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Abstract. We suggest the application of a flux parameteri- 1 Introduction

zation commonly used over terrestrial areas for calculation

of CO, fluxes over sea ice surfaces. The parameterization is

based on resistance analogy. We present a concept for pararibie Nordic Seas represent an important area for oceanic CO
eterization of the C@fluxes over sea ice suggesting to use uptake and due to the high productivity their potential uptake
properties of the atmosphere and sea ice surface that can ates range among the highest of the world’s oceans (Taka-
measured or calculated on a routine basis. Parameters, whidkshi et al., 2002; Takahashi et al., 2009). However, these
can be used in the conceptual model, are analysed based &¥gh-latitude oceans are partly covered with sea ice, which
data sampled from a seasonal fast-ice area, and the differeR@S been considered to inhibit the gas exchange between the
variables influencing the exchange of £i@tween the atmo-  0cean and the atmosphere (Tison et al., 2002; Toggweiler et
sphere and ice are discussed. We found the flux to be smaft-, 2003). Recent studies show that the formation and melt-
during the late winter with fluxes in both directions. Not sur- ing of sea ice and the chemical processes in the sea ice itself
prisingly we find that the resistance across the surface conPlay an important role for surface partial pressure of2CO
trols the fluxes and detailed knowledge of the brine volume(PCQz2) and thus the oceans capacity for taking up2GQ®

and carbon chemistry within the brines as well as knowledgehese regions (Papadimitriou et al., 2012; Rysgaard et al.,
of snow cover and carbon chemistry in the ice are essential t§007, 2009, 2012, 2013; Sggaard et al., 2013).

estimate the partial pressure £0, and CQ flux. Further In the Arctic, the retreat of sea ice has affected the air—
investigations of surface structure and snow cover and drivS€a gas exchange, but to what extent the Arctic Ocean will
ing parameters such as heat flux, radiation, ice temperaturémain a sink for atmospheric GGn the future is debated
and brine processes are required to adequately parameteriggarmentier et al., 2013). In shelf and coastal regions where

the surface resistance. primary production is high resulting in low surfageCO;
during the ice-free summers, reduced ice cover is expected

to temporarily increase uptake of atmosphericoGBates
and Mathis, 2009). Studies indicate that the uptake capacity
of the Arctic Ocean for atmospheric G@night be limited
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as a result of surface warming and increased stratificatior2 Theory
(Cai et al., 2010; Else et al., 2013). Others have shown that
chemical processes during ice formation and melting couldThe gas transfer between air and ice is in many ways simi-
be an important factor resulting in low surfap€O; lev- lar to the transfer between terrestrial surfaces and air and to
els during melting of sea ice in summer (Rysgaard et al.,a lesser extent comparable to the transfer over an air-sea in-
2007; Rysgaard et al., 2012) and that reduced formation oterface. The ice surface is not influenced by the atmospheric
sea ice could result in lowered uptake of £an addition  turbulence and does not change its surface physical charac-
to these studies addressing driversp@O, in ice-free sur-  teristics with the wind on a short timescale as water does.
face water in summer, the understanding of gas fluxes acrodgowever, this does not mean that wind is not an important
sea ice is improving. As mentioned, sea ice has been conparameter in driving the flux over ice. Air—surface exchange
sidered to hinder gas exchange between the ocean and ti#é gases is a consequence of the same atmospheric exchange
atmosphere (Tison et al., 2002; Toggweiler et al., 2003) andnechanisms responsible for the surface fluxes of heat, mois-
consequently no carbon cycle models have included @@  ture, and momentum, but is also strongly influenced by a
change through sea ice (Toggweiler et al., 2003). Howeverfange of surface properties (physical, chemical, and biologi-
early studies by (Gosink et al., 1976) showed that sea ice cafal).
be permeable to gases including £@specially at temper- Surface exchange rates of trace gases can be measured
atures above-7°C. Furthermore, recent studies (Nomura et by micrometeorological methods. The conservation equation
al., 2006; Nomura et al., 2010; Papadimitriou et al., 2004)provides the basic framework for measuring and interpret-
suggest that formation of new ice leads to emission op CO ing micrometeorological flux measurements. In concept, the
and that ice at higher temperatures is permeable and can tal@nservation equations state that the time rate of change of
up atmospheric C® Based on data from tank experiments, the mixing ratio of a gas at a fixed point in space is balanced
Nomura et al. (2006) suggest that 0.8 % of the total inor-by the mean horizontal and vertical advection (1), by the
ganic carbon (TCg) in sea water that becomes sea ice is mean horizontal and vertical divergence or convergence of
emitted to the atmosphere during ice formation, resulting inthe turbulent flux (i), by molecular diffusion (1i1) and by any
a total emission of 0.04 Gt C year from ice formation in ~ source or sink (S). The conservation equation is expressed as
the Arctic and Antarctic. However, studies by Rysgaard et _
al. (2007) found that only a small amount (0.01 %) of £LO dc __dc  duic 9?c 1
was released to the atmosphere. These findings suggest that ~ "' 9x;  ox; + Dﬁ +5 (1)
oceans covered by sea ice can act as a source or a sink of | " IIII
atmospheric C@depending on the concentration in the ice,
which again is influenced by biogeochemistry, the thickness
the temperature and the permeability of the ice.

