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On the surface energy budget of sea ice

GerD WENDLER, UTE AporprHs, ADRIAN HAUSER, BLakE MoOORE
Geophysical Institute, University of Alaska—Fairbanks, Fairbanks, Alaska 99775, U.S. A.

ABSTRACT. The surface energy budget was investigated during a cruise through the
pack ice in the Southern Ocean. The time of observation was close to mid-summer. Some

of the more important findings were:

The mean albedo varied from 11% for open water to 59% for 10/10 ice cover. Hourly
values span the range from 6% (open water) to 76% (total ice cover).

The net heat flux into the ocean (B) was on average 109 W m . If this energy were
used solely for melting of sea ice, 30 mm could be melted each day.

For low surface albedos (ice concentration below 7/10), the net radiation increased with
decreasing cloudiness. However, the opposite was the case for a high surface albedo.

The last point shows the importance of clouds on the surface energy budget. Not only
should their presence or absence be known but also the reflectivity of the underlying sur-
face, as it might change the net radiation in opposite ways.

INTRODUCTION

On 21 December 1994, USCGC Polar Star left from Hobart,
Tasmania, for a trip to McMurdo, Antarctica, to open up
the sound for tanker and other support ship traffic. 4 d after
leaving (see Figure 1 for the routing), the first ice was seen,
and on 26 December 1994 we visited Dumont d’Urville. The
sea ice surrounding this French station was very extensive,
the most severe we had seen on our occasional trips for
more than a decade. The French supply ship, L'dstrolabe,
had at that time been unable to reach the station and we
stayed about 30 miles offshore and flew in by helicopter.
During the next 4d, we serviced and installed the auto-
matic weather stations (AWS) (Stearns and Wendler, 1988)
in Terre Adélie and King George Land which are reporting
over satellite. On 7 January 1995, the ship arrived at
MecMurdo Sound.

During the trip we carried out continuous surface energy-
budget measurements from the ship. For this, continuously
recording instrumentation was used; furthermore, on a few
occasions, radiative spot measurements were done directly
on the ice for calibration purposes.

A short summary which gave some of the radiation
characteristics as a function of surface albedo and cloudi-
ness has been reported previously (Wendler and others, in
press), while this paper deals with all energy fluxes.

OBSERVATIONS, MEAN METEOROLOGICAL
CONDITIONS AND INSTRUMENTATION

Lor the period 24 December 1994 to 6 January 1995 contin-
uous radiative and meteorological measurements were car-
ried out. On 25 December 1994, we reported the first ice.
From that position, we went further south towards the
coast in the Dumont d'Urville region (26 December 1994)
and, after arriving there, turned towards the east along the
coasts of Terre Adélie and King George Land. Finally, we
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arrived at the ice edge of MeMurdo Sound on 2 January
1995 (see Fig. 1). Measurements within the sound were car-
ried out through 6 January 1995. All data were recorded on
a Campbell scientific data logger, model 21 X. They were
sent over a serial port (9600 baud) to a Notebook compu-
ter. The data logger sampled twice a second; these data
were averaged for 10 min intervals and the averaged values
were stored on the Notebook. The standard deviations of
pitch and roll were recorded during these intervals. We also

21 Dec. 1994
22 Dec. 1994

23 Dec. 1994

24 Dec. 1994

30 Dec. 1994

25 Dec. 1994

25 pec 1994 1 Jan. 1995

W' 3 Jan. 1995

/
4 Jan. to 8
Jan. 1995

Fig. 1. The trip of USCGC Polar Star from Hobart, Tasma-
nia, to MeMurdo, Antarctica, during the voyage December
1994~ Fanuary 1995. The numbers are the fulian days ( po-
sition at midnight, GMT ).
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used the Notebook to monitor all data during the entire
cruise,

The mean meteorological conditions during this part of

the cruise can be seen from Figure 2. On 24 December 1994,
the air temperature (Fig. 2a) started out with 6°C but
dropped rapidly. By 26 December 1994, when we were in
the pack ice close to the Antarctic coast, air temperatures
below the freezing point of salt water were observed. There-
after, when going north to avoid heavy sea ice, it increased
up to nearly 6°C and dropped again steadily until the arri-
val in McMurdo Sound.

