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Ice Mass Balance

1) 2) 3)
Bin Cheng , Aku Riiheléa , Kaj Andersson and Terhikki Manninen?

Y Finnish Institute of Marine Research (FIMR), Erik Palménin aukio 1, PL 2, 00561 Helsinki, Finland

2 Finnish Meteorological Institute (FMI), P.O. BOX 503, FI-00101 Helsinki,Finland
% Technical Research Centre of Finland (VTT), P.O. BOX 1000, FI-02044, Espoo Finland

Abstract

The impact of albedo on snow and sea ice mass balance has been studied. A one-dimensional
thermodynamic snow/ice model incorporated with a number of albedo schemes was used to simulate
the seasonal Baltic Sea ice. The instantaneous broadband albedo products from the AVHRR satellite
instrument have been processed and compared with the modeled albedo. Under freezing weather
conditions, the modeled surface albedo is generally in good agreement with the AVHRR product. A
strong positive feedback of surface albedo creates rapid melting in early spring. The HIGHTSI model
reproduces such events reasonably well by applying several advanced albedo schemes. A dramatic
decrease of surface albedo is also revealed by the AVHRR data. The HIGHTSI model provides
equally good results on snow and ice mass balance by using a re-constructed AVHRR albedo and
calculated albedo from one of the most sophisticated albedo schemes.

INTRODUCTION

The seasonal ice cover in the Baltic Sea has been reduced in recent times. The average maximum
extent of ice is now some 75 % of what it used to be two hundred years ago (Schmeltzer et al. 2008).
This long-term variation is most likely a reflection of global climate change. Melting of snow and ice is
associated with a reduction of surface albedo, which favors further melting. On the other hand, large
albedo of a snow/ice surface reflects the most part of the incoming solar radiation, reinforces the
cooling of the atmosphere and supports the maintenance of ice cover. This positive ice-albedo
feedback has a significant impact on climate change in polar regions (Houghton et al. 2001, Holland
and Bitz 2003). It is of great importance to monitor the surface albedo changes and to understand its
feedback mechanism. The satellite based albedo is potentially useful in learning about the albedo
feedback. Because albedo observed by the satellite is sensitive to all changes in the physical makeup
of the snowl/ice surface, such as a ponded surface due to melting. The accurate large-scale albedo
can also be utilized into numerical weather forecast system via data assimilation. Under the umbrella
of EUMETSAT, the Satellite Application Facility (SAF) on Climate Monitoring (CM-SAF) generates,
distributes and archives climate-related satellite-derived products in an operational mode. The CM-
SAF provides among others a broadband surface albedo (SAL) product from the AVHRR instrument.
The SAL products from CM-SAF cover the Baltic Sea during ice season. The calculation of surface
albedo from AVHRR data has several challenges for such a high latitude area during winter. Cloud
cover is a persistent problem as well as the short periods of daylight. These limitations mean that
there were periods with no images applicable for albedo analysis. However, once the SAL products
are available, these data with their spatial and temporal variability could help us to understand and
improve the representation of albedo up-scaling from point changes represented in a single column
process model to a spatial distribution represented in large-scale climate models.

The Finnish Institute of Marine Research (FIMR) has duties to make routine sea ice forecasts during
the winter season. A high-resolution thermodynamic snow/ice (HIGHTSI) model has been developed
in the FIMR and in routine operative test during winter 2006/2007. The routine operation is aiming to
construct level ice thickness charts over the whole Baltic Sea region using modeled ice thickness and
SAR data. This HIGHTSI_SAR based approach has been tested to provide level ice thickness chart



over the whole ice season of the entire Baltic Sea with promising results (Karvonen et al, 2007). The
validated AVHRR albedo could be applied by HIGHTSI or assimilated into HIGHTSI_SAR based
approach in order to improve the accuracy of modeled snow and ice thickness in a regional scale.

