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Abstract The vertical tenperature profiles of snow and sea ice have been m easured
n the A rctic during the 2nd Chinese N ational A rctic Research Expedition n 2003
(CH NARE2003). The high-resolition temperature profile n snow is solved by one-
dmensional heat transfer equation The effective heat diffusivity mntemal heat
sources are identified The mtemal heat source refers to the penetrated solar radiation
which usually wams the lower part of the snow layer n sunmer By tamperature gra-
dient analysis the zerw level can be clarified quantitatively as the boundary of the dry
and wet snow. A ccording to the i situ tine series of vertical tem perature profile the
tme series ofwater content n snow is obtained based on an evaluationm ethod of snow
water content associated w ith the snow and ice physical paraneters The relationshp
of snow water content and snow temperature and temporal-spatial distribution of snow
water content are presented
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1 Introduction

Sea ice n PolarRegions plays an mportant role in the global clmate systam. It affects

. .. . . . - (L2 .
the am ospheric and oceanic circulations viamutual interactions  ~'. Conseauentlv it show s

i pacts on clinate and hydrological development in China * *.

There is usually a snow cov-
er on top of ice mntroducing various mpacts on sea ice themodynanics (1 e msulating
effect snow to ice transfomation). For clmate research sea ice them odynam ic model
nom ally enploys snow and ice respectivelfsl. Furthemore snow, especially n summ ey

can affect the variability of ice paraneters extracted fran the ranote sensing mage *, be-
cause m elting or freezing of snow w ith the change of air tanperature results in the change of
the water content n snow. Thewater content n snow detem mes the physical themal and
photoelectric properties of the whole snow layer Therefore the detem nation of the water
content in snow is very mportant for the study of its role in the themal process of sea ice

and the obtaiment of sea ice paraneters fran the satellite ranote sensing The m easure-
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mentw ith dielectricmoisture meter can be only Imited n the single location and pertub
the mitial snow layer smultaneously A lthough the change of the water content on space can
be obtained that on tine can not be obtained . However it iswell known that the m eas-
uran ent of snow / ice temperature fiekl ismuch easier to be carried out”. In this paper
based on the measured teanperature profiles during the 2nd Chinese National A rctic Re-
search Expedition (CH NARE2003), one-dmmensional heat transfer equation is employed
to identify the effective heat diffusivities and the mtemal heat source that is used to deter-
m ne the snow layerw ith water and thatw ithoutwater A ccording to the physical param eters
of dry snow and water the approach to evaliate the water content in snow 1is mtroduced
The time-space distribution of water content shows the snow m the state ofmelting or freez
ng in the vertical profile of snow depth If the snow keeps n freezing and cold there is no
water if the snow keeps mmelting it iswamer and there iswater mside Correspond ing
one measuran ent the vertical profile of water content n snow jst gives the state of water
contents and positions in snow. Fran the tme series ofmeasurament and calculation ofwa-
ter conten} themeltingwater mm igration n snow can be evaluated Because the density of
water is higher than that of snow, the water mm igrates downward to ice surface The snow
surface usually has not water due to the water mm igration downward and freezing i cold
air The position w ith water in snow is deeper n cold air and shallwer n wamer air The
water content is higher near the nterface beween snow and ice Therefore canbmned w ith
the tine series of snow temperature the water mm igration in snow and the snow melting or
freezing can be shown The water content distributions and the measured ice and snow
thickness ' can be used in further sea ice them odynam ic research

2 One-dim ensional therm odynam ic m odel

In order to obtain the water content n snow layer arbitrarily wo snow layers on top of
sea ice are defined U sually it can be expected that phase transfom ations ( snow m elting)
occurred in these wo layers The heat transfer equation incliding ntemal heating source r
tan has been applied for each snow layer

L L)L) fiix )€ 0 (1
L L0y d) s flix T € 0 (2)

whereT=T(t x) is tanperature ¢ is tme confined within a damain L t€ I=/Q ¢ 1. +€

R being the final tme (The) Q, and Q, are the vertical 1D spatial upper and low er do-
maing respectively 04 (T );= (ky): /[ (Cy)i® (By)i], i= 1 2 are the effective upper
and lower heat diffuswities (ky ), (Cy); and ( By ), are the effective heat conductivity

effective specific heat and effective density of each layer f; (¢t x T ) is the heat source
term, which can be positive negative or zera Because heat diffusivity is a monotonously
decreasing function of temperature ", and temperature varies within a relatively snall
range i the A rctic sunmer it can be assumed that the effective heat diffusivity of snow is
Inear w ith respect of tanperature i e 04 (7 );=a;+ bT (i= 1 2), wherea; and b; are
constants The itensf; (¢t x, T ) (i= 1 2) depend on tme¢ space and temperature and
therefore are assumed to be control paran eters and to be obtamed n identification procedure
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based on the measured temperature field

