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ABSTRACT. We present some new results describing energy exchange processes of
drifting sea ice in the marginal ice zone (MIZ) in the Barents Sea, Arctic Ocean. All
measurements and observations of meteorological parameters and ice conditions were
taken on board the Norwegian research vessel Lance from 3 to 22 May 1999. Components
of surface heat balance were measured and correlated with ice conditions and synoptic
observations. These results can be used in atmospheric boundary layer modelling as lower
boundary conditions. A relationship was found between modelled turbulent heat fluxes

and observed sea-ice concentrations.

INTRODUCTION

The main aim of this investigation was to calculate the
energy exchange fluxes in the marginal ice zone (MIZ) of
the Barents Sea, Arctic Ocean, during spring and verify
them with observed sea-ice and meteorological conditions.

Knowledge of surface energy exchange fluxes in the
MIZ is important for understanding the complex processes
in the atmospheric boundary layer in the Barents Sea and
similar areas in the Arctic with pack-ice and fast-ice cover.
Further, this informationis needed for modelling the atmos-
pheric boundary layer in the MIZ (e.g. Overland and
others, 1983; Brown, 1986).

This study was carried out during a cruise to the north-
western Barents Sea with the Norwegian research vessel
Lance in spring 1999. Both standard and specialized
meteorological observations and radiation measurements
were collected. The study area extends from 76° to 78° N
and from the island of Hopen (25° E) to the line of longitude
at 35° E (Fig. 1). The exchange of water masses between the
Barents Sea, the North Atlantic and the Arctic Ocean
strongly influences the position and composition of the
Barents Sea MIZ (Vinje and Kvambekk, 1991). The bathy-
metry also affects the MIZ.

INSTRUMENTS, METHODS AND COMPUTATIONS

Incoming shortwave solar radiation and the balance of long-
wave radiation were measured continuously from 3 to 22
May 1999. Air temperature, air pressure, relative humidity
(at 12ma.s.]) and wind speed and direction (at 24ma.s.l)
were logged every 3 hours by the ship’s meteorological sta-
tion. In addition, sea-water temperature was measured.
Atmospheric and sea-ice conditions were observed from the
ship’s bridge every 3 hours. The ice description included esti-

https://doi.org/10.3189/172756503781830557 Published online by Cambridge University Press

mating the proportion of different ice types (slush, pancake
ice, dark and light nilas, young ice (grey ice, grey/white ice),
white first-year ice, multi-year ice, brash ice and open water),
floe size (seven size classes: <lm, 1-3m, 3—10 m, 10-100 m,
100-1000m, >1km, vast), snow-cover thickness, percentage
of ridging and rafting, and percentage ofice coloured by sedi-
ments or algae. The nomenclature for ice types follows terms
according to Steffen (1986). During transects perpendicular
to the ice edge or under rapidly changingice conditions, extra
observations were made. Radiation characteristics (incom-
ing solar radiation, longwave radiation balance and surface
radiation temperature) were obtained using Russian radi-
ation sensors installed on the roof of the crow’s nest, 22 m a.s.l.
Incoming shortwave solar radiation (300-3000nm) was
measured using a thermoelectric pyranometer (TEP-29).
The sensitivity of this sensor is 0.067 mVW 'm ? and its
response time 10s. The components of longwave radiation
balance (350017000 nm) were measured with upward- and
downward-looking pyranometers and pyrgeometers. The
opening angle was 90° (up) and 45° (down). The sensitivity
of these sensors was 0.055 and 0.025mV W 'm ?, respectively,
with a response time of 15 s. These sensors consist of a thermo-
pile and are shielded by a germanium hemisphere. The radi-
ation parameters were logged every 10 min using a standard
data logger.

To calculate turbulent heat fluxes an algorithm based on
the Monin—Obukhov similarity theory was used (Monin
and Obukhov, 1954; Monin and Yaglom, 1975). This theory
has previously been used by for example Ivanov and
Makshtas (1988) and Makshtas (1991) for measurements in
the atmosphere water/ice surface layer. The main concept of
this theory is that within the surface layer the relationship
between time-averaged turbulent flow characteristics (wind
velocity, air temperature and relative humidity) and height
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Fig. 1. Map showing the research area in the Barents Sea, east of Hopen. Positions of ice observations (visual ice description from the
ship’ bridge) are marked by black dots; ice stations with in situ measurements are marked by large grey circles with labels IPO2—
IPO7. The dotted and dashed lines indicate the ice-edge position at the beginning and end of the observation period, respectively.