The humidity (Fig. 2b) was high during the whole trip,
typical for the marine environment. Mean values hovered
around 68%; actual values varied between 30% and 95%.
In general, it frequently had the tendency to display the op-
posite course of the temperature; early afternoon, which on
average measured warmer temperatures, showed on aver-
age lower relative-humidity values than observed after mid-
night. The wind speed (Fig. 2¢) was relatively low for this
region of the world. Only during 46 January, strong winds
with hourly average values of up to 22 m s !were observed.

The atmospheric pressure (Iig. 2d) displayed a mini-
mum (966 hPa) on 29 December 1994, a day on which rela-

Wendler and others: Surface eneroy budoet of sea ice
o & (=3 et

tively high wind speeds were observed. Radok and others
(in press) compared the atmospheric pressure as measured
on the ship with that displayed on synoptic maps of the area,
and showed that, during the last 30 years, a substantial im-
provement in the quality of synoptic maps has occurred.

The global radiation and the reflected global radiation
were measured with Eppley PSP pyranometers. These in-
struments have a nominal sensitivity of 94V W 'm? and
are temperature-compensated. The cosine response is true
to 1% for solar elevations of more than 20° and 3% for so-
lar elevations of 10-20". They have a double WG 7 clear-glass
dome which is transparent for wavelengths of about 285
2800 nm. For the incoming and outgoing infrared radia-
tion Epply model PIR pyrgeometers were used. These in-
struments have a nominal sensitivity of 3uV W 'm? They
have a 30 mm KRS 5 dome, which is transparent in the
thermal infrared but not for global radiation. The tempera-
ture- dependence is small; it is within 2% for the whole
range from —20" to +40°C and cosine-response variations
are insignificant for diffuse radiation.

The pitch and roll of the ship were measured with Accu-
Star clinometers built by Lucas Sensing Systems, Inc. They
have a frequency response of 0.5 Hz and can be operated in
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1g. 2. Mean meteorological conditions during the cruise through the pack ice to Me Murdo, 24 December 1994 1o 6 January 1995,
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a temperature range between —40° and +65°C. For a tilt of
less than 10°, the linearity is 0.1° and for tilts of 10457 the
linearity is within 1% of the tilt angle. The threshold and
resolution are 0.001° and the null repeatability is 0.05",

The wind speed and direction were measured using a Met
One wind-speed sensor model 014A and a Met One wind-
direction sensor type 024A. The Met One wind-speed sensor
has a measuring range of 0-45ms ', with an accuracy of
+0.11ms "or 1.3%. The distance constant is less than 4.5 m
and the starting threshold is 045 ms ! The wind-direction
sensor has an accuracy of +5°, a damping ratio of 0.25 and
a delay distance less than 1.5 m. The temperature-operation
range {or both instruments is ~50° to +70°C. The atmo-
spheric pressure was measured by a Paroscientific Digi-
quartz Pressure Transducer model 216B-101. This instrument
has a repeatability and hysteresis of +0.003% and the opera-
tion range is —54" to +35°C. The temperature and the relative
humidity were measured with Vaisala humidity and
temperature probes, models HMP-35A and HMP-35D. The
temperature sensor is a Pt 100 1/3 DIN 43760B with an accu-
racy of £03°C at 20°C. The humidity sensor is a Humicap
H-sensor, 0062 HM, with an accuracy at 20°C of 2% in the
range 0-90% relative humidity and 3% in the range 90—
100%. The temperature coeflicient is £ 0.04%°C "and the
response time (90% ) is 15 s. The operation range for both sen-
sors is —40° to +60°C. For the surface temperature, a Tela-
temp Infrared Thermometer model AG-42 was used. It has
an accuracy of +0.5°C, the linearity is +0.3% of the full
scale, the resolution is +0.1°C and the repeatability is
+ 0.2°C. The operation range is —30° to +100°C.

The instruments were installed on the fly-bridge of Polar
Star (see Fig. 3), 32 ma.s.l. To measure the reflected global
radiation and the outgoing longwave radiation, we used a
boom extending over the side of the ship. We are aware that
the ship wall affected the results of the reflected and longwave
outgoing radiation. Direct spot measurements over the snow-
covered sea ice showed that the ship-based reflectivity was on
average 6% too low for 10/10 ice cover. For open water, errors
were small and no corrections were necessary; for the inter-
vening ice concentration, linear interpolation was used for
the corrections.

