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ABSTRACT. To understand the role of wind conditions on the summertime surface ocean system, the
ocean, ice and atmosphere in the central Arctic Ocean were observed using two drifting buoys, one in
2002 under stormy conditions, one in 2003 under calm conditions. Although the ice concentration
near the North Pole was the same in 2002 and 2003 during early summer, the heat used in bottom
melting in 2003 was only about half of that in 2002. To obtain the total heat input into the upper
ocean, heat used in lateral melting was additionally derived from a time series of ice concentration in
2002. Assuming the same heat input into the upper ocean, the heat used in lateral and bottom melting
was estimated and compared between the years. It is thought that the warm fresh water embedded
within the ice cover was mixed downward during the frequently stormy mid-summer of 2002,
enhancing bottom melting. By contrast, the warm water in 2003 tended to be used for lateral melting
due to the relatively calm conditions, suggesting that a continuously weak wind favours ice-cover
decrease during summer. A simple calculation of the ice-cover evolution reveals that the difference in
ice concentration during August between 2002 and 2003 reached 10%, which is consistent with the

satellite-derived ice concentration.

INTRODUCTION

The Arctic summer is characterized by the presence of
shortwave radiation. The interaction between sea ice and
heat input into the upper ocean through the ice-albedo
feedback mechanism is one of the most important processes
for understanding the Arctic climate. Shortwave radiation
penetrating into open water can become a dominant heat
source to warm surface ocean waters and subsequently melt
the lateral and bottom adjacent sea ice (Maykut and
Perovich, 1987; Maykut and McPhee, 1995). Data from a
drifting buoy (McPhee and others, 2003) showed that the
storage and release of heat obtained from incoming short-
wave radiation in the ocean boundary layer during summer
dominated the heat flux below the Arctic sea ice. A rapid
increase in melt rate in late summer is linked to a build-up of
heat in the water, in addition to a sharp increase in floe
speed (Perovich and others, 2003).

The deepening of an ocean mixed layer is partly induced
by an intense flux of kinetic energy, caused by enhanced
air-sea or ice-water stress. This type of mixing is more
effective than convective mixing in areas where the
stratification near the surface is very stable, such as the
Arctic Ocean. A key parameter for this is wind speed. Using
Arctic drifting buoys, Yang and others (2004) showed that all
mixing events reaching the depth of the halocline were
forced by intense storms. Studying the climatology and
interannual variability of Arctic cyclone activity, Zhang and
others (2004) found that cyclones in the Arctic region tended
to be more intense, shorter-lived and fewer in number
during winter, while they were less intense, longer-lived and
more numerous in summer.

With calm winds, a warm freshwater layer develops at the
surface of leads (Richter-Menge and others, 2001), which
influences the lateral-melt rate and open-water formation
when a local heat balance is maintained (Perovich and
others, 2003). During storm-driven strong winds, the heat
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stored in the surface layer is transported downward more
effectively and forms a well-mixed layer, enhancing bottom
melting. Using an ice—ocean coupled single column model,
Holland (2003) also verified the importance of heat
embedded within summertime leads. However, these
studies focused on a very short period (e.g. a few days).
Therefore, the relationship between the wind field and the
upper ocean system during the Arctic summer as a whole is
still poorly understood.

This study examines how the wind speeds affect the heat
distribution between the near-surface and mixed layers using
observed winds, ice drift, water temperature and ice
concentration along the buoy tracks. The data we discuss
were obtained primarily by the JAMSTEC (Japan Agency for
Marine-Earth Science and Technology) Compact Arctic
Drifter (hereafter ]-CAD) ice-drifting buoys.