is a universal function of the ratio ¢ = z/L, where L is the
Monin—Obukhov length scale:

L = U?/k*BT. (1)
U. = (v/p)""?, (2)
T, = —H/kpcpUs, (3)
B = g/Tz ) (4)

where 2 is measurement level, U, is dynamic velocity, x is the
von Karman constant, B is the buoyancy parameter, 7 is the
frictional stress, 7T} is the temperature scale, H is the vertical
turbulent flux of sensible heat, p is air density, ¢, is specific
heat of air, g is gravitational acceleration and 7}, is air tem-
perature at the level 2. Proceeding from this, we obtain a
system of equations defining the turbulent heat fluxes under
the assumption that T, at the roughness length level (z,) is
identical to the surface temperature 7Ty and that the wind
velocity U, is zero (Makshtas, 1991):

U.=U./klf(z/L) = f(z0/L)] (5)

T. - Ts = Ti[f(2/L) — f(20/L)] (6)
In(¢) + 48 when (>0 (7a)
f(¢O)=In|¢| when —0.07<(¢<0 (7b)
0.25 +1.2¢"* when ¢ < —0.07. (7¢)

For known U, and T at two levels (one of them open
water or sea-ice surface), we can obtain a closed system of
equations for calculating the parameters determining tur-
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bulent flow in the surface layer, Uy, T, and L. Then H
becomes:

H = —rpc,U,T, . (8)
The effect of air humidity on the density stratification of
the atmosphere surface layer was taken into account by an
addendum (Zilitinkevich, 1970):
L.=L(1+m/B,) ", (9)
where m is the non-dimensional coefficient and B, is the
Bowen ratio. Assuming that the process of turbulent ex-
change of heat and vapour in the surface layer are identical
then B, can be defined as:

_ Cp(Tz - Ts)

B ,
g — )

(10)

where [ is the specific heat of evaporation, and g, g5 are the
specific humidity at level z and at the water or sea-ice sur-
face, respectively. The calculations of ¢, and ¢s were made
using the Magnus formula (Zilitinkevich, 1970) relating
these quantities to water-vapour pressure:

¢, = 0.622[e(T2)/ P]f
q> = 0-622[3(Tz)/P] )

where e(T) is saturation vapour pressure, P is atmospheric
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pressure and f is relative humidity. (7") can be determined
knowing f, Ty and T:

Qn; — 0.622(60/P)10[&1(T\—273)/[b1+(T\—273)] (13)
¢ = 0.622(60f/P)10[“1(T2_273)/[b1+(TZ_273)] . (14)

with eg = 611 Pa, a; = 9.5 and b; = 265.5. The two latter are
empirical coefficients for ice (for water: a; = 763 and b; =
241.9). In Equation (13) it is assumed that the air at the surface
is saturated by water vapour. Then, assuming that the profiles
of T, and g, correlate, as experimentally and theoretically
shown (Monin and Obukhov, 1954; Monin and Yaglom, 1975),
we can express the latent turbulent heat flux LE in the atmos-
pheric surface layer as follows:

LE = H/B,. (15)

Estimating a representative value for the aerodynamic
roughness length of the sea-ice surface (z,, roughness param-
eter) is difficult and presents a problem for use of this algo-
rithm. For this study, measurements were made at the
surface, 21 = 2z, and thus the corresponding U, = 0. Experi-
mental estimations of z, are available from a number of
ground-truth measurements made from drifting sea ice in
the Arctic basin (Doronin, 1971; Langleben, 1972; Holmgren
and Weller, 1974; Wadhams, 1986; Andreas, 1987, Guest and
Davidson, 1987, 1991; Makshtas, 1991). These researchers have
also carried out studies showing how z, depends on param-
eters such as snow thickness, surface snow morphology, hum-
mocks and ridge characteristics, as well as ice conditions.

In the Barents Sea MIZ we observed a complicated
diversity of sea-ice types and ice concentrations within the
study area. We made the following simplifications for the
calculation of turbulent heat flux since we lacked surface
roughness data for the complex ice situation in this non-
homogeneous environment: (1) that the roughness length
for momentum and heat transfer is equal, and (2) that the
roughness length is independent of the ice concentration.
We selected values based on earlier studies, where z, ranges
from 10 * to 10 > m (Guest and Davidson, 1987, 1991). The
calculated turbulent flux varies with varying roughness
length (Fig. 2a). However, the corresponding total turbulent
flux variation remained <60%.

