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A fully prognostic 1-D thermodynamic model, functad for studies of sea-ice
biogeochemistry is developed to better understéwedphysical processes and the
interactions between the environment and the seadosystem. The physical model
is capable of simulating seasonal changes of snmaviee thickness. Particular
attention is paid to reproduce the snow-ice and dingerimposed ice formation
which play important roles in the dynamics of sea algae. The assessment of the
model capabilities is done in 1979--1993 at foufedent stations in the Baltic Sea.
A sensitivity analysis stresses the importancedefjaate surface forcing functions to
properly simulate the onset of sea ice. Our ressht®v that thickness of the ice
layers and timing of the melting are in good agreenwith the observed data and
confirm that one of the key variables in modellsga-ice thermodynamics is the

snow layer and its metamorphism.
1. Introduction

Though sea ice is only a very thin layer betweendbean and the atmosphere, it
plays an important role in the Earth’s climate eyst The high albedo and its
positive feedback, the strong insulating effece ffhysical barrier that it creates

between the atmosphere and the ocean and its irapdbe large-scale thermohaline



structure of water masses make sea ice an actmpatent of the climate system. It
is thus likely that sea ice acts as a very semsitidicator of global climate change
(Eicken, 2003).

Evolution of the pack ice is driven by the heatiaion and momentum exchanges
between the ocean and the atmosphere, which cdadoenposed in thermodynamic
(thermal growth/decay) and dynamic processes (de#id openings, ridging). In the
coastal fast-ice regions, sea-ice evolution is rdateed fully by thermodynamic

processes.

The first attempt to study sea-ice thermodynamicss vihe analytical model
developed by Stefan (1891). Later, Untersteine64)1@nd Maykut and Unterstainer
(1971) moved to rather complex numerical modelang Semtner (1976) simplified
their model for numerical investigation of climateppéaranta (1983) introduced also
snow compaction and snow-ice formation in his nucaersimulations. Cox and
Weeks (1988) began to study the thermal role afdsti Later Chengt al (2006)
modelled the superimposed ice formation during imglperiods. During the last
decades other variations of such numerical modelse hbeen developed, with
different complexity which aimed at different amatiions from the smallest to the
largest temporal and spatial scales. However, nathmeffort has been done to
analyse the properties of sea-ice thermodynamicethng from a biogeochemical
perspective.

The sea-ice ecosystem is still poorly understootis Tis due to scarcity of
observations, difficulties in sampling and complgxof interactions between
environmental factors and sea-ice biota (Arrgjoal, 1997). During ice-covered
periods, sea ice algae are, potentially, the oolyrce of fixed carbon and can
support secondary production (Arrigo, 2003). Furtiere, sea ice algae are also
closely related to their phytoplankton counterparterms of timing, magnitude and
duration of the blooms (Gosselet al 1997). The inclusion of sea-ice ecosystem
dynamics in Earth System Models (ESM) may be anomapt feature to complete

the carbon cycle closure in the polar and sub-pagions. Modelling the sea-ice



biogeochemistry is thus a valuable tool to bettetasstand the fate of this biomass,
its contribution to the total primary productiondatheir role in the global carbon

cycle.

Temperature, salinity, space, nutrients and lighkilability are the main
environmental factors that affect the growth, th&ridbution and the abundance of
sea ice algae. At the bottom of the ice sheet, ¢eatpre, salinity, space and
nutrients are more favourable to sea ice algaethrdwt primary production is often
limited by thick snow covers that prevent a suffiti penetration of light. The
situation is opposite on top of the ice sheet. Simwvand superimposed ice play
important roles, not only because they change thewsproperties and the
consequent rates of ice growth, but also becauwsedteate suitable habitats for sea

ice algae, bringing nutrients where the light isenavailable.

To estimate the total fraction of primary produntia sea ice, it is required to model
sea ice algae growth in every different physicgetaof the ice sheet. To date, very
few efforts have been done to develop a coupledipalybiogeochemical model of
sea ice that it is also suitable to be efficiemthyipled with physical-biogeochemical

ocean models and ultimately with ESMs.

After the pioneering work of Arrigeet al (1993), only recently there have been
further attempts to model the biomass of the i@esfNishi and Tabeta 2005; &h
al. 2006). Arrigoet al (1993) coupled a relative complex model of micrahlg
growth with a very simple first-year sea-ice thedyroamic model. Nishi and Tabeta
(2005) used a 10-layer Maykut-Untersteiner thernrmadlyic sea ice model and they
limited their model to reproduce the biomass inl#st centimetres of the ice sheet.
Jinet al. (2006) modelled the bottom algal community in s two centimetres of
the ice sheet, while snow and ice data were providen observations.