Many parameterizations of the snow and sea ice albedo have been developed. Most of the schemes
are based on measurements carried out in the Arctic e.g. Flato and Brown (1996). Several albedo
parameterizations with various degrees of complexity yield quite different results against the annual
observations carried in the Arctic Ocean during SHEBA (Surface Heat Budget of the Arctic Ocean)
experiment (Curry et al. 2001). The effect of albedo on large-scale sea ice simulation has also been
investigated (Liu et al. 2007). Pirazzini et al. (2006) investigated the surface albedo in the Baltic Sea
during spring snowmelt period.

In this paper, we investigate how reliable the AVHRR albedo is, and how well the AVHRR albedo
agrees with those from parameterizations. This may be done initially by detecting and analyzing
albedo development on a land-fast sea ice zone since such region is relatively stable and the results
are easily validated. The area (test site) of interest is the land-fast ice zone outside Hailuoto Island in
the Bay of Bothnia. The numerical simulation covers 4 months, from beginning of January to the end
of April 2006. The HIGHTSI model is forced with local weather station data. The in situ snow and ice
thickness, and temperature profiles are applied to validate the HIGHTSI results. The AVHRR albedo
retrieved under clear sky conditions at the test site is used with the model. The motivation of this study
is to understand the positive feedback mechanism demonstrated by various albedo schemes; to
compare the AVHRR albedo with the parameterized values and to assess the applicability for CM-
SAFs albedo on snow and sea ice research in the Baltic Sea.

DATA ANALYSIS

Weather data and sea ice condition

Meteorological observations are obtained from several FMI weather stations in the vicinity of the test
site. The essential external forcing for HIGHTSI model are wind speed (V,), air temperature (T,),
relative humidity (Rh), cloudiness (CN) and precipitation (Pric). The first three variables were
measured every 3hrs at Marjaniemi weather station. The cloudiness was visually observed during the
daytime at Muhos climate station near Oulu. The daily precipitation was from Ojakyla weather station.
The in situ measurements were carried out at the test site three times (February 7-9, March 14-16 and
April 17-19, 2006). Ice and snow thickness, ice salinity, snow density, wetness, crystal size, and
temperature profiles of ice core samples were measured. The snow and ice temperature at various
depths were measured. All ground truth data were used to validate the HIGHTSI results. The air
temperature, snow and ice thickness together with the AVHRR albedo are plotted in Figure 1.
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Figure 1: a) Air temperature and precipitation (right axis) measured at Hailuoto Marjaniemi and Ojakyl&a weather station,
respectively. b) Daily snow thickness (curve) measured on land at Ojakyla weather station and weekly snow thickness (curve
with circles) on sea ice at FIMR ice station. The red dots are measured average snow thickness at test site. The red symbols A

are the AVHRR albedo values (right axis) in clear sky conditions during the modeling period.



The air temperature suggests an overall cold period from day 1 to 85 (March, 27). There are several
strong cold swells indicating temperature drops below -20°C. From day 85 onward, the daily average
temperature increased gradually until day 100, the air temperature was essentially above zero all time.
The temperature development can be seen as two periods, i.e. a freezing period with a mean T, of -
8.6°C from day 1 to 93.5 and a melting period with a mean T, of +5.0°C from day 93.5 to 150. In early
February, ice was in a growth season. Near our site, the average ice thickness was 25 cm with very
little snow (1-3 cm) on top. In middle March, ice was in a thermal-equilibrium stage with average ice
and snow thickness of 52 cm and 8 cm, respectively. The snow shows large spatial variability (varies
from 4 to 17cm along a hundred meter line). The ice was in a melting phase in mid-April. The snow
was fully saturated in wet slush form. The average ice thickness was 60 cm. From the ice core
samples we can see clearly the superimposed ice formation at the upper layer. The weekly ice and
snow thickness data were obtained from an ice station of FIMR located south of Hailuoto island. The
ice thickness measured at the test site and the FIMR ice station agreed well, but there were
differences in the measured snow thickness (Fig.1b). The spatial variability is due to the effect of
snowdrift and local geometry differences between the measurement sites. However, a similar trend of
measured snow time series can be seen among the FMI, FIMR and test site data. Between day 20
and 95, the increase of snow thickness on land and sea ice is apparently associated with precipitation
during this cold period. A dramatic melting of snow occurred both on land and on sea ice in early April.
Melting of snow correlated strongly with the AVHRR albedo.