Until now only few studies have made an attempt to quan-

wherec is the concentrationy; is the wind velocity where
denotes the velocity components in the lateraly) and ver-

, . tical (z) directions;D is the molecular diffusion coefficient
tify th? CO, |ce—atmqsphere flux over a larger area (local of the quantityc in air; S is a source (positive) or sink (neg-

to fe@!'ona' scale) (M|Ilgr et al., 2011; Nomura, 2,010; Pa- ative) term and overbar and prime denote the time-averaged
pakyriakou, 2011; Semiletov et 'al., 2004; Zemmelink et al."and fluctuating quantities, respectively. Assuming the surface
2006). Such assessments await a method for parametenzas  nitorm and level, no sink or source term exists in the at-

go?t anlij uplscgllmg ;)IhtheCCil)‘qu ove(; ?ﬁa ice as well as mosphere above the surface and the concentration of the gas
e".er r;]owe. ge 3 € p‘ UXes art]n € pror::e§ses €ON" goes not vary significantly with time over the measurement
trolling these in order to estimate the atmospheric, ©§- period; Eq. (1) reduces to

namics in a future with changing sea ice cover.

Here we suggest applying the type of parameterizations -7~ 32¢
based on resistance theory (Hicks et al., 1987), commonlya— =-D—,
used for fluxes over terrestrial areas, to ice surfaces. We °° 0x;

present a concept for parameterization of the @xes over

: tin ina properti f the atmospher n\é’éherew is the vertical wind velocity. Molecular diffusion re-
sea .ce suggesling using properties of the atmosphere a ults from the motion of the molecules due to random thermal
sea ice surface that can be measured or calculated on a ro

tine basis. P ; hich b din th ; jotion. In the atmosphere this term is usually negligible in
nlwns de?S;é d;’isrcaurzgeedrsb'avge:jcorfzgtaes:rieple:g fm?ncgr;(gos:g mparison to turbulent transfer, and thus the integration of
L L . . (2) with respect to height yields (Baldocchi et al., 1988
fast ice area. This is to our knowledge the first attempt to pa- 2) P gnty ( )
rameterize air—sea ice fluxes of g(Qsing resistance theory.

)

w'c’=—-D—, 3)

implying that the turbulent flux is constant with height
within the atmospheric surface boundary layer and equals the
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Fig. 1. Left panel:Rais the aerodynamic resistance over the layer dominated by atmospheric turb&biséhe quasi-laminar boundary
layer resistance over the layer, which is influenced by molecular diffusion and turbulendecasdhe resistance over the ice/snow—
atmosphere interface. The dashed line illustrates the logarithmic wind profile over the surface, which in theory gags ihe dbtted line
illustrates the logarithmic concentration profile, which goes to the surface equilibrium concentrgtiatz §.. Right panel: Sketch showing
Rcand some of the parameters in/at the surface wRicls affected by anghCO» in the brine and parameters affecting this.

molecular gradient-diffusion flux at the surface. This also im- and is analogous to electrical current resistance. This model
plies that fluxes measured using micrometeorological techhas two major resistance components (Hicks et al., 1987; Se-
niques (Businger, 1986; Businger and Delany, 1990; Fowlelinfeld and Pandis, 2012): (1) an aerodynamic resistaRee (
and Duyzer, 1989) at heights above the ground and fluxeshat is wholly determined by physical atmospheric properties
measured by the enclosure techniques at the surface (Fowl¢predominantly turbulent exchange) and (2) a quasi-laminar
et al., 2001) should be comparable. However, there are mea&oundary layer resistancRlf) that accounts for the fact that
surement issues that apply to all enclosure methods. Modigas transfer in the vicinity of the surface interface is affected
fication of the environment within the enclosure introducesby the molecular diffusivity. The resistance to transfer from
many potential differences between the measured flux anthe atmosphere is theR = Ra + Rb and the fluxF' can be
that existing prior to the use of the enclosure. One of thecan be calculated as

largest uncertainties introduced using an enclosure (Fowler

etal., 2001), even assuming that the effect of the enclosure op/¢’ = F = — (¢ — ¢y) )
the environment and hence flux is negligible, is that of spa- Ra+Rb

tial variability in the flux. While chamber enclosures usually \yharec is the concentration at the reference height and

only mte%rate the signal over a f%W hundred ds?)uare Cenlt'mﬁl's the concentration at the receiving surface. The resistances
tres, exc ar?ge pfrocesselshma(yj/ g governed by contro f]_t 8hd the different layers are illustrated in FigRais derived