RESULTS

The dominant ice types observed were even and rafted first-
year ice, as well as young ice and nilas. In situ measurements
at ice stations showed that the thickness of undisturbed, level,
first-year ice varied from approximately 0.5 to lm. Multi-
year ice was not observed. Ice floes classified as 3—10m in
diameter were most abundant, followed by the class 1-3m
diameter. The position of the ice edge changed significantly
during the cruise (Fig. 1). The MIZ was crossed twice on two
separate transects (at ~27° and 32°E). Additional obser-
vations were obtained when sailing along the ice margin.
The two transects across the MIZ explain the two phases
with high ice concentration: 7-12 and 16-20 May 1999 (Fig
3). When crossing the ice edge from open water to ice, the per-
centage of ice cover did not always increase gradually. Large
leads, interrupted by belts of small ice floes, contributed to an
ice situation that was more complex than the low-resolution
regional ice charts were able to indicate.

The temporal distribution of the meteorological param-
eters (e.g. atmospheric pressure, wind direction and air tem-
perature in the surface layer) and characteristics of energy
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Fig. 2. (a) Time series of sensible and latent turbulent heat
Sluxes from open water in the Barents Sea MIZ during May
1999 (white bar: Zy = 0.1mm; grey bar: Zy =0.5mm; black
bar: Zy =1mm). (be) Time series of basic meteorological
parameters in the Barents Sea MIZ during May 1999: air tem-
perature and atmospheric pressure (b ), and wind direction (¢c).

exchange in the MIZ shows a very close connection to the
turbulent heat flux H (Fig. 2a—c). Air temperature (73)
and H are dominantly anticorrelated, whereas atmospheric
pressure (P) and H are correlated. Maxima in H usually
fall together with wind from the north and northeast (cold,
ice-covered areas). These correlations are connected to the
characteristic situation in the Barents Sea MIZ: high energy
exchange, high atmospheric pressure and low surface air
temperature are typical for anticyclonic situations and are
connected to wind blowing from the ice-covered ocean
towards open water (in general, wind directions varying
between north and northeast; see Fig. 2¢). On the other
hand, low energy exchange, low pressure and relatively high
air temperature are typical for cyclonic conditions (wind
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Fig. 3. Observed sea-ice concentration (in % ) in the Barents
Sea MIZ during May 1999 ( daily averages ).

from open water towards ice-covered areas, i.e. wind direc-
tions between south and west; see Fig. 2). Accordingly, the
turbulent heat flux distribution is closely related to the pre-
vailing wind direction (Fig. 2a and c¢). The maximum turbu-
lent fluxes were measured in the MIZ during anticyclonic
situations. During an anticyclonic situation these relation-
ships can be explained by significant differences between
the air and surface temperatures (open water, young ice or
very low concentrations of first-year ice). During periods of
cyclonic weather, these differences are considerably lower,
so the intensity of turbulent heat flux is also lower. As one
would expect, we obtained maximum turbulent energy
exchange values (300-500W m %) during periods of high
wind speed from a northerly direction (Fig. 2¢) (e.g. 5-8
May 1999; wind speed >10ms ).

The surface temperature (73) was derived from out-
going longwave radiation measurements. This value can be
considered as an integral (spatial average) temperature for
the selected area of the sea surface. This area may include
open water and varying types of sea ice (e.g. first-year ice).
This instrument does not view directly downward but is
angled from the vertical in order to obtain an average “inte-
gral” temperature over approximately 100 x 100 m” and to
avoid interference from the ship’s structure. The time series
of T,, open-water temperature (T%,) and T are shown in
Figure 4. There are extended periods of time (8—13 and 18—
20 May 1999) when T was at least 2°C lower than T,,.
Usually this occurred in conditions with a high concentra-
tion of first-year ice and wind from the southwest. Under
such conditions, the stratification of the surface layer is
stable, causing such temperature contrasts in the lowest
12 m of the atmosphere.