AVHRR albedo

The satellite broadband albedo dataset used in this study consists of 23 images derived from AVHRR
overpasses over the Bay of Bothnia between February 10 and April 20, 2006. The images were picked
from a larger set of available images by selecting absolutely cloud free conditions over the test area,
verified by in situ observations. This ensures a high data quality in the processed broadband albedo,
since cloud contamination is not an issue. The images were processed at VTT using a specially
modified version of the Climate-SAF SAL program. First, sea ice concentration data provided by FIMR
was used to discern the areas where sea ice exists. Then the narrowband sea ice/snow albedo was
calculated using the model by Manalo-Smith et al. (1998) for AVHRR channels 1 and 2. The spectral
albedo thus acquired accounts for atmospheric scattering as well as bidirectional effects of the
surface. What remains is the broadband conversion for the albedo (NTBC), which is accomplished
using the approach given by Xiong et al. (2002). Finally, the broadband albedo is normalized to a sun
zenith angle of 60 degrees to enhance comparability of individual albedo values.
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Figure 2: Calculated AVHRR albedo value on day 97 (April 7) at 10:09 UTC. The Hailuoto island (white area) is masked
according to Ice Chart information. There is an open lead (zero albedo) west of Hailuoto island.

The quality of the satellite broadband albedo data in the study depends on certain conditions. The
images were assuredly cloud-free over the test site, so cloud contamination is assuredly not an error
source. The narrowband albedo retrieval error was given in the RMS difference by Manalo-Smith et al.
(1998), which is 0.012 absolute units in case of snow. The uncertainty reported by Xiong et al. (2002)



for the NTBC algorithm was at most 5-10% in relative units. However, both these studies were
conducted in the Arctic area, in which the sea ice conditions are notably different from those in the Bay
of Bothnia. The Baltic Sea is brackish water, with no multi-year sea ice. Validation of the CM-SAF sea
ice and snow albedo in the Baltic is ongoing, but data is not yet available. Because the study area was
located near coast in a land-fast ice zone, the ice should be more stable than in the drift ice area.
Therefore, we may estimate that the total error in the AVHRR-derived sea ice albedo is most likely in
the same order of magnitude as given by Manalo-Smith et al. and Xiong et al. (2002). Figure 2 shows
one example of calculated AVHRR albedo for the Bay of Bothnia.

The AVHRR images are originally acquired via HRPT transmission at the Deutsche Wetterdienst
(DWD) facilities in Germany. The images are then geocorrected and projected to a 1 km resolution
sinusoidal projection in the WGS84 datum. After this, the FIMR operational sea ice concentration
maps (also in WGS84) of the Baltic Sea were used to separate the pixels with and without sea ice.
Land cover use maps based on the USGS classification provided the information for masking out land
areas, leaving only the sea / sea ice pixels which were then used as input for the SAL program to
compute the broadband ice albedo as described above. The ice albedo of the test site is then
manually obtainable from the resulting images like figure 2.

