were greater than Q 1, but
most of than were less than Q 1 or close to zero ( 61% of total sanples), and 3% were
gnaller than — Q L and the rest exceeding Q 1L This mplies that the stability of the at
mosphere (- Q 1< z/L< Q 1) i the near surface layer over the A rctic O cean is neutral or
near neutral and has quite weak convection event ( unstable stratification) during the obser
vation The relationship bew een drag coefficientC,, which calculated by the fomula ( 6),
and w ind speed (U) is as given m Fig 4 it mdicates thatC, is larger w ith snaller w ind
speed and it approaches a steady value w ith w ind speed in excess of S5Sm /s A fitted lnear
relation between C; and w ind speed (U) is obtamed as the fom of C; x 10 ‘=1 383 -
(Q 026U. The relationship beween C,; and z /L under neutral or near neutral stratification is
presented in Fig § and the drag coefficients are variable n the near neutral condition w ith
a range of Q 5~ 3 x10° ’. Therefore themean valie of Cy,= 1 16 X 107" for near neutral
stratification ( z/LL = 0) over the ice surfacewere calculated This value is greater than C,
~1%x10 " i open sea (Gao et al 2000)' ? but slightly analler than the value of 1. 24
x 10’ obtained in the 1999 Expedition at 75°N A retic pack ice for neutral stratification' "
Thus it can be seen that the observation during 2003 Exped ition is representative of themo-
mentun features over the high-latitude A rctic flat ice surface m summer Campared w ith the
value at 75°N, the C,, was snaller at 78°N where drifting ices covered a larger portion of
the seaw ith more flat snow cover and its nsignificant roughness
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Fig 4 Relationship between drag coefficient (C,) Fig 5 Relationship between drag coefficient (C, )

and w ind speed (U). and amospheric stability ( z/L).
7 Analysis of the energy closure error

The estmation of closure error of the energy balance w ith which to mprove tubulent
flux calculation technique is significance to the paran eterization of the boundary layer The
closure error of the energy budget equation over ice can be given as[ (Rn - H+ LE+ G) /
Rn] x10Q where Rn is the measured net radiation w ith a higher accuracy and the other
tems are the mean fluxes of the heat balance canponents calculated by sin ilarity theory
Temperature hicher than 0 degree observed multiple tines around the ice canp at 75°N in
1999 suggesting significant ice m elting that the m elting-consum ed heatw as taken mnto con-
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sideration but during the 2003 Expedition temperature was relatively lower and tempera-
res> 0°C hardly occurred there thus ignoring the tem of icemelting Table 1 indicates
that the closure error of the heat balance m 2003 was 8%, a figure that is reasonable e-
nough to show high precision of observations and calculations w ith canparison to the 1999
value of 12 '"'. The difference m aybe arosemainly due to the canplicated sea-ice-am os-
phere interactions at 75°N i 1999 and especially due to themelting process and the canp
closeness to open waters in addition to mstruments errors thus suggesting the 2003 m eas-
uraments at 78°N displayed a representative of ice and air interactions at hich-latitude
M ean fluxes n Table 1 showed that the net radiation absorbed by snow surface was trans-
ferred mamly to air as sensble and latent heat accounting for 52% and 31% respectively,
and the rest transported mto the sea of great depth As a resulf sensible heat and latent
heat over snow coverwere mportant temms i the heat budget

-

Table 1 Canponents fluxes of the snow-surface heat balance in summer at 78°N (Wm™ ")
R, H LE G

36 L9 L1 Q3

8 Conclusions and discussion

Fran the foregoing analysis of the near surface radiation and turbulent fluxes over the
A rctic O cean at 78°N, 144~ 148°W during August 22~ Septanber 3 2003 further un-
derstand ing of the themal and dynam ic processes of ice-air interactions w as established It
is found that the use of bulk transfer schame for tubulent paran eter has higher precision
reaching closure error of the energy balance as low as 8%.

During the observation period the near surface amosphere over the sea-ice is almost in
a neutral or near neutral stratification W eakly unstable or stable stratification only devel-
oped for a short tme The fitted relationship betwween C; and U is given as C; X 10° =
1 3830 026U. It approaches a steady value w ith w nd speed n excess of Sm/s and the
mean drag C,, is 1. 16 X 10" under near neutral stratification conditions This vale is
slichtly smaller relative to the value of 1. 24 x 10" obtained at the 1999 Expedition at 75°
N A rctic pack ice for neutral stratification Themean albedo of the snow cover i1s 0 85 dur
ing the observation Ow ing to so great albedo snow -cover absorbed net radiation is only 3 6
Wm™’. itwas transferred to airmainly as sensible and latent heat which accounts for about
5% and 31% respectively and the rest transported to deep water by conductive process
By the canparison to 1999 m easuran ents it is seen that due to the differences i latitude
sea~ice concentration and scale of the drifting ice where the canp is located there arises
considerable difference n dynam ic and them odynam ics of mnteractions betw een sea-ice and
amosphere n the higher-ice-concentration area and that n open waters The pack ices n
the regions to the south of 75°N are of low concentration and present obviousmelting and
ice there is grayish because of sea water erosion and deposited pollutants leading to re-
duced reflectivity and more energy absotbed That is the answer for the fact that themelting
and sensible heat fluxes becane the mportant tem s of the heat budget Consequently ice-
surface lost heat exceeds absorbed net radiation that is canpensated for by heat fran the
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depth of the ice In canparison the ice-absotbed radiation at 78°N is only 1/3 of that at
75°N, so thatonly a small anount of heat is transferred mnto depth of the ice and hence sen-
sible heat flux acts as the mportant tem of the heat budget Therefore it is necessary to
consider further ice density scale of drift ice and albedo as the significantly factors affect
ng near-surface layer paran eterization in preparing the param eterization schan es of themo-
dynam ic and dynanm ic processes n the boundary layer for interactions betw een high-concen-
tration ice region and air as well as between open water and amosphere n the A rctic O-
cean

The observation over the ice canp during 2003 Expedition was more extended sthan
that during 1999 Expedition w ith an optm ized calculation scheme of turbulence adopted
but the results in this paper ranain prelin mary should be follwed by further observational
studies In order to discover the evolution of sane physical paraneters for the sea ice-at
mosphere nteraction a longer tme series required
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