vary on sca es o se}/err]a undre squarel metrzs (|.e.dt '(_:kfrom the flux—gradient relationship. The vertical flux of trace
ness and wetness of the snow cover, melt ponds, un er"cﬁases above the surface can be expressed as the product of

hydrology) the eddy diffusivity ) and the vertical concentration gradi-
entdc/dz based on the gradient transport thedkytheory).
2.1 Surface exchange parameterization In practice, the concentration (and wind) profiles in the at-
mosphere are nearly log-linear (see Fig. 1) when the temper-
The gas exchange between the surface and the atmospheaiture gradient over the layer does not diverge from the adi-
can be parameterized and evaluated in terms of resistanceabatic lapse rate (neutral stratification). The deviation from
which is understood as the resistance or limitation to the verthis shape is due to the effects of thermal stratification of
tical transport between the atmosphere and the surface. Thie air close to the surface. These effects of the temperature
resistance accounts for the chemical, biological and physicastructure of the boundary layer increase the rates of turbulent
processes that inhibit the transport. The resistance analoglyansfer in unstable conditions (temperature decreasing with
has been used in deposition models since the 1980s (Hickimcreasing height) and decreasavhen the surface is cooler
et al., 1987; Kramm et al., 1995; Kramm and Dlugi, 1994) than the air (usually nocturnal or winter conditions), in stable

4
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Kapisigdlit

AN

Fig. 2. Map showing the Nuuk fjord area in Greenland and the location of the field site near the town of Kapisigtiié {64 N,
50°16'10" W).

conditions. The following parameterization f&ris used for ~ form
a neutral surface layer:

F Z z
K =u.kz, (5) C_CZOZ_R[ME_w(Z)]’ ®)

where u,, is the friction velocity, andc is the von Kar- Wherey(z/L) is an integral form of the departure from neu-
man constant¥ 0.4). For the non-neutral surface lay- tral of the dimensionless concentration gradient@agds the
ers (Hogstrom, 1996) a stability functiap is introduced ~ concentration at the roughness heightRais given by
(Businger et al., 1971); i.e.
1 Z z

ks Ra(z) = [ln——w<—)] ©)
K= —( 1 (6) Kux | zo L

(p Z

L The second atmospheric resistance describes the resistance

whereg(z/L) is the stability-dependent dimensionless con- over the molecular turbulent sublayer, which is the layer be-
centration gradient. Following convention, stability is quan- tweenzg and the heighto. where the concentration yields
tified in terms ofz and the Obukhov length-scale (Stull, the equilibrium concentration with the surfaeg)( This re-
1988). Consider the flux of CQOwith the local concentration  sistance can thus be written in termsgfandzo,:
gradientac/dz and following the methods of micrometeo-

rology descriped aboye, the flux can be expressed in terms of;, _ i [In 20 ] ) (10)
the local vertical gradient af as Kty 20¢

ac 1 Modelling studies and wind-tunnel investigations confirm
F= _(”*KZ)3_Z¢(Z/L)‘ (") thatRbis strongly influenced by the diffusivity of the ma-

terial being transferred. Effects associated with molecular or
Rearranging and integrating over the turbulent layer betweerBrownian diffusivity lie outside the scope of the micromete-
z andzg, which is the familiar roughness length associatedorological treatments leading to Egs. (7), (8), and (9). How-
with momentum transfer estimated as the height where thever, specialized surface transfer models are available to deal
logarithmic wind profile in theory becomes zero, leads to thewith the problem (e.g. Brutsaert, 1975, 1979; Kramm, 1989;

The Cryosphere, 8, 853866, 2014 www.the-cryosphere.net/8/853/2014/
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Kramm et al., 1991; Kramm and Dlugi, 1994b). These mod-small generator powered the equipment. To avoid contami-
els predict a functional dependenceRIb on the Schmidt nation of the measurements from open water, snow scooter

number, i.e: exhaust, or generators, we only use data from a limited fetch
(wind direction 270-36Dand 5—-200), which was not influ-
Rb = 1 [@ + B.l} . (11) enced by camp activities.
Us | Uy ! Air—ice fluxes of CQ were estimated using the same ap-

proach as Norman et al. (2012), where three different mi-

Whereuzq Is a characteristic velocity for the Iayqyc == crometeorological methods were applied. However, first the
zo andB; is the sublayer Stanton number, which is a function data set was filtered based on a careful inspection of spec-

of the roughness Reynolds number and the Schmidt NUMg5 resulting in a set of data where the direction of the flux

boeagcnzg v_/lDi)' \(;Vgh %belng? thel kmde_frpat_p V'S?Oﬁ'ty Of, ar  canbe clearly identified from the cospectra and a clear sim-
(0.15¢ S .) andb t € molecular di .“S'V'tY oft e gas ilarity to calculated normalized spectra (Kaimal et al., 1972)