SEA ICE MODEL AND ALBEDO SCHEMES

HIGHTSI model

A one-dimensional high-resolution thermodynamic snow/ice model (HIGHTSI) developed by
Launiainen and Cheng (1998) and Cheng et al. (2003) was used in this study. Special attention is paid
to the parameterization of turbulent heat fluxes with the atmospheric boundary layer (ABL)
stratification taken into account. The penetrating global radiation through the surface is parameterized
making the model capable of calculating sub-surface melting quantitatively. The phase change of
mass at snow/ice interface was assumed to occur by a snow to ice transformation resulting from the
heat flux divergence. The snow-ice (re-freezing of flooded snow) and superimposed ice (re-freezing of
snowmelt or wet snowfall) finally become an integrated part of the total ice thickness. The slush
formation from ocean flooding was calculated according to Saloranta (2000). The factors dominating
the snow evolution are precipitation (snowfall), snowmelt, slush formation and refreezing. The simple
parameterizations of snow metamorphism such as snow compaction, densification and change of heat
conductivity were calculated according to Anderson (1976) and Yen (1981). The model was created
for snow and sea ice processes studies (e.g. Cheng et al. 2006). Additionally, it has been applied to
interoperate a satellite SAR-derived backscattering coefficient (Makynen et al. 2007).

Albedo |Albedo scheme used in this study Application

category

I |(@ |as=0.75; a; =0.50 Parkinson and Washington (1979)|Large scale climate model

Il |(b) |a=0.85, Tees-3°C;0=0.55-0.133(Tmeit- Tsc), Tsic>-3°C Kgltzow et al. (2003) |Regional climate model

I {(c) [|a=min(dmi, c12x(H)"+0.15),0:=0.8 €10 = 0.1, c12 = 0.85, Process studies for snowmelt
a=min[as, aitHsx(as-ai)/c1]  Hi=Hmin, Hs< C10 omi = 0.55, season in the Baltic Sea
a= Qs Hi=Hmin, Hs> C10 Pirazzini et al. (2006)

(d) |o=actai(l+tanh((H-0.2)/0.8))/2-0.1(1+tanh((Min(Tstc-Tmelt, Tmeit)+1.2)/0.03))/2 Climate model
as=0s-0.1(1+tanh((Tsic+1.2)/0.03))/2 (Arctic Regional Climate
a=ay, if Hs<0.01m; a=ai+Hs/(Hs+0.1)( as-ay), if Hs=0.01m System model)
a=max(a,a,+0.05) Lynch et al. (1995)

IV |(e) |Giis=0o-0ivismin(atan(4H;)/atan(2),1)+0.075min(Tmei-Tswe-1,0), ap=0.06 Climate model (National
Oitnir=0o-Qi-nirmin(atan(4H;)/atan(2),1)+0.075min(Tmei-Tste-1,0), Ainis=0.73, Qiniy=0.33 Center for Atmospheric
Qyis=irvis(1-Hs/(Hs+0.02))+ ars.vis(Hs/(Hs+0.02) 0s4is=0.96, 0s=0.68 |Research Community Climate
Onir=0itnir(1-Hs/(Hs+0.02))+ as.nir(Hs/(Hs+0.02) System Model)
a=0.53ais+0.47 air Briegleb et al. (2004)

Table 1: Various snow and sea ice albedo schemes applied in this study. The Hi, Hs, Tsfc and Tmelt are snow and ice
thickness, surface temperature and melting temperature (273.15K), respectively.

Albedo parameterizations

The parameterizations of albedo can be classified into four categories ranging from simple to
sophisticated. Table 1 lists several albedo schemes used in this study. A single broadband value in
terms of surface status (e.g. snow, ice, wet-snow, wet-ice) is defined as the simplest albedo scheme



normally applied in the large-scale sea ice climate model. The next category scheme refers to surface
temperature (Ts) dependent albedo, i.e. the surface status has been quantitatively taken into account.
Some regional climate models (e.g. HIRHAM, ECHAM5, HadCM3) favor such albedo schemes. In
addition to the T, more degrees of complexities to be added in albedo parameterizations are the time
development of snow and ice thickness, as well as empirical threshold values of them determined
from field measurements. These threshold values are used to define the albedo function. Albedo
schemes in this category (e.g. Lynch et al, 1995; Flato and Borwn 1996) are applicable for sea ice
climate and process models. Pirazzini et al.(2006) investigated albedo changes during a snow-melt
season in the Baltic Sea and made an adaptation of the Flato and Brown (1996) scheme to be more
suitable for the Baltic Sea ice modeling. The most sophisticated albedo scheme is in our last category,
i.e. albedo is parameterized according to temperature, snow and ice thickness as well as the spectral
dependence, solar zenith angle, and atmospheric properties. (e.g. Briegleb et al. 2004).