OBSERVATIONS

JAMSTEC has deployed J-CAD buoys near the North Pole as
part of the North Pole Environmental Observatory (NPEO)
project every year since 2000 (Morison and others, 2002).
Recent oceanographic results have highlighted the heat flux
under the Arctic sea ice (McPhee and others, 2003), the
evolution of the cold halocline layer (Kikuchi and others,
2004b) and the Atlantic Water circulation (Kikuchi and
others, 2005), while meteorological results have concen-
trated on the shortwave radiation and ice-albedo feedback
(Inoue and others, 2005). The details of J-CAD buoy
technology, data sampling in the Arctic Ocean and data
processing are described in Hatakeyama and Monk (2001),
Kikuchi and Hosono (2004) and Kikuchi and others (2004a).
The J-CAD buoys sample a broad suite of oceanographic
(temperature, salinity and currents) and atmospheric (air
temperature, wind speed and direction, and air pressure)
parameters once per hour. Buoy position is determined by
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Fig. 1. Drifting trajectory for (a) buoy-02 and (b) buoy-03. The
contours and shaded area denote the anomaly (2003 relative to
2002) of the ice concentration derived from SSM/I for (a) April and
(b) August. A negative value means that the ice concentration in
2003 is lower than that in 2002.

the global positioning system (GPS), and data are tele-
metered using the Argos and ORBCOMM systems (Hata-
keyama and Monk, 2001).

This work uses data from two J-CADs, deployed in 2002
(hereafter buoy-02) and in 2003 (hereafter buoy-03), to
examine the conditions of the upper ocean and the
meteorological conditions in the central Arctic. Buoy-02
was installed near the North Pole on 26 April 2002
(88.51°N, 76.93°E; Fig. 1a), and buoy-03 was deployed
on 28 April 2003 (88.59°N, 167.38°E; Fig. 1b). The buoys
drifted slowly southward from their deployment. By the end
of March for each year, they exited the Arctic through the
Fram Strait.

Table 1. Wind and the wind factor during mid- (June and July) and
late (August and September) summer in 2002 (buoy-02) and 2003
(buoy-03)
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Year Mid-summer Late summer Mid-summer Late summer
ms™ ms™ % %
2002 4.9 4.0 2.1 2.7
2003 3.9 4.9 2.0 2.6

https://doi.org/10.3189/172756406781811231 Published online by Cambridge University Press

0% T ™ T T T T T L]
1:;;; TEMAY TJUN TBJUN TJUL TBJUL 1AUG TBAUG 1SEP 185EP 10CT
F

Fig. 2. Time series of wind (black curve) and ice-drift speed (gray
curve) for (a) buoy-02 and (b) buoy-03. R is the correlation
coefficient between the wind and drift speeds during mid-summer.
Dashed and dot-dashed lines denote the melt and freeze onsets,
respectively.

In addition to buoy data, ice concentration data derived
from the US Defense Meteorological Satellite Program
DMSP-F13 Special Sensor Microwave Imager (SSM/I)
(D.J. Cavalieri and others, http://nsidc.org/data/nsidc-
0002.html) were obtained from the US National Snow and
Ice Data Center (NSIDC). Figure 1a shows the anomaly of
ice concentration in April between 2002 and 2003 (2003
relative to 2002; a negative anomaly means a smaller ice
concentration in 2003). The anomaly between the two years
is slight in the central Arctic, suggesting that the ice
concentration was very similar in both years. By contrast,
the difference in August (Fig. 1b) exceeded 10%, suggesting
that the area of ice melt in 2003 was larger than in 2002.

RESULTS

Time series of wind and ice-drift speeds for both years are
shown in Figure 2. The observation periods are divided into
mid- (June and July) and late summer (August and Septem-
ber) for convenience. The wind and drift speeds were well
correlated. The wind speed in mid-summer at buoy-02 was
stronger than that at buoy-03, and the opposite in late
summer (Table 1). The ratio of drift speed to wind speed (the
wind factor) increased after August in both years (Table 1).
A small wind factor in mid-summer suggests that the ice
concentration near the North Pole was high in both years,
while a larger wind factor in late summer means that the ice
floe had reached a state of free drift, i.e. relatively low ice
concentration (Leppdranta, 2005). The dates of melt and
freeze onsets defined by Rigor and others (2000), i.e. a
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Fig. 3. Time series of temperature above the freezing point at 25m
depth (black curve) and half-value of shortwave radiation at the top
of the atmosphere (gray curve) for (a) buoy-02 and (b) buoy-03.
Dashed and dot-dashed lines denote the melt and freeze onsets,
respectively.