Errors in the longwave outgoing radiation were more

difficult to correct for and they were mostly affected by the

Fig. 3. Instruments for reflected shortwave radiation and
longwave outgoing radiation mounted on a boom from the
fly-bridge of USCGC Polar Star overlooking a broken sea-

ice cover.
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presence of bright sunshine on the ship wall below the sen-
sor. T'his resulted in too high a temperature when compared
to the ocean or ice surface. In the absence of bright sunshine,
errors were small; no corrections were carried out.

Our measured wind speeds had to be corrected for the
movement of the ship. We were able to do this by using the
GPS system.

The movement of the ship also influenced the other
measurements, particularly those of the direct solar beam
which affected most strongly the global radiation under
clear-sky conditions. Hence, we made measurements of the
pitch and roll. Wendler and Quakenbush (1994) showed that
for hourly values no systematic deviations could be observed.

Hourly observations of the sea-ice concentrations were
made visually by the MSTs (Marine Science Technicians)
on board Polar Star. Furthermore, detailed ice measure-
ments including thickness and type were carried out dur-
ing the cruise by Newbury and Kirby (1995). A video
camera looked vertically down from a side mount. Occa-
sionally, broken ice flows were tipped and a scale within
the video picture allowed the accurate determination of ice
thickness. Furthermore, hourly visual observations of the
cloud cover and type were also carried out by the MSTs.

RESULTS
Radiation

The radiation balance ([RB) of a surface is given by:
RB=G(1 —a) + (LW, — LWiy)

with G = the global radiation (sum of direct beam and dit-
fuse radiation), @ = the albedo, which is the ratio of reflected
to incoming global radiation, LW}, = the longwave incom-
ing (thermal infrared) radiation, which is strongly depen-
dent on the amount of fractional cloudiness, LWy =
longwave outgoing radiation, which is a function of the sur-
face temperature.

The first term of the righthand side of the equation is the
shortwave radiation balance, which is naturally zero at
night, and normally has its maximum around solar noon.
The second term is the longwave radiation balance; it is
normally negative as the surface radiates with a higher
temperature than the atmosphere. It can become positive
for shorter time periods, normally in connection with the
advection of warm clouds. In contrast to the solar radia-
tion, it does not display a strong diurnal variation. We mea-
sured these four fluxes independently of each other.

The mean diurnal variation of the global and reflected
radiation is presented for the mean of the 14 d in Figure 4.
The expected sinusoidal curves can be observed. Daily
courses for individual days varied widely, depending
mostly on the amount and type of cloud, and to a lesser de-
gree on the position of the ship and atmospheric turbidity. A
maximum mean daily value of 345 W m * was observed on
4 January 1995, a partly cloudy day; the minimum
(138 W m “) was observed on 24 December 1994, a day
with a thick layer of stratus overcast. The mean daily glo-
bal radiation was measured as 241 W m * and was strongly
dependent on the amount of cloudiness. As we traveled over
a large region during the cruise, changing the day length
and solar elevations, we normalized the global radiation by
dividing it by the extra-terrestrial radiation for that day and
that position. The ratio K is the effective transmittance of
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the atmosphere, also called the clearness index. It can be
seen from Figure 5 that its value increases with decreasing
cloudiness. There is a fair amount of scatter. This is caused
by the fact that we did not distinguish between different
cloud types; our data set was not large enough for doing so.

For open water, we found albedo values which varied
between 6% and 14%. The exact value depended on the
solar elevation, the absence or presence of clouds and the
sea state. The observed values are in agreement with the
literature (e.g. Allison and others, 1993). The sea ice we ex-
perienced was normally snow-covered. Values of up to 76%
were recorded as mean hourly values for 10/10 snow-covered
sea ice. Spot measurements on the sea ice itsell occasionally
gave even higher values. The absolute maximum was 85%,

which is a value expected for dry snow of interior Antarcti-
ca. However, the value of up to 76%, as measured from the
ship, appears more reasonable. The difference might be ex-
plained by the fact that the radiative sensor on the ship in-
tegrated over larger areas and longer time periods,