Equation (1) and (2) are discretized by using the half mplicit difference schemé ',
Based on them easured vertical profiles of snow temperature during CH NARE2003  the nu-
merical smulation can be performed i the upper and low er layers according to the approach
of Schw artz altemating direction, then the corresponding heat diffusivities can be obtained
The detailed procedure is as follws The distances of the nodes correspond ing to space and
tme are Ax= (0 002m and At= 30 5 respectively Themeasured temperature data atx =
0 035m andx= Q 415m are smulated to serve as the upper and lower boundaries of the
whole snow layer Themeasured tenperature data at Q@ 00 on 2003 8 24 are smulated to
be the mitial condition of the snow layer The snow layer can be divided into wo layers at
any m easured x € [Q035m, Q 415m], and themeasured tenperature data atx are sin-
ulated as the lower boundary of the upper snow layer The paraneter dentification proce-
dure can be carried out beweenx= Q 035m andx. Themaxmum x subiect tof, = 0 can
be defined as the boundary beween the dry and wet snow layers In this paper one can get
x'=Q 315m. According to the iitial condition of the whole snow layer and the boundary
condition of the dry and wet snow layers the heat diffusivities of the wo layers can be ob-
taned by param eter identification and num erical sinulation w ith the m easured temperature
data atx= Q 265m andx= Q 365m as the identification data of the dry and wet snow lay-
ers respectively The effective heat diffusivity (m’ /s) of the dry snow layer is

ay(T), = (60-30x10'T) x10’ (3)
and that of the wet snow layer is
ay(T), = (12-14x10°T) x10° (4)

The correspond ing heat sources (K /s) aref,= 0 andfo= 1 13 x10™°, respectively Fig-
ure 1 shows the tme series of the measured and the modeled temperature data atx= Q 265
m andx=Q 365m fran 2003 8 24 Q 00 to 2003 & 27 O 0Q The error analysis shows

that the relative error betveen them easured temperature and the modeled result is less than

10 2%.
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Fig 1 Themeasured and smulated snow temperature at Q 265
m and Q 365m (August 2427 2003).

3 The inversion of the water content in snow

The snow layer can be regarded as the m xture of dry snow, air and water Smce the
wel snow layer is canposed of watey snow crystal and air and the dry snow layer is can-
posed of snow crystal and aix the wet snow layer can be assumed to be canposed of dry
snow and water The physical and them odynam ic properties of the wet snow layer are the
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can position of those of dry snow and water The water content n the snow layer is mversed
based on the detem mation of the them al paran eters by them easurable snow -layer ten pera-
ture field The approach has been applied successfully n the m xed materials of solid and
liquid ™.

For am icro vome unitwhich mnclides ameasured temperature 7 (x, ¢) (x denotes
the space coordnate of them easured location ¢ denotes the tme coordinate 7' denotes the
tam perature of them easured location), if the water content is assumed to distribute unifom-
ly in the unii and the percent ofwater content is denoted by @ the dry snow content can be
written by 1- @ If the density of dry snow is denoted by P and the density ofwater is deno-
ted by @, the effective density of the wet snow can be written by

0 = QR (R- Q) 0+ Q) (s)
where Q=k, /(a;(T),* C,), k, andC, denote the heat conductivity and the specific heat
of dry snow, respectively k, and C, are dependent on the density of dry snow and tempera-

13 14
tureI !

k= 2845 x10°F + 27 x10" x 2?97 (6)

C,= (92 88+ 7 364T') x 10’ (7)
Since the tamperature of the A rctic ice layer in summ er varies around the freezing point the
density of the purew ater can be given as @ = 999 2 kg/m’. A ccording to the result of N az
intsev (1963)'"!, the effective specific heat of the wet snow layer can be described by

Cy=0C,0+C,(1-0)+ LdOAMT, (8)
where C, denotes the specific heat of the pure w ater

If them xture of dry snow and water is assumed to be a saturate systan, the effective
heat conductivity of the wet snow can be obtained by Ling and Zhang "*'.

kg = ko kT (9)
where ©®= ;¢ 0/Q is the volum e proportion ofwater £, is the heat conductivity ofwater
The latent heatl, the heat conductivity £, and the specific heat of waterC,, are given[ 7 as

L= Q/333 2+ 4 995(T - 273 15) + 0 02987(T - 273 15)°], (10)
k, = 0 11455+ 1 6318 x 10°°T, (11)
C, = 420843+ 0 111362(T - 273 15) + § 12142 x 10°(T - 273 15) +

Q 3482 x 10°(T - 273 15)° (12)

Substituting equation (3)=(5) and (7)-(10) to (6), equation (6) can be smply ex-
pressed as

d0AdTl = g(QT) (13)
where g is a continuous function on 0 and 7.