RESULTS

The parameterized (Table 1 a, b, ¢, d and e) and AVHRR based albedo values are compared in
Figure 3. In a snow-covered condition, the AVHRR data show a fairly constant albedo value in the
range 0.78-0.85. The temporal changes on the daily basis ranging in 0.02-0.06 were captured on days
72 and 74. The albedo of 0.75 from (a) was slightly smaller than the AVHRR results. Albedo from (b)
suggested a number of oscillations, which were in response to the surface temperature changes.
Because AVHRR data were relatively scarce compared to the surface temperature data, it was difficult
to evaluate the agreement between modeled and satellite based albedo. The current results
suggested that at least during cold weather conditions the modeled and AVHRR albedo were close to
each other. The scheme (c) shows good agreement of modeled and AVHRR albedo by eliminating the
effect of surface temperature on albedo. The result from (d) follows the trend of AVHRR data with a
systematic bias of 0.1. The albedo calculated by (e) agreed well with AVHRR results.
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Figure 3: The modeled surface albedo using formulae in Table 1 (curves) and AVHRR albedo (red triangle symbols) calculated
in clear sky condition. The curve in (f) is the interpolated time series of AVHRR albedo (see text for interpolation method).

The snow and ice mass balances calculated by HIGHTSI are given in Figure 4. Snow time series
results from several processes: precipitation, snowmelt, aging and compression and snow-to-ice
transformation. During a freezing season, the snow time series most probably follows the precipitation
(cf. Fig.1) in snow form. Warm air advection may lead to temporary snowmelt. Since precipitation is an
external forcing of HIGHTSI, it is not surprising, if the model yields a good estimation of snow
thickness. During a snowmelt season, however, the snow thickness is more dependent on modeled
variables such as snowmelt and snow-to-ice transformation. We may expect that modeled snow
thickness is more liable to errors during a melting season. In this study, the modeled and observed
snow thickness agreed well during cold periods, particularly for model runs with albedo schemes a, c,
d and e (Table 1). Model runs with albedo scheme b gives the most inaccurate snow thickness. This



may suggest errors in modeled surface temperature or an improperly temperature dependent albedo
scheme. For melting conditions, most of the HIGHTSI runs yielded faster snowmelt compared with the
measurements. The model run with albedo scheme b overestimated the snowmelt. The modeled
surface temperature is normally liable to errors. These errors may probably produce a so-called
artificial ice-albedo feedback (i.e. error of surface temperature enhance the error of albedo and further
enhance the error of mass balance). The modeled snow thickness is improved when the effect of T
on albedo is eliminated (scheme c). Model run with albedo d also overestimated snowmelt because of
an underestimated surface albedo. The most accurate snow thickness was provided by the model run
with a sophisticated albedo scheme (e).
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Figure 4: Observed (dots) and modeled (lines) snow and ice thickness. The figure legends show the line types corresponding to
different albedo schemes (cf. Table 1).

The integrated ice thickness is modeled reasonably well for most model runs. The snow to ice
transformation process is taken into account. In this study the superimposed ice formation is more
important than snow-ice formation. The accuracy of modeled ice thickness is consistent with that of
modeled snow thickness, particular for the melting period. During the freezing season, when ice
covers large areas (subject to large ice concentration), the oceanic heat flux is small and ice growth
mainly occurs at the ice bottom. A good estimation of ice thickness suggests that HIGHTSI is capable
of well re-producing the heat balance at surface and bottom. Comparison with the measurements
suggests that during the ice-melt season, the modeled ice thickness has errors. The errors could
partly be due to the inaccuracy of modeled snow to ice transformation and partly due to a crude
assumption of applying a constant oceanic heat flux. The modeled ice thickness during the later part
of the ice-melt season cannot be validated due to the lack of measurements. Assumption of a
constant oceanic heat flux is certainly a drawback affecting the agreement between modeled and
observed ice thickness. Further improvement of HIGHTSI is needed with respect to the ice-ocean
interactions.