In most cases, melting of the snow had occurred pre-
viously (these measurements were made after mid-sum-
mer), even if at the time of the observations below-freezing
temperatures were observed. A melting event changes the
snow-crystal structure, reducing the albedo through this
process. Stratigraphic studies of the snow indicated this
had occurred. In Figure 6, the ice concentration which was
observed hourly is plotted against the reflectivity, It can be
seen that the albedo increases with increasing ice concen-
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Fig. 5. The clearness index K- is plotled against fractional eloud cover (r° = 0.73). Note the decrease of K with increasing
cloudmess. The mean daily fractional cloud cover was binned in classes of 10 eloud amount.
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tration. Lce concentrations and albedos were averaged for 2/
10 ice-concentration classes. For open water, a mean value of
about 11% was observed. This value is relatively high and
was caused by the long time periods with low solar eleva-
tion during which the surface reflectivity is increased (Car-
roll, 1982). For 10/10 ice concentration, the mean albedo
value was 59%. The mean value for the albedo for the
whole observational period was 39%. The observed values
are in agreement with those reported previously (Weller,
1968; Andreas and Makshtas, 1985; Allison and others,
1993; Hauser and others, in press).

While the albedo and, with it, the shortwave radiation
budget is strongly influenced by the presence of sea ice, the
longwave radiation budget is affected to a much smaller de-
gree. The outgoing radiation is a function of the surface
temperature; hence, the infrared losses [rom an ice-covered
surface are always equal to or less than for sea water. There
is only a very small diurnal variation of about 7Wm ? fol-
lowing roughly the diurnal course of the air temperature
(not shown). The mean value for the whole time period was
985 W m % assuming an emissivity of 0.97, this would result
in a surface temperature of the water or ice of =4.9°C.. There
was a tendency that the outgoing radiation decreased with
increasing ice concentration (Table 1).

The incoming longwave radiation does not show any
systematic diurnal variation, even for the average of the ab-
servational period. A mean value for the whole time period
of 252 Wm ? was found. This is a relatively high value
which is caused by the large amount of the observed frac-
tional cloud cover; the incoming longwave radiation is
strongly dependent on this amount. The mean value of the
longwave radiation budget for the total observed period was
found to be —33 Wm % the mean value for 10/10 cloudiness
was —18 Wm 2 while the losses more than tripled for clear-
sky conditions with an average value of —67 W m > In Fig-
ure 7 the net longwave radiation is plotted against frac-
tional cloudiness.

The all-wave radiation balance or net radiation is the
sum of the short- and longwave radiation budgets. The glo-

Table 1. Mean outgoing longwave radiation and surface tem-
perature for different sea-ice concentrations

Tce concenlration

‘Tenths
04 47 7-10
Outgoing longwave radiation (W m Y 292 287 276
Temperature, assuming & = 097 (“C) 32 -44 70

bal radiation displays a strong diurnal variation, as can be
seen from Figure 5, while the longwave radiation budget is
fairly flat; hence, the net radiation also shows a strong diur-
nal variation following the shape of the global radiation.
Maxima of about 300 W m * are observed around solar
noon. At night, the values become negative for 4-5 h but are
positive as a whole, as can be seen from Figure 8. The aver-
aged value is 115 W m °. This is a substantial value and al-
lows 30 mm of ice to be melted daily if all this energy were to
be used for this purpose.

The shortwave radiation budget decreases with increas-
ing ice concentration (can be deduced from Figure 6)
(Grenfell, 1979) and the amount of cloudiness. On the other
hand, the longwave radiation budget is fairly independent
of the sea-ice concentration but the losses are reduced with
increasing cloudiness (see Fig. 7). Hence, it can be seen that
the amount of cloudiness has two effects on the net radia-
tion: it decreases the shortwave incoming radiation but also
reduces the losses in the longwave region by increasing the
back radiation from the atmosphere. The effect of these two
processes can be seen from Figure 9. When the surface albe-
do is low (ice concentration less than 7/10), the net radiation
increases with decreasing cloudiness. This is a result we
would expect from our experience in mid-latitudes, as we
know that sunny days are on average warmer than cloudy
ones. However, if the surface albedo is high (ice concentra-
tion above 7/10), the opposite occurs. This counter-intuitive
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Fig. 6. The surface albedo as a function of ice concentration (7~ = 0.89). Values were averaged as a function of ice concentration.
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conclusion was first observed in Greenland by Ambach
(1974), who coined the phrase “radiation paradox™ for it.
Due to the high surface albedo, most of the shortwave radia-
tion is reflected back to space and the longwave radiation
becomes the dominant parameter for the net radiation.
"These results again show the important influence of clouds
on the surface energy budget. Not only should their presence
or ahsence be known but also the reflectivity of the under-
lying surface, as it might change the net radiation in oppo-
site ways.