However it is not a trivial task to obtaiin.o, sincezo is €s- i ¢5,nq (see Fig. 3). The eddy covariance (EC) technique,
“”?a‘ed as the .he|g.ht wene becpmes zero when extrapo- which is the basic micrometeorological method for flux es-

Igtmg the Iog.ar|thm|c qu pr'of|le. Thus we use the more timation was then used as the primary method. Here, fluxes
simple equation f.ORh which is Sugg_ested by Hicks et al. F, ) are derived from the covariance between the vertical ve-
(1987) and used in many surface resistance models (Duyzgpqjyy, o, and the concentration of the species of intergst,

and Fowler, 1994; Spindler et al., 2001): (e.g. potential temperature,, water vapour or Cg):

N F,=wy +uw'y. (14)
ro=2 ()

Pr (12) The first part of the flux is the vertical advection and the sec-
ond term is the eddy correlation flux. The mean vertical ad-
wherePr is the Prandtl number for air(0.72). vection is normally neglected because the vertical velocity is
A Rc is introduced to extend the resistance network considered to be negligible, but when measuring, G0x
analogy into the final receptor, corresponding to the stom-his term needs to be included since the difference in density
atal compensation point model, often used for ammoniabetween upward and downward moving air result in a non-
fluxes over terrestrial areas, treating bidirectional stomatahegligible vertical velocity. This can be done by correction of
exchange driven by the difference between the atmospherighe calculated fluxes (Webb et al., 1980) or the high frequent
concentratiorr and the stomatal compensation paig{Ne-  fluctuations (the raw signal) can be corrected (Sahlee et al.,
mitz et al., 2001). In the case of sea iggis the equilibrium  2008). Here we use the approach by Sahlée (2008) since this
concentration in the brine. The flux for G@an then be de-  will give a corrected time series, which is needed for spec-
scribed in terms of resistance$}€and the brine equilibrium tral ana|ysis_ The EC technique is well known and W|de|y
concentrationgo, is known. used for atmospheric measurement of (ldxes (Baldoc-
TheRcand theRbover ice surfaces have to our knowledge chj, 2003) over all types of surfaces.
never been studied. h and the CQ flux can be estimated Fluxes over sea ice are small and likely to be close to the
from measurement&ccan be found from Eq. (13) assuming detection limit. Wang et al. (2013), who used a similar instru-

KUy

Rbcan be calculated from Eq. (12): mental setup over a cotton field, estimated the detection limit
of CO; fluxes to be 1 pg CmPsL. These small fluxes are
(c—co) + (Ra + Rb) = —Rc. (13) subject to dominance of errors introduced by, for example,

sensor heating (Burba et al., 2008). Thus, to overcome some
of the errors and obtain a more robust flux result we have

3 Measurement of CQ fluxes used different frequency ranges of the turbulence spectrum
for estimation of the fluxes.
Measurements of C£)water vapour, temperature and verti-  In addition to the EC method, we have applied the inertial

cal wind speed were conducted using fast sampling instrudissipation (ID) method, utilizing the high-frequency part of
ments (20 Hz) installed in a 3.5m tower on an ice coveredthe spectra, and the cospectral peak (CSP) method, based on
Greenlandic fjord close to the town of Kapisigdlit (Fig. 2) the lower frequencies. The ID method has traditionally been
from 9 to 17 March, 2010. An open-path infrared gas anal-used to reduce the sensitivity to motion and flow distortion
yser (LI-7500, LI-COR Inc., USA) was used for the mea- (Edson et al., 1991, Fairall and Larsen, 1986; Yelland and
surements of C® and water vapour and a USA-1 sonic Taylor, 1996) for estimation of fluxes measured from moving
anemometer (METEK GmbH, Germany) was used for mea-platforms. However, here we use the ID method in addition
surements of the wind velocities in three dimensions and theéo EC to ensure a higher confidence in the turbulent-flux es-
fluctuation of atmospheric temperature. The thickness of theimate by using the high-frequency range of the turbulence
ice was 0.5-1m and a 1-7 cm layer of snow covered it (Sgspectrum. Using the ID method, the flux is determined with
gaard et al., 2013). Air temperatures were belotWC0A the aid of the normalized turbulent kinetic energy budget

www.the-cryosphere.net/8/853/2014/ The Cryosphere, 8, 8586, 2014
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Fig. 3. Normalized logarithmic cospectra for G@lux as a function of the normalized frequeng)(wheren is the natural frequency, is
the wind speed angdthe measurement height. The dots show the measured spectra and the solid line shows the calculated spectra for neutral
conditions using the equation from Kaimal et al. (1972).