In this first paper, we present the initial implertagion of a fully prognostic 1-D
thermodynamic model that can be functional for Esidf sea-ice biogeochemistry.

In the second step, we will analyse the direct Gogpwith an improved version of



the Biogeochemical Flux Model (BFM, Vichi et alQ®7a,b) capable of simulating

the fraction of total primary production in thdfdrent layers of ice.
2. Description of the physical model

Following Semtner O-layer model (Semtner, 1976¢, ska-ice system consisted of
one layer of ice and one layer of snow on top. Moelel is developed is such a way
that, depending on the required complexity, moyens of sea ice can be added and
simulated. Prognostic variables included two layarsnow (two density classes),
three layers of ice (superimposed ice, snow ice sedl ice), temperature at the
surface and analytically at the interfaces. A sdi@ndrawing of the model is
presented in Fig. 1. Table 1 presents the valugheofnodel parameters. In all the
following equations the subscripé indicates snow,i ice, sn snow ice, ss
superimposed ice ansi sea ice, while the subscripti refers to snow ice and
superimposed ice together. The model code is fraefylable for download in the
BFM website (http://www.bo.ingv.it/bfm).

A 1-dimensional heat conduction equation goverre vertical heat fluxes at the

boundaries and between the different layers. Snuviee temperatures were given

by
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where is the densityg is the heat capacity, is the temperature akds the thermal
conductivity. When sea ice was the only layer oé tite sheet, the sea-ice
temperature equation differed for the presencehef genetrating solar radiation

which depends on the albed@nd on the extinction coefficient
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where kis the incoming solar radiation.
The different layers were supposed to be in thesygallibrium and the temperatures
at the interfaces were derived from the continaftthe heat fluxes
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The surface temperaturg, was obtained by linearly approximating the surface
fluxes F, expanding in a Taylor series and iterating acowydio the Newton-
Raphson method for twenty times with a convergetrterion of maximum one

Kelvin between consecutive time steps
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Different albedo values were used during the groavth melting seasons depending
on the snow or ice type at the surface (see Tabl8rigw accumulated on top of the
layers whenever the temperature of the air was ruth@efreezing point of snow and
an ice layer was already present. If young fallaows (hs), accumulated on an

already present snow layer, snow compaction wastied

©).

The total surface fluxe§ included shortwaveFRs) and longwave radiationF(),
sensible [fs9 and latent heat;). At the surface snow, snow ice, superimposed ice
and sea ice melted whenever the surface tempemaaig@t the melting point and the
rate of melting was determined by the net heat thalance between the surface

fluxes and the conductive fluxes
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whereL; is the latent heat of fusion.
If the surface heat fluxes exceeded the condudtivees, the imbalance in the
surface energy budget contributed to increasedhductive flux of the surface layer

and the surface energy balance changed to

1-I-I_i,s
9z

+ (1_ ai,s)Fs - (1_ ai)Fse_kiZ +FI + Fse+ I:Ia =0 (7)

surf

- ki,s

The temperature at the bottom of the ice sheet efasomistant at the freezing point
of seawater. At the ice-water interface constartiesaranging between 3 and 6
W/m? — depending on the location of the simulated @tati represented the oceanic
heat fluxes. At the bottom, ice either grew or me@laccording to the net heat flux

balance between the oceanic flukgsand conductive fluxes

— +F, 8.

As originally proposed in Fichefet and Morales Meda (1999), if the ice draft
exceeded the ice thickness, i.e.

hsrs_ hsn(rw_ rsn)

(rw_ rsi)

hsi (9)

then snow-ice formation was initiated. Snow denaitg compaction were changed
accordingly and a new isostatic equilibrium wasspribed. No seawater mass was
added and snow was compressed to an amount of maw ise equal to the initial
depression below the water line (Schnatal 2004)
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whereb is an empirical coefficient of conversion betwseow ice and sea ice (after

Leppéaranta, 1983). Snow ice melted according tsdmee energy balance previously

described in Eq. 6.