Turbulent fluxes

To obtain the sensible (S) and the latent (L) heat fluxes, we

used the gradient-flux method. The gradient-flux method is
based on the Monin—Obukhov similarity theory (Businger
and others, 1971). Engelbart (1989) compared the gradient-
flux method with the deposition—velocity method and the
neutral bulk method. The gradient-flux method showed
the best consistency to the measured (w'@”) or compared to
the values computed with the Nicuwstadt (1978) method. To
estimate the heat fluxes from the time-series data, the sur-
face conditions were set to: U(z) = 0, O(z) = T: and
(Q(20) = Q.. For the surface temperature, we used surface
measurements made with an infrared thermometer.

With profiles depending on data from only the surface
and one other level, the flux-gradient method is essentially
a bulk-aerodynamic computation in which the bulk-transfer
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coefficient for heat (Cyg) and moisture (Cg) are specified:
8§ = CupeyU(2)(T: — 6(2))
L = CepL U(2)(Qs — Q(2)) -
This implies that for neutral stability, when 2= 1 X
10 ¥ m is used as the roughness parameter, the transfer coef-
ficients are Cp = Cg = Cg=5.1 x 10 Y Cp is the drag coel-
ficient. To estimate the fluxes, the minimum parameters
needed are the wind speed (U), the potential temperature

(©) and the specific humidity (Q) of two different heights.
The profiles are fitted with the models:

Uy Z A

&= 1 "’m_

U( ) A [ = Z0 " L:I
Elz) =T z) L [lu — h ]

Q) =QG) + o[- ]

with z = height, z) =roughness length for velocity, 2z =
scalar-roughness length, 7'(z) =surface temperature,
Q(z,) =surface humidity, k(= 0.4) =von Karman’ con-
stant, 1 = semi-empirical Monin-Obukhov similarity
functions. ¥ are functions of the stability parameter
((= z/L or z/Lg). The functions are different for stable
and unstable conditions:

Unstable conditions (¢ < 0) (Paulson, 1970):
l+g
VRS o

Q) = 21n[ : l and
= (1 -8k,
Stable/neutral conditions (¢ = 0) (Webb, 1970) give:
Um(C) = ¥n(C) = -6
with 3, = 16, 3, = 7(Large and Pond, 1982).

] — 2 arctan(x) —I—g

w.. . and g, are related to the surface stress (7), the sensible
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(S) and the latent (L) heat fluxes, and thus link these to the
measured profiles:

= (r/p)}
t. = =85/ (pepusk)
¢. = —L/(pLyu.k)

with p = surface air density, ¢, = specific heat of air at con-
stant pressure, L, = latent heat of vaporization (sublima-
tion) of water (ice).

Finally, the Obukhov lengths, L and Lg, both are stability

p'drkln’lt‘lel".‘i:
= -1
T

oo L 1406107 u.?
L gl 061 k*q

with g= acceleration of gravity, 7' = representative tem-
perature.

Notice L is used as a stability parameter for temperature
and velocity, L for humidity. McBean (1971) explained that
unless a passive scalar, such as humidity, is highly correlated
with temperature, L is not a proper scaling length (Dyer,
1974). A length scale based on the flux of a passive scalar
alone, such as L, is instead a more meaningful parameter.

In our case, variables were measured at two heights
only: the surface and the reference height, 32 m. For the sur-
face values, we assume zy = z;. A problem was to assume a
fairly realistic value for the roughness parameter zp, which
can vary over a wide range. Belitz and others (1987) found
values from 1 x 10 ®m for extremely smooth ice up to
1.5 x 10 *m for wavy drift ice. Engelbart (1989) and An-
dreas and Makshtas (1985) found even greater maximum
values. Konig (1985) measured a mean value of zp =1 x
10 " m on Ekstrémisen. An ice shelf is generally smoother
than normal sea ice. We assumed zp=1 x 10 * m (Banke
and others, 1980). With only two heights, the profile equa-
tions are particularly simple:
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o kU:sl:
e — In(30/z) — U"ul(‘?’o/'[’) ‘
g o O3 — Ty
" In(30/20) — ¢n(30/L) ’
Q30 — Qs
q.