(Edson et al., 1991; Sjoblom and Smedman, 2004) assummaximum for a normalized cospectrum around 0.3 for mo-
ing that the production of mechanical turbulence equals thementum and 0.25 for a scalar at neutral conditions (Kaimal
molecular dissipation of the turbulent fluctuation. By using et al. 1972). The method was suggested from the observa-
the ID technique, the inertial subrange of the power spec4tion that the cospectral bell-shape in the atmospheric surface
tra is utilized for estimation of the flux. The ID technique layer is close to universal, with a slight systematic difference
is rarely used for measurements of £fluxes, however, it  between momentum and scalars, from a number of measure-
is shown by Sgrensen and Larsen (2010) that it can be apment campaigns over land and water
plied for CQ, fluxes over water surfaces; and according to  Filtering data, based on spectral analysis and equality of
Sgrensen and Larsen (2010) and Norman et al (2012) ththe fluxes estimated by the three techniques, and on wind di-
ID method showed good agreement with the EC methodrection left 37 % of the original data for further analysis. The
The application of the ID technique for GAluxes is only = measured fluxes are shown in Fig. 4 as mean and standard de-
evaluated for neutral stratified atmospheric boundary layersyiation using three flux estimates for each sample. The mea-
which makes the technique less reliable over ice, where thasured CQ fluxes are in general small varying betweeB4
atmospheric stratification is usually very stable due to theand 9 pg C m2 s with a few incidents of upward fluxes but
cold surface. However, corrections based on scalar stabilityaveraged over the sampling period the net flux is downwards
functions (Businger et al., 1971; Hill, 1989) for the stabilities (—3ug Cnr2s™1). Only a single value isc 1ugCnr2s1.
encountered in this study were found to be small, thus we findT he relative standard deviation on the estimated fluxes ranges
it save to apply the stability corrections to the ID-estimatedbetween 1.3 and 220 % with an average of 76 %. Sgrensen
fluxes. and Larsen (2010) found that for fluxes60 pgCnr2s1

The basis for the CSP method is the existence of a unithe relative standard deviation exceeded 50 %. The standard
versal spectrum for the cospectrum suggested by Kaimal edleviations are relatively large; however we clearly see days
al. (1972). The full integral of the cospectrum yields the co- with upward (March 12) and downward fluxes.
variance, so if the spectral shape is universal and known, it
is possible to derive the full integral from the integral over
a limited spectral range. According to Sgrensen and Larses Estimation of the surfacepCO»
(2010) the flux can be estimated from the amplitude of the
cospectrum multiplied by a constant that depends on the stafo estimatecy, which is the partial pressure of GGn the
bility. The method recognizes relevant bell-shaped cospecsurface of the ice, measurements of temperature, total in-
tra normalized with their fluxes tend to have their peak atorganic carbon (TCg), total alkalinity (TA), and salinity
the normalized frequency (i.e. nh/u, wheren is the nat-  were carried out. Sea ice cores (of 9 cm diameter) were col-
ural frequency and: is the measurement height) between lected with a Mark Il coring system (Kovacs Enterprises,
0.01 and 0.2 with fairly broad maxima with an amplitude Lebanon, NH). Vertical temperature profiles were measured

The Cryosphere, 8, 853866, 2014 www.the-cryosphere.net/8/853/2014/
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Fig. 4. Measured C@, and heat fluxes@) over the ice. The heat flux is measured using the eddy covariance (EC) technique angthe CO
flux is estimated from EC technique, the cospectra peak method and the dissipation method. The dot shows the mean of the three method
and the bar shows the standard deviation.

Table 1. Average concentrations of bulk TG@nd TA and average sea ice bulk salinity. Data points represent data from 3 sampling days
from the March 10 to 15, 2010.

Seaice depth  Average bulk TGO Average bulk TA  Average bulk salinity

(cm) (Hmolkg't) (Hmolkg™) (psu)

0 278+ 14 312+ 38 5.9+0.6
12 202+ 32 240+ 68 7.6+£0.1
24 223+ 58 265+ 69 6.0+0.3
36 238+ 65 273+ 98 5.9+0.1
48 233+ 64 33135 3.7£05
60 283+13 319+ 20 6.3£0.7

with a thermometer (Testo, Lenzkirch, Germany, and accu-al. (2013). Routine analysis of certified reference materials
racy 0.1°C) in the snow cover and in the sea ice at 12 cm in- (provided by A. G. Dickson, Scripps Institution of Oceanog-
tervals at the centre of the cores through 3 mm holes drilled-aphy) verified that the accuracy of the Te@nd TA mea-
immediately after coring. Each sea ice core was then cusurements was 0.5 and 2 pmolHg respectively. Ice sam-
into 12cm sections, and each section transferred to a 1 lples were melted in gastight enclosures with aliquots of di-
polyethylene jar and kept cold (insulated thermo box) un-lution water (artificial seawater) and bulk concentrations of
til further processing within an hour in the ship’s laboratory. TA and TCQ in sea ice (;) were calculated as described in
In the laboratory, sea ice density was determined by shapRysgaard and Glud (2004);
ing the ice core section in_to well-defined pieces_ with pla- ConWin — CaWa
nar sides and then measuring the volume and weight of eacll; = ————
segment. The segments were then cut in two. One half was Wi
melted within 2 h and 25 ml was collected for salinity mea- whereCr, is the TA or TCQ concentration in the mixture
surements. The salinity of the melted sections (bulk salinity)of melt and dilution wateriy, the weight of the melt water
was determined with a sonde (Knick Konduktometer, Ger-mixture, C the TA or TCQ concentration in the artificial
many) calibrated to a PORTASAL salinometer. seawaterW, the weight of the artificial seawater, afid the