If melted snow re-freezed under positive tempeeagradient within the snow and
ice layers, superimposed ice formation was alsiated by transforming a fraction
of snow, depending on snow properties, in supergafdoice, as in Chenet al
(2006)

hss = (hs)melt :S (12) '

3. Experiment design and methods

In order to validate the modelled seasonal evatutaf the snow, snow-ice,
superimposed ice and sea-ice thickness and exantgreannual variability of the
thermal growth of sea ice, the regular sea-ice mhsens were used for a
comparison. The model was implemented in the B&&a at four different stations
(Fig. 2): Ajos (65° 39.8" N, 24° 31.4’ E), Kummelgrd (62° 09.3' N, 21° 09.5' E),
Jussar6 (59° 53.4" N, 23° 31.1' E) and Kotka (60°32W, 26° 57.2" E). Ajos is the
northernmost station and it is characterized by rtieest severe winters, more ice
formation, snow accumulation, snow-ice formatiord daster melting with minor
superimposed ice growth. Jussard is the southernstetson and it is characterized
by less severe winter, less sea-ice growth and gmeuipitation, thought consistent

superimposed ice grows during the melt period. Ketgnund is latitudinally



located between Ajos and Jussarid has intermediate characteristics between the
two. Kotka is the easternmost station and showsasicharacteristics to Jussard, but

since it is located north of Jussar6 the areafectdfd by higher sea-ice growth rate.

The meteorological data were taken from ECMWF ERA1Réanalysis data at 2.5
degrees resolution (Gibsat al. 1997) considering air temperature at 2 m height,
total cloud cover, wind speed at 10 m height, lascge precipitation and convective
precipitation. Due to biases in the ERA-15 databasepused NCEP 6h Reanalysis
(Kalnay et al. 1996) for irradiance and specific humidity at taface and at 2 m
height. The weekly observations of snow, snow-stgerimposed ice and sea-ice
thicknesses were provided by the Ice Service atRin@ish Institute of Marine

Research. The chosen simulation period was 197%:199

The choice of such a coarse resolution databaselnves by the plans of using this
model also in coupled configurations within ESMs. 8ssess the sensitivity of the
model to the resolution of the forcing data, wef@ened a sensitivity analysis to one
of the test-case station by adding a random wlateenbased on the spatial standard
deviation of the meteorological data around thémigpoint. To quantify the skill of
the model in the short and long terms, we comptiedtimeseries of Root Mean
Square Errors (RMSE) between the model standardrdnihee perturbed simulation
against the observations

2
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wheren is the number of comparisons, is the standard/perturbed model value and
Xo IS the observation value.

We also computed the normalized Root Mean Squarer EnRMSE) to obtain a
measure of the relative error in time and to béitghlight the model skills and the
major weaknesses in a key period for sea ice algaelopment such as the sea-ice

formation
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Finally, we challenged the model structure by peniag a classical sensitivity test
to precipitations, prescribing fixed variations postional to the observed standard
deviation of data.

4. Simulation results

In Fig. 3 and Fig. 4 we show the simulation resaftthe thicknesses plotted against
observations at every station. The two types of samvgrouped togethehg) and
plotted in the positive ordinate. Snow ice and sapeosed ice are also grouped
together as an intermediate layem{) and plotted in the negative ordinate. The total
ice thickness I{i tot) is shown in the negative ordinate as the sum déetwthe

intermediate layer and the sea-ice thickness.

The model seemed to reproduce well the dominantigddyieatures of the ice sheet
(Fig. 3 and Fig. 4): the timing of melting and tickness of the ice layers were in
general good agreement with observations at aliosts except few cases — for
example in Ajos, Kummelgrund and Kotka during tbhe season 1984--1985 —. On
the contrary, the model generally underestimatex tfaximum thickness of the
snow layer, especially in Ajos station — for exaenduring the ice seasons 1979--
1980, 1980--1981 and 1987--1988. This is probablg tu the fact that snow
compaction is initiated when new precipitationgash old snow. However, since the
total weight of snow on ice was conserved, the ratshh between simulations and
observations did not affect the total ice thicknéssides, the timing of the sea-ice
growth seemed sometimes ahead of the observedregionf the sea ice season,
particularly in Ajos station — for example in theeiseasons 1979--1980, 1982--1983
and 1984--1985 —. Ajos is characterized by higloer growth rates and usually

presents all the ice types considered. The modeVesthoo be here more sensitive to



the lower surface temperatures and higher pretipitaates and for this reason we
focused our analysis on this station and we perdrdifferent sensitivity tests in

here.

5. Sensitivity analyses and discussion

Our first test aimed to objectively quantify the aeb skill with respect to the
observations, focusing on the dependence upon dhenf§ data resolution. As
described in Sect. Experiment design and methods;onguted the timeseries of
the RMSE (Fig. 5) and nRMSE (Fig. 6) between the nfadmns and the standard
model run and between the observations and a pedumodel run in which we

added a random white noise to the forcing data.