We carried out an independent calculation of turbulent
heat fluxes with the Monin—Obukhov similarity theory
(Equations (1-14)) using the time series of T3, and obtained a
good correlation between daily averageintegral turbulent heat
fluxes (spatial average) and visual estimations of ice concen-
tration for springtime in the MIZ (Fig. 5). The correlation coef-
ficient for the logarithmic approximationis 0.7. In this context,
“iee concentration” means all types of ice observed in the MIZ.
The average concentration of thick first-year ice in the MIZ
was approximately 40%. The total concentration of young
ice and nilas was <10% during the period of our observations,
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Fig. 4. Time series of air lemperature (solid line, T,: aimos-
phere), water temperature (short-dashed line, Ty,: water)
and integral surface temperature Ty (long-dashed line: sur-
Jace), obtained by the ship’s weather station and from the infra-
red radiometer.

i.e. a typical ice scenario consisted of 40% first-year ice, 10%
young ice and 50% open water. This approach can be consid-
ered as a simple indirect method (e.g. when surface energy-
balance measurements are not available) for calculating tur-
bulent fluxes in the MIZ during springtime.

Finally, we can calculate the total surface heat balance in
the MIZ (monthly average estimations). The surface heat
balance B equals:

By = Q1 — A)(1 —i,) + H+LE + By, (16)

where Q) is the incoming shortwave solar radiation, A is the
average surface albedo, 4, is the transmission coefficient
characterizing the part of shortwave radiation passing
through the surface (i, = 0 for snow cover and %, = 0.3 for
sea ice without snow; Semtner, 1976) and B, is surface long-
wave balance. Average estimations for s, H, LE and B,
300
250
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Fig. 5. Correlation between calculated turbulent heat fluxes
and observed sea-ice concentration in the Barents Sea MIZ
during May 1999 (dots: H,(N,); line: logarithmic param-
eterization ).
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Table 1. Surface heat balance in the Barents MIZ during
May 1999. All units are W m =

Qs(1-A)1-4) H+LE By B Source

-8l +78 +16
+54 +34

+13  This study
Nikolajev and others (1984)

Notes: Negative values indicate downward heat flux, i.e. from the atmosphere
to the sea surface; positive values indicate upward heat flux, i.e. from the
surface to the atmosphere. (s is incoming shortwave radiation, A is albedo,
H is sensible-heat flux, LE is latent heat flux, B, is surface longwave bal-
ance and B is surface heat balance. Averaged data from Nikolajev and
others (1984) refer to a study in the same area in 1983.

were calculated for the period 3-22 May 1999. As a first
approach, we formulate the surface albedo (A) as:

_ AiN1+ AyNo + A3N3
100 ’
where A; and Nj are albedo and relative concentration of

A

(17)

first-year ice, A2 and Ny are albedo and relative concentra-
tion of young ice (dark and light nilas, grey and grey-white)
and Az and N3 are albedo and relative area of open water. We
used in situ measurements of the sea-ice albedo in the MIZ to
obtain Ay, N1, Ay, No, A3 and N3. Further, we used available
ground-truth information (Ivanov;1999) to determine the de-
pendence of albedo on ice thickness (for first-year ice with
and without a thin snow cover) and our visual observations
of sea-ice conditions (fractional concentration of young ice
and first-year ice). The contribution of first-year ice (V) to
the total sea-ice concentration was 40%, the contribution of
youngice (Vo) 10%, and the contribution of open water (V3)
50%. Thus, with this situation, A in the MIZ was about 0.4.
Accordingly, there are different contributions to the surface
heat balance from radiation and turbulent components (see
Table 1).

These results correspond reasonably well with earlier
investigations, performed on board the Russian icebreaker
Otto Schmidt in this part of the Barents Sea in May 1983
(Nikolajev and others, 1984), and theoretical work (Overland
and others, 1983), reflecting the large interannual sea-ice vari-
ations in the Barents Sea (Vinje and Kvambekk, 1991). The
absence of visible melting on the ice surface, and the presence
of young ice at the sea surface further confirms our calcula-
tions and estimations (positive sum of heat flux from ocean to
atmosphere). We can use these estimations of surface heat
balance as lower boundary conditions for atmospheric
boundarylayer modelling and local climate models (Randall
and others, 1998).

CONCLUSIONS

New data were obtained on atmospheric surface layer char-
acteristics in the Barents Sea MIZ. This dataset was used to
establish representative estimations of surface heat-balance
components in the MIZ for springtime conditions. In situ
infrared radiation measurements of sea-ice temperature
were used to calculate the turbulent heat exchange using
the Monin—Obukhov similarity theory. We found a relation-
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ship between turbulent heat fluxes (model calculation) and
sea-ice concentration (visual observations).
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