The other half of each sea ice section was used to deweight of the sea ice. Average values are given in Table 1.
termine TA and TC@ concentrations following Sggaard et ~ Temperatures in the ice surface were extracted from sensor

array measurements performed at 30 min intervals during the

: (15)
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Fig. 5.Measured ice surface temperatut€) and calculated brine volumes (%) ap@0» (uatm) in the brine channels from 12 to 16 March.
The error bars around theCO, are based on maximum and minimum values using the standard deviation on the measured salipity, TCO
and TA (see Table 1).

entire campaign. Essentially, custom built thermistors sepab Calculation of Ra, Rband Rc

rated by a 4 cm distance were fixed on 3 m-long strings that

were frozen into the ice as described in Jackson et al. (sub order to apply the resistance parameterization the resis-

mitted). Here, we present the absolute surface values (Fig. 5fances needs to be estimat®handRbare calculated from

while the entire data set on ice, snow and water temperaturatmospheric parameters similar to the parameterization over

profiles will be presented elsewhere. terrestrial surfaces (Egs. 9, 12). Using Eg. (13) and observed

Brine volume (Fig. 5) was calculated based on the temperfluxes we calculatdRc which, not surprisingly, is several
ature measured in the ic&i), the salinity measured in the ice orders of magnitude higher thaRa and Rh. In these sta-
(S;) and the equation suggested by Timco and Weeks (2010)le atmospheric boundary layeRa is large, however, it is
clear that the resistand®c across the surface must be even

49185 larger since the brine surface is limited and hence the trans-

Byol = S; ( ) +0.532 (16) port across the surface is dominating and controlling the flux

I7i] (Fig. 6).

For the measurement period, the following minimum and However theRcis varying and the parameters controlling

maximum values for the sea ice parameters were employe®c have to be estimated in order to be able to calcuRte

for calculations ofpCO; in the ice surface: salinity 5.3— from routine measured parameters and apply the resistance

6.5, TCQ 264-292 umol kgt, TA 274-350 pmol kgt. The model in larger-scale models. In the following section we

measured data are shown in Table 1. The partial pressure ¥ill discuss some of these parameters.

COy in the brine channels was estimated based on algorithms

from Lewis and Wallace (1998) using dissociation constants

from Goyet and Poisson (1989b) (temperature range froms Flux parameterization and discussion

—1 to 40°C and salinity range 1-50) due to low tempera-

ture and hlgh Salinity of the brine water. We are aware thatTg estimate the importance of sea ice for the uptake of,CO

salinity in the brines can exceed 50 when the brine volumea parameterization of the transport across the surface is re-

becomes low, which adds uncertainty to the results at lowquired and knowledge of the parameters driving this is funda-

temperatures and low volumes. When the brine volume wasnental. The parameterization of the atmospheric resistances

below 5%,pCO, was not estimated as the ice is consideredis well known. However, it is also clear from the calcula-

to be impermeable at these low brine volumes (Golden et al tion of Rcfrom Eq. (13) that for this specific site and these

1998). specific climatic condition&cis the dominating resistance.
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Fig. 6. Development oRc, RaandRbfrom 12 to 16 March. The medRais 5.24x 10?2 s m~1 ranging from 0.05« 107 t0 236.32x 102 s 1
and mearRbis 0.43x 10? s ! ranging between 5.14 107 and—1.68x 102 s m1. TheRc(mean—1.07x 10’ s m1 ranging between
1.1x 107 and —17.1x 10’ sm1) is several orders of magnitudes higher tfamand Rb. The error bars arounBc are based on the
calculated maximum and minimum values £ O, in the surface brines.