14 day running mean of the 2 m air temperature and a —1°C
threshold for the melt season, were also approximately the
same in both years (dashed and dot-dashed lines in Fig. 2):
16 June 2002 and 14 June 2003 for melt onset, and
21 August 2002 and 22 August 2003 for freeze onset. These
results indicate that the ice and atmospheric conditions
around the buoy locations were similar in the two years,
except for the wind fields.

Figure 3 shows the evolution of water temperature above
the freezing point (AT) at 25 m depth along the buoy tracks.
Generally, the temperatures began to increase after melt
onset, and to decrease after freeze onset. The maximum AT
was 0.16°C and 0.10°C for 2002 and 2003, respectively,
and lagged behind the solar zenith by about 2 months
(gray line in Fig. 3). Using a sensible-heat-flux (Fsu)
parameterization at an ice-water interface (McPhee and
others, 2003), heat utilized for bottom melting can be
estimated as Fsy = cppwChu.0AT, where ¢, is the specific
heat of sea water (4185 kg ' K™'), py is the density of water
(1027 kg m™), ¢, is a bulk heat-transfer coefficient (0.0057)
and u« is the interface friction velocity (0.0056ms™.
Figure 4 plots the heat used in bottom melting (Quo in
MJm~2) by accumulating Fsy. The heat loss by the bottom
melting was 116 and 60 M) m~2 for 2002 and 2003 at the end
of September, respectively. This large difference directly
corresponds to the difference in a decrease of ice thickness,
i.e. 0.36 and 0.19m for 2002 and 2003, respectively (see
right axis in Fig. 4). This decrease of ice thickness in 2002 was
consistent with that observed (Inoue and others, 2005) (data
for 2003 not available).
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Fig. 4. Time series of cumulative heat used in bottom melting for
buoy-02 (solid curve) and buoy-03 (dashed curve). The ordinate

on the righthand side represents the corresponding cumulative
bottom melt.

Due to the polar gap, satellite-derived ice concentrations
at the buoy position are available only for 2002. The
temporal evolution of ice concentration averaged in an area
of 75 x 75 km? is shown in Figure 5 (gray line). Although the
amount of ice cover fluctuated, the value generally de-
creased from near 100% to 90%, suggesting that lateral
melting occurs even in areas that are primarily ice-covered.
The heat loss from lateral melting (Qja in MJ m~2) can be
estimated as Qi = pilfHAA;, where p; is the density of ice
(900 kg m™), L is the latent heat of fusion for sea ice
(0.355MJ kg™"), H is the ice thickness (2.5 m), and AA; is the
decrease in ice cover during the summer (8%). The
estimated heat loss is 64 M) m~2, which is about half of Qp,
in 2002.

Under the same conditions of ice concentration (Fig. 1a)
and shortwave radiation, the heat loss by lateral melting in
2003 was also estimated as the residual term. Table 2
summarizes the heat used for lateral melting (Q) and
bottom melting (Qpoy) for each buoy. In 2003, Q¢ amounts
to about 67% of the heat input, which presumably enhances
the decrease in ice cover, while in 2002, Q. (36%) is
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Fig. 5. Evolution of ice concentration calculated from different
lateral melting rates for buoy-02 (solid black curve) and buoy-03
(dashed curve), and observed by SSM/I at the nearest buoy position
(solid gray curve). Data affected by the polar gap are denoted by a
thin gray curve.
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Table 2. Heat utilized for lateral and bottom melting (MJ m™)

Year Qlat Qbot
2002 64 (35.6%) 116 (64.4%)
2003 120 (66.7%)" 60 (33.3%)

“Indirect estimate.

smaller due to the relatively large contribution of Qpor
(64%). The difference in the heat distribution into the upper
ocean likely caused the significant anomaly of the ice
concentration in August, as shown in Figure 1b.