The standard run produced a final residual variataorging between 0.088 m for
snow to 0.133 m for the total ice thickness (Fig.The perturbed model run always
caused a larger error evolution and a final RMSHKjirapbetween 0.091 m for snow
and 0.139 for total ice thickness (Fig. 5). Theeati#hce between the two runs was
especially higher for the intermediate layem{) of snow ice and superimposed ice.
Both ice types originate from snow metamorphism.mfentioned above, the model
showed a generally earlier compaction, which isedoethown in the nRMSE (Fig. 6)
as a systematic error in time for both the snoweldagnd, consequently, for the
intermediate layer. Even though both the RMSE andnfRBISE showed a weak
final difference between the standard and the pmetliruns for the snow layer,
larger errors were found in the intermediate lagspecially in the first five years of
simulation. After that period, the model differeaagere reduced, which implies that
the spatial uncertainties on the forcing data aftee long term model skills to a

lesser extent.

The standard run of the model shows a steady RMStheottotal ice thickness
around 0.11 m during 1979--1984, while during the seasons 1984--1985 and
1985--1986 the RMSE dramatically increased (Fig.A6loser look to the sea-ice
evolution in 1984--1985 (Fig. 7) shows that sea legan to grow earlier than



observed and snow accumulated on it later thanrebde As a result, the model

initially simulated more sea ice than observatidkighe beginning of 1985 the trend
changed. The model accumulated too large amouma® ®n top of the ice sheet
and the sea-ice growth rate was reduced, leadiram tonderestimation of the total
ice thickness for the following months. During tledlowing ice season 1985--1986
(Fig. 8), even though the timing of sea-ice formativas in good agreement with
observations, snow began to accumulate much l&ensequently, the model

simulated more sea-ice growth and it was not ableach the observed thickness.
Following these two ice seasons, the RMSE of thal time thickness began to

decrease again stabilising around the final vafig. 6).

The timeseries of the nRMSE (Fig. 6) shows that drger relative errors are
generally at the beginning of the ice seasons dun tearlier sea-ice formation. The
largest ones occured during the ice seasons 138D-4nd 1980--1981 for the total
ice thickness. At the end of 1979 and 1980 (FigkOPsea ice began to grow earlier
than observed and this resulted in an error inereasto 0.7 the total ice thickness in
1979--1980 and up to 0.95 in 1980--1981. Howevences snow started to
accumulate earlier as well, its insulating effetrorsgly reduced the initial sea-ice
growth rate and later the model was able to cdyreetach the maximum total ice
thickness and the nRMSE was reduced in both cases.ifthese cases, there was a
mismatch due to snow compaction. Later, minor srgsopagated until 1986--1987.
After this period, the thermodynamic model showadetter reproduce the total ice
thickness, as during the ice season in 1986--1BRj {1) and the nRMSE decreased
and stabilises until the end of the simulation ge(iFig. 6).

In order to further test the sensitivity of the rabtb snow accumulation, we also
performed the classical sensitivity test to fixediations in the precipitation forcing.
We thus forced the model with standard precipitatiata plus/minus one standard
(Fig. 12). Results confirmed that an increase ecipitation did not directly affect
the thickness of the snow layer, but it was refldan the timing of formation and in
the thickness of the intermediate layer and, camsetly, on the total ice thickness.

On the other hand, reducing the amount of predipiiafurther underestimated the



thickness of the snow layer, which did not allowowrce and superimposed ice
formation in any of the simulated ice seasons amkrnlly increased the total ice

thickness.

6. Conclusions and future development

In this first paper, we show that an improved \arsof Semtner-0 layer model
reasonably reproduces the inter-annual variabditghe sea ice season in the ice-
covered Baltic Sea with acceptable skill scoresn&of the main physical features
of the sea-ice evolution are rather well reproduégatticularly, the thickness of the
ice layers and the timing of melting are generallygood agreement with the

observed data, while the timing of ice formatios@netimes earlier to observations
(Fig. 6).

Coupled models and particularly ESMs generally hesaolutions comparable or
slightly finer than the reanalysis data used hErem the sensitivity analysis, we
find that after a few years of bigger relative afxolute errors, the perturbed model
run does not significantly differ from the standanth and we can then conclude that
such coarse resolution of the forcing data cancbemable for long term simulations

of sea-ice thermodynamics, but not for short tesnedasting.