™ In(30/20) — ¥ (30/Lq)

with € = specific humidity of air in saturation and T, = sur-
face temperature.

The gradient-flux estimation procedure is an iterative
one. First, neutral stability is assumed so that =
ty = 0. This yielded initial values of u,, t, and ¢. which we
then used to estimate L and L. With these first estimates of
L and Lg, the effects of stability by computing the 1 values
to use in the model equations could begin. New and better
estimates of u., t. and g, are the results. With these values,
recomputation of L and L were made. Three iterations
were performed until the absolute changes in sensible (S)
and latent (L) heat fluxes were all less than 0.1 W m 2 be-
Lween consecutive iterations.

Figure 10 shows the time series of the computed sensible-
and latent-heat flux. Positive values represent a flux down-
wards from the air to the surface. A positive flux is an en-
ergy gain for the surface. The sensible-heat flux was mostly
positive with a maximum of 40 Wm 2 and a minimum of
~18 Wm *, giving an average value of only 11W m % The
latent-heat flux was more variable with values between 91
and 27Wm % the average was —17 Wm *

Surface energy budget

The energy budget of a surface can be written as:
B=RB+S+L.

B is the flux into or out of the ocean. It might be used for
phase change (melting of ice or freezing of water) or sto-
rage change (change of temperature of sea ice or water). In
Figure 11, the fluxes are presented. It can be seen that the net

Wendler and athers: Surface energy budget of sea ice

radiation (RB) is the most important energy source in the
budget (115 W m ). The sensible-(S) and latent-heat L
fluxes are of the same magnitude (11 and ~17 W m %) but
have opposite directions. Assuming the sum of the sources
and sinks to be 100%, the main source is net radiation
(+91%), followed by the sensible-heat flux (+9% ), while
sinks are the heat flux into the ocean (—87%) and the la-
tent flux (=13%). The signs of the fluxes were to be ex-
pected for a time period close to mid-summer when the sea
ice starts to disintegrate around Antarctica. If all energy
were to be used for the melting of sea ice, daily 30 mm of
ice could be melted, which is a relatively large value.

The question arises as to how our results agree or dis-
agree with other studies. Such a comparison is difficult, be-
cause there are no complete encrgy balances for partly ice-
covered oceans close to mid-summer. Gordon (1981) gave
the average monthly heat flux into the ocean for partial ice
(3/10) cover as 63 W m for January, which is smaller than
our flux of 109 W m 2,

Similar results to our radiation balance were obtained
by Andreas and Ackley (1982); they measured at 70°S on 1
December. The greatest difference is in the shortwave radia-
tion balance caused hy different albedo values; it should be
borne in mind that we measured over a large area (65
78" S) with ice concentrations ranging from 0 to 10/10.

Heinemann and Rose (1990) made measurements in
February 1984 near Filchner Station on the ice shelf; how-
ever, the conditions on an ice shell are completely different.
The radiation balance reached a daily average value of

20 Wm “ due to the much higher albedo values.

Andreas and Makshtas (1985) and Hauser and others (in
press) made measurements in spring. They found smaller
fluxes, a result to be expected as the solar radiation is much
weaker. Andreas and Makshtas (1985) measured the flux
into the ocean as 2025 W m ? while Hauser and others (in
press) reported a flux of 307 W m .

A positive sensible-heat flux was also observed by Allison
and others (1982); they showed that for a few weeks inJanuary
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Fig. 10. Time series of the sensible- and latent-heat flux, 24 December 1994 to 6 January 1995. Note, that the sensible-heat flux is
on average positive; the air warms the surface. The latent-heat flux is on average negalive; evaporation is more fprrevalent than

condensation.
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Fig. 1. Mean radiative and eddy fluxes, Southern Ocean, 24 December 1994 to 6 January 1995. Note the dominance of the
radiative fluxes. The remainder of all atmospheric fluxes was assumed to be the flux for warming or melting of snow or ice.

the surface may gain energy by sensible-heat transfer but, by
mid-February, the surface loses sensible heat throughout the
day; the mean loss can be up to 100 W m*
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