In order to find out the applicability of AVHRR albedo on modeling snow and ice mass balance, we
created a time series of AVHRR albedo (curve in Fig 3 f) replacing parameterized albedo in HIGHTSI.
A constant surface albedo 0.81 was assumed during cold period (day1-85) followed by a linear
interpolation of AVHRR albedo during the snowmelt period. When the snow melted away (day 109
onward), the surface albedo follows the average trend of albedo schemes c and d. The modeled snow
and ice thickness are plotted in Figure 4 (black curves). A prescribed albedo interacts with snow and
ice thickness in a diagnostic way so the positive feedback of albedo is reasonably illustrated. The
AVHRR albedo seems applicable in modeling snow and ice mass balance. We need to emphasize
that our current method for AVHRR albedo reconstruction is highly associated with the characteristics



of weather conditions in winter 2006. In our case, it would be difficult to create a time series of albedo
between day 1 and 85, if several cases of warm air advection had occurred during this period. There is
a need to validate AVHRR albedo data against the in situ measurements.

CONCLUSION

A seasonal modeling of snow and ice mass balance on land-fast was carried out using the HIGHTSI
model. Four categories of surface albedo schemes were applied in order to study the effect of albedo
on snow and ice mass balance. The NOAA AVHRR albedo was acquired under clear sky conditions
and compared with the modeled surface albedo. During the cold winter season, the AVHRR albedo
was fairly constant (0.82), which was close to the average of the parameterized values. The
parameterized albedo was slightly smaller (bias < 0.1) than the AVHRR albedo. The temporal
variations of modeled albedo cannot be validated with AVHRR albedo, the availability of which is
limited by cloud cover. In early spring, the time development of AVHRR albedo correlated highly with
the observed dramatic snow melting. Such albedo changes were also captured by the result from the
most sophisticated albedo schemes. Model runs yielded consistent snow thickness using various
albedo schemes during the cold period, while during the early melting season, modeled snow
thicknesses differ from each other. The most accurate snow thickness was provided by a model run
using a sophisticated albedo scheme. The dependence of T, on albedo changes may trigger an
artificial positive feedback of surface albedo, which produces an unrealistic snow mass balance. The
HIGHTSI model provides equally good results on snow and ice mass balance by using a re-
constructed clear sky AVHRR albedo time series and calculated albedo from one of the most
sophisticated albedo schemes. Generally, the modeled ice thickness shows improved agreement with
observations in terms of taking snow to ice transformation into account.

This study is limited to a point validation, i.e. the model runs and AVHRR albedo analysis were carried
out on a test site only. More research work is heeded with respect to validating the AVHRR albedo
using in situ measurements also for a large area. The current albedo schemes, even the most
sophisticated ones, can not resolve the spatial variability of the albedo changes. We expect that the
AVHRR albedo could provide patterns of spatial variation. Such information is valuable in improving
albedo parameterizations in climate models.

Satellite observation of albedo in the high-latitude area is shown to be valuable when used in
conjunction with thermodynamic sea ice models such as HIGHTSI. Various instruments such as
MODIS, MERIS and SEVIRI provide continuous albedo data for scientific users, although SEVIRI is ill-
suited for polar observation due to the geostationary orbit of its satellite. In the near future,
EUMETSAT's MetOp satellite promises to add improved geolocation accuracy to the AVHRR-based
albedo products. This data will allow the CM-SAF project to further refine its broadband albedo
algorithms, thus enhancing the value of the SAL albedo data in future climate studies.
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