To understand the effect of the heat stored in the surface
layer on the lateral melting, the evolution of the ice concent-
ration from May to October was calculated. The simplest
case was assumed: all solar energy absorbed is immediately
used for lateral melting, and any change in ice thickness is
negligible. For such a case, the following simple relationship
is satisfied: Fy = BAW(1 — a)Fsw = piliH(dA,,/dt), where Fy
is the amount of heat stored in a unit area of the surface
ocean system, (3 is the proportion of heat absorbed in the
surface layer (Table 2), and « is the albedo of water (0.1). The
area of open water, A,, at the initial time (t = 0) was adjusted
to 3%, corresponding to ice concentrations of A; = 97%, to
reproduce the evolution of the observed ice concentration.
The daily mean shortwave radiation (Fsy) at the surface at the
buoy position for 2002 was given as the half-value of the
daily mean shortwave radiation at the top of the atmosphere
(Fig. 3a). Inoue and others (2005) verified this assumption.
The sensitivity of 5 was determined for the 2002 (8 = 35.6%)
and 2003 (8 = 66.7%) cases. The temporal evolution of the
modelled ice concentration is shown in Figure 5 for both
cases. It is clear that the difference in the ice cover increases
in late summer. The anomaly between the two cases reached
about 10% in August.

DISCUSSION

To investigate ice—ocean heat exchange in polar leads,
Skyllingstad and others (2005) conducted a large-eddy
simulation coupled to a slab ice model, and demonstrated
that lateral melting rates decreased under stronger-wind
conditions due to greater turbulent mixing of cold water
from beneath the fresh layer embedded with sea ice. They
also mentioned that a number of sea-surface wind events of
6—7ms" evidently caused the newly formed fresh layer to
weaken or entirely mix out, while heat loss through entrain-
ment into the mixed layer was not greatly increased up to
5ms . Because our wind speed was observed on the ice
with relatively large friction, the apparent threshold wind
speed to initiate the turbulent mixing would be smaller
than 5ms™'. Therefore, the difference in the wind speeds
between 2002 (4.9ms~") and 2003 (3.9ms™") during mid-
summer might be significant for the turbulent heat-exchange
processes.

This idea can also be applied to explain a difference in the
decrease in water temperature around the freeze onset. At
buoy-02, the temperature after the freeze onset decreased in
steps, in association with relatively short, strong-wind events
as on 29 August and 2-5 September (Figs 2a and 3a). These
events affected vertical mixing with the downward trans-
port of melted cold fresh water below the ice. In contrast, at
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buoy-03, there is presumably less meltwater under the sea
ice because lateral melting was predominant in mid-summer.
Therefore, even if strong-wind events occur in late summer,
as in mid-August 2003, the decrease in temperature is small
(Figs 2b and 3b). However, once the warm water embedded
within leads spreads out below the ice, which promotes
bottom melting (Fig. 4), the same cooling and freshening
events occur within the mixed layer during strong-wind
conditions, as at the end of August 2003 (Fig. 3b).

CONCLUSION

Data from buoys deployed near the North Pole as part of the
NPEO project were analyzed for a relatively windy summer
in 2002 (buoy-02) and a calm summer in 2003 (buoy-03).
For better understanding the role of wind speed on the
summertime upper ocean system, the heat used in bottom
melting was calculated from the water temperature observed
by each buoy: the heat at buoy-03 (60 M) m~2) was about
half of that at buoy-02 (116 MJ m~2). To obtain the total heat
input into the upper ocean, the heat used in lateral melting
was also estimated using a time series of ice concentration
for buoy-02 (64 M| m~2). Since the meteorological situation
and ice concentration between the years were similar,
except for wind speeds, the heat used in lateral melting at