Thus, an evaluation of the transfer mechanisms across the 1oeos

surface interface is essential. 108407

For fluxes over terrestrial are&c can be estimated from I °,
simple parameterizations based on a constant resistant t e,
complex parameterizations taking soil texture, surface wet--"*% . o
ness and leave stomatal opening or closure and processes oo e °

within the stomatal into account (Duyzer and Fowler, 1994; £, _ .
Hicks et al., 1987; Sutton et al., 2001). TRe for sea ice
surfaces could be parameterized in a similar way using brine
opening instead of stomatal opening and processes within the '
brine similar to processes within the stomatal. However in or-  1oe:00 : : : : :
der to carry out a thorough analysis RE for sea ice and to o o O i) 0 0
suggest a complex parameterization, detailed information of )

the surface properties with a higher time resolution is needed’9- 7- The relation between t_ht_e calqulatéht and the measured
Nevertheless below we look in to some of the controlling pa-"€at flux. The correlation coefficieft is ~0.5.

rameters and suggest more detailed studies on these parame-

ters in order to start developing a parameterizatioRof

1.0E402

The pCO, on the ice surface varies both spatially and

6.1 Parameters influencing the ice surfacgCO» temporally depending on TA, TCQbrine volume, salinity

and temperature of the ice. Therefore high precision TA and
The flux magnitude and direction depends on the differencerco2 measurements as well as detailed know|edge of varia-
in pCO; between the brines and the overlaying atmospheretions of temperature, brine volume and salinity are required
We hypothesize that upward G@uxes from ice are associ-  tg obtain a reliable CO, estimate. Brine volumes were mea-
ated with refreezing of brine channels leading to a decreasgured at different locations in our study area; however diurnal
in brine volume, which again increases the brir@0; lev-  changes in air temperature, heat fluxey @nd solar radia-
els in the ice surface. This is consistent with the measuredion caused the surface temperature of the ice to vary by 1—
CO; release coinciding with decreasing ice temperature ons°C and have to be accounted for to realistically assess vari-
12 March (FlgS 4, 5) But not consistent with the measure-gtions IanOz In our Study we assume thpcoz can be
ments on 14 March where we find clear downward fluxes atcalculated using the algorithms in Lewis and Wallace (1998)
decreasing temperature and brine volume. from Goyet and Poisson (1989a), but these equations do not
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Fig. 8. The measured fluxes and the calculated fluxes using varying concentration based on brine volume calculated from ice temperature
andRcusing the heat flux parameterizationRdé (0) as in Fig. 7. The C&®flux is estimated from EC technique, the cospectra peak method
and the dissipation method. The dot shows the mean of the three methods and the bar shows the standard deviation.

take the formation of CaCfin sea ice into account. Sev- 6.3 Discussion and parameterization of the surface
eral studies suggest that the formation/dissolution of GACO resistance

affects the ice—atmosphere gfux (Geilfus etal., 2012; Sg-
gaard et al., 2013). Sggaard et al. (2013) found formation o

CaCG in March 2010, in the surface ice in the fiord area b tI'he measured fluxes are small at low temperatures, likely

o . . . y due to low brine volume and thus small brine surface area
Kapisigdlit. During the formation of CaC£CO; will be re- which makes it difficult to estimate the direction of the flux.

leased, and dissolution of Cag@ill cause uptake of C@ This leads to large uncertainties in the calcula@®sdwhich

It is possible that the upwards fluxes on 12 March are due .
! . .~ “we have found can even become negative. However the un-
to formation of CaC@ at decreasing temperatures and brine - o '
certainties of the calculatdRiis increasing at colder temper-
volumes and the downward heat fluxes on 14 March leads

to dissolution of CaC@and uptake of C@ These chemical i[ur(;?r’evrvgrﬁg 'sedt:vi;r,:;]eea:fr;ii srr]n a!;lsgxaeﬁ da::%ir;;(r:\g_reas-
reactions in the ice need to be investigated further in order t 9 phep

. ; : Qated brinepCO,, where the largest uncertainty is due to lack
accurately estimate theCO, in the brine. of knowledge of the carbonate chemistry in sea ice. We have
calculatedpCO;, based on Goyet and Poisson (1989), which
is probably not adequate for calculation @£0, in sea ice

The brine volume is not On|y inﬂuencing thﬁ:oz but also brines, since this does not take the formation of Ca@O

the surface exchange, where small brine volume at low temice into account. Studies of sea ice and carbonate chemistry
perature results in small brine surface area. Thus one wouldGeilfus et al., 2012; Miller et al., 2011; Rysgaard et al.,
expect decreasinc at decreasing temperature, which is 2013; Sggaard et al., 2013) emphasize the importance of for-
found on 14 March. As illustrated in Fig. 1 the exchange overmation and dissolution of CaGQon the levels ofpCO; in

the surface is also influenced by the surface wetness and biie brines. An overestimation @iCO; is likely the explana-

the layer of snow on the ice surface. Variation in salinity, tem- tion for the negative values &c

perature anghCO, concentration in water or snow ontheice ~ We hypothesize that the heat flux between the ice and the
surface will affect the surface resistance. We did not observé@tmosphere could be a parameter controllingt6®; in the
water on the ice surface but as mentioned previously the ic&rines affecting both the CaGQormation/dissolution and
was covered by snow. The temperature variation at the Sno\khe brine volume. Therefore we investigate the correlation
surface was not considered in the present study, however alﬁetween the measured heat flux and the calculated surface
ice crust on the snow surface was occasionally observed. Intesistance. Radiation was not measured but the magnitude of
formation about the thickness and structure of the snow coveR¢ aligns reasonably well to the measured heat flux (sensi-

as well as chemistry within the snow is important in order to ble plus latent) revealing an increaseRe with increasing
properly evaluat&c downward heat flux (Fig. 7). Potentially the correlation be-

tween heat flux andRc could be confounded by the wind
acting on the surface, which will result in a correlation with