Based on the measured temperature it is assumed that the water content is zero at the
hichest temperature of the low er boundary of dry snow layer that is 0(272 99K) = 0 atx
= (0 315m. Therefor¢ equation ( 11) can be solved numerically m /[Ty T, ]= 1272 99
K, 273 9K, whereT, = 273 99K is the highest tanperature in thewet snow layer A c-
cording to numerical smulations the estimated relationship betv een the water content and
tem perature is shown n Figure 2

The figure shows that the water content in snow increasesw ith the mcreasing tem pera-
ure Because the highest tanperature n wet snow layer is only Q 84 K greater than the
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freezing pont and the lowest tanperature corresponding to the nonzerow ater content is on-
ly @ 16 K less than the freezing point such variation of tanperature is reasonable i na-
wre In particular during the Arctic summey the penetrated solar radiation is strong e-
nough to cause the ntemalmelting of snow and further to increase the temperature ofm elted

snow and slush beyond the freezing point
12
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Fig 2 Estmated snow water content versus snow tenperature
4 The analysis of water content in the snow layer

Snow temperature field has spatial and tanporal variations and so does the snow water
content Foragiven tme ¢ the vertical profile of tan perature m snow is a function of depth
x, therefore the water content 0 is also a function ofx denoted by O(x ). Analogously the
effective density of snow corresponding to the profile is also regarded as the function ofx,
denoted by 0 (x ). For a given spatial segnent in snow layer thewater content can be re-
carded as the integration of that m each unit therefor¢ at a given tme { m the given
space range the water content @ can be given by

0 = j@(x )0y (% )dox / JQ{; (x)dx (14)

wherex, andx, are the depths corresponding to the upper and low er boundaries of the given
spatial segnent respectively

The upper and lower positions of the given segnent are detem med by the m nmal
thickness which ensures the smulation to be carried out reasonably A ccording to the tem-
perature field and snow pitsmeasured durmg CH NARE2003 fran Q 035 m, the location
of the first tanperature probe under the snow, to Q 415m, the surface of sea ice the snow
layer is divided nto 200 layersw ith a mterval of @ 002 m. The tenperature correspond ing
to everym icro snow layer at the time ¢ can be obtaned by smulating them easured tem pera-
re on the coordinatex. Because the water content 0 in snow is a function of tem perature
and the effective density of snow is a function on the water content and temperature thewa-
ter content of every m icro snow layer can be obtamed by smulation Canbining with the
water content of everym icro snow layer the vertical profile ofwater content in snow layer at
the tme ¢t can be calculated Canbining with the vertical profiles at different tme the
tm e-space distrbution of water content can be obtamned

Figure 3 shows the tme-space distribution of water content fran 2003 &8 24 Q 00 to
2003 8 27 Q 00w ith the tme nterval of 600 s and them icro snow layer thickness of 0 002
m. Since now ater exist fran the surface of the snow layer to the depth of @ 002m by analy-
sis figure 3 only shows the tine-space distrbution ofwater content fran @ 200m to Q 500
m. The water content n snow is zero at Q 415 m, namely sea ice surface Canpared w ith
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figure 1 the snow melts and the water content increases when the tenperature n snow -
creases w ith the ncrease of the extemal air tanperature On the contrary thewater n snow
freezes and the water content decreases even arrives at zera Fran space at given { the
water content ncreases w ith the ncreasing depth and tends to zero at the ice surface Dur
ng the wholem easured period themaxmum water content is 1Q 21% which occurs at the
depth ofQ 403m, and them nimum is zera The effective density (kg/m’) of snow varies
in the range of 369 72-405 30 which shows that there is phase transfom ation in the snow
ice layer m summer The absomption and release of the heat n phase transfom ation mflu-

ence themelting speed and play an adjusting role
0.2
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the boundary .
of zero water content

e
(%]

o
~

the depth under the
surface of the snow/m

the sea ice layer

0.5 1 1
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Fig 3 Tme-space distribution of water n snow.
S Conclusions

(1) Based on one-dimensional heat transfer equation and the measured teanperature n
CH NARE2003 the snow layer is regarded as them xture of dry snow and water and the
effective diffusivities changing w ith the depth and the heat source are identified The snow
is considered aswet snow or dry snow corresponding to whether there is phase transfom a-
tion or not i tems ofwhether the heat source is nonzero or not respectively It provides
an approach by which the water content can be mversed based on the known physical and
them odynam ic paran eters of dry snow and water

(2) Based on the calculated m icro snow layers the vertical profile of water content
corresponding to the tamperature profile at given tme can be obtamed A ccording to the
vertical profiles of water content corresponding the different tme the time-space distribu-
tion of water content can be obtamned

(3) It is an indirect approach to nverse the water content n snow layer based on the
m easured temperature The approach provides a smple and effective way to mdirectly ob-
serve the water content n snow layer The accurate of this method w ill be done w ith the
m easured w ater content and temperature n snow n future
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