From the more detailed analysis in Ajos (Figs. 7-did from the sensitivity test to
precipitation (Fig. 12) , it is clear that the mbdees a good job whenever the snow
layer is well simulated and it is not necessaryaddol more sea-ice layers to better
reproduce the total ice thickness. The model iseats clearly very sensitive to
snow metamorphism and snow is the key variable da-ise thermodynamics
because of its different metamorphoses, high allaediostrong insulating effect. We
believe that more attention should be paid to sacaumulation, compaction and

metamorphoses to improve our results.

Model results are sufficiently robust for an appra@ simulation of the ice

characteristics (timings, thicknesses and tempersifunctional to the Baltic Sea



biota, where sea-ice salinity plays a minor roleinf close to ®%., and usually
characterized by constant vertical profile in tif@nce salinity, density and brines
properties, that are currently under developmeiit,bg included in the model, we

will extend our applications to Arctic and Antarctegions as well.
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Table 1. Sea ice model parameters.

Parameter Physical meaning Value Unit

a Stefan-Boltzmann constant 5.68 x 10™ W m*K

Surface emissivity 6.74 x 10

a Density of air 1.225 kg m™

ns Density of new snow 200 kg m™

s Density of snow 400 kg m™

“n Density of snow ice 880 kg m™

ss Density of superimposed ice 850 kg m™

i Density of sea ice 900 kg m™

w Density of seawater 1026 kg m™
K s Thermal conductivity of new snow 0.056 W m™K*
K Thermal conductivity of snow 0.180 W m*K*
Kan Thermal conductivity of snow ice 0.950 W m™K*
Kss Thermal conductivity of superimposed ice  0.900 W m™K*
K Thermal conductivity of sea ice 2.000 W m™K*

si Extinction coefficient of sea ice (1.5—17.1) m™*
Sw Seawater salinity (4—5.5) ppt
Cqi Heat capacity of sea ice 2093 Jkg*K*
Can Heat capacity of snow ice 2093 Jkg' K™
Ces Heat capacity of superimposed ice 2093 Jkg'K*
Cs Heat capacity of snow 2093 Jkg'K*
Ca Specific heat of air 1004 Jkg*K*
Cuw Specific heat of seawater 4186 Jkgt K™
T Freezing temperature of sea ice 272.85—272.93 K
T Freezing temperature of snow 273.15 K
Js Volumetric heat of fusion of snow 132 x 10° Jm*
Jsn Volumetric heat of fusion of snow ice 293.92 x 10° Jm*
0ss Volumetric heat of fusion of superimposed ice 293.92 x 10° Jm*
Jsi Volumetric heat of fusion of sea ice 303.94 x 10° Jm*

ns Surface albedo of new snow (0.75—0.85)

s Surface albedo of snow (0.50—0.7) ---

sn Surface albedo of snow ice (0.40—0.6)

ss Surface albedo of superimposed ice (0.40—0.6) ---

si Surface albedo of sea ice (0.25—0.5)

w Surface albedo of seawater 0.060 -




Fig. 1. General structure of the sea ice modelt(feres, temperatures, snow and

ice layers) during growth (left) and melt (righgrpods.

Fig. 2. Location of the stations for model compamis

Fig. 3. Observations and model simulations at Ajalsove) and Kummelgrund
(below) stations in 1979--1993 (hs: snow; hmi: sriogv+ superimposed ice; hi tot:
total ice thickness).

Fig. 4. Observations and model simulations at Jas&bove) and Kotka (below)
stations in 1979--1993 (hs: snow; hmi: snow icaupesimposed ice; hi tot: total ice

thickness).

Fig. 5. Root Mean Square Error in time between ofagemns, standard run and

perturbed run at Ajos station.

Fig. 6. Normalized Root Mean Square Error in timeveen observations, standard
run and perturbed run at Ajos station.

Fig. 7. Observations and model simulation at Afjasien in 1984--1985.

Fig. 8. Observations and model simulation at Afjasi@n in 1985--1986.

Fig. 9. Observations and model simulation at Afjasien in 1979--1980.

Fig. 10. Observations and model simulation at Aj@agion in 1980--1981.

Fig. 11. Observations and model simulation at Aj@gion in 1986--1987.

Fig. 12. Sensitivity of the model to increased (a)and decreased (below)

precipitation (Ajos).
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Fig. 2. Location of the stations for model compamis
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Fig. 7. Observations and model simulation at Afjasi@n in 1984--1985.
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Fig. 9. Observations and model simulation at Afjasi@n in 1979--1980.
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Fig. 10. Observations and model simulation at Aj@gion in 1980--1981.
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Fig. 12. Sensitivity of the model to increased (a)and decreased (below) precipitation (Ajos).