6.2 Parameters influencing the surface exchange
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the friction velocity ¢.) and, thus, indirectly a correlation to exchange and thuBc in two different directions. Therefore

the heat flux. However, our data show no correlation betweert could be an approach to parameterize the surface exchange
u, andRc(R? =0.04,p =0.16). The relation betwedtcand  with a split of Rc in two parallel resistances describing the
heat flux shows increasimcwith increasing downward heat two processes similar to Nemitz et al. (2001).

flux. The downward heat fluxes can be initiated by very low

surface temperatures which gives small brine area and thus ,

high surface resistances. The heat flux is dominated by thd ~Conclusions

sensible heat f|UX,.WhICh was primarily downwzirzd during the The exchange of CObetween the atmosphere and the fast
measurement period (mean heat flux-8 W m~<). How- ST ; . : .
ea ice is ultimately driven by the difference p€O, in

ever, this leads to an upward flux of the latent heat (mean heaﬁ1e brines and the overlying atmosphere. We found the flux
flux = 2 W m~2), which could explain the formation of an _ > 1 C .
to be small (mean =3 ug C nT<s~ ) during the late winter

icy crust on the surface, possibly causing an increase in sur-

. 4 . with fluxes in both directions. The flux is controlled by the
face resistance. The surface resistance is calculated based 0%02 in the surface brine which is controlled by the brine
calculatedpCO, brine values, which as mentioned is likely p y

inadequate and thus the calculatdis highly uncertain. In volume, surface temperature, TgTA and/or salinity. Fur-

order to calculat®cand carry out a thorough test of control- thermore, the chemistry of the carbonate system in the seaice

ling parameters the chemistry in the brine channels has to bgrlne is essentlal to the brineCO, and this chemistry is stil

poorly understood, thus it is not possible to accurately cal-
well known. X
.culatepCOy. We suggest a conceptual model for calculation
Furthermore the surface exchange measured at our sitg, . ‘ : .
. o . of air—sea ice fluxes based on the resistance analogy, which
will only be indirectly connected to the bringCO, through . . :
. : . . is commonly used for terrestrial surfaces. We find that for
the thin snow layer covering the ice. The vertical and lateral . . .
o . our measurement site the surface resistacis by far the
gas transport within the snow layer will control tp€0, on . . .
S i largest and therefore the controlling resistance, and in order
the surface (Liptzin et al., 2009; Massman and Frank, 2006) .
to calculate the fluxes from Eq. (4) a parameterizatioRof
Nomura et al. ( 2010) found that the flux depends not only on. o ; ;
the difference inyCO, between the brine and the overlyin is needed. Such a parameterization requires detailed knowl-
v ying edge of the carbonate chemistry in the brine, the brine vol-

air but also on the condition of the sea ice surface and snow L
. . : . - ume, TCQ, TA and salinity as well as knowledge of snow
cover, especially during the ice-melting season. This indi-

cates that measurements of the air—sea ice fi@ should cover and carbonate chemistry in the snow to estimate the

. . . o accurate surfaceCO,. We believe that it is possible to mea-
also include detailed observations of the sea ice’s snow sur- . . . L
" : . . sure fluxes over sea ice with a relative standard deviation of
face conditions. Not taking processes in the snow cover intg . o
X about 75% in order to test the suggested parameterization,

account may also partly explain the negafRes.

Despite the large uncertainty on the calculated we but the “”‘?e”?"”w OpCO; in the brine is too large. Fur-
o . ther investigations of surface structure and snow cover on
tested the parameterization of the £@ux using the re- seasonal sea ice in parallel to measurements of driving pa-
lationship, shown in Fig. 7, between the heat flu@)( P ap

and Rc (Re=163014€°3012 ) for parameterization oRc. rameters like heat flux, radiation, ice temperature and brine

The fluxes were then calculated from Eq. (4) and com_Processes are required to parameteRezand to thoroughly

pared to the measured flux (Fig. 8), which showed an av_test the resistance model for calculationpg2O, exchange

erage flux of—2.6 ug C sl ranging between-34 and over the air—sea ice interface in natural settings.
8.7ugCm?s 1. The CQ flux, whereRc is based on a
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resistance method, measurements of radiation are require
as well as detailed measureme'ntsmtoz and physical- _ Edited by: T. R. Christensen
geochemical parameters of the ice and snow cover. As dis-
cussed in Sects. 6.1 and 6.2 the heat exchange between the
atmosphere and the surface can influence both chemistry in

the ice surface and the physical brine area. This can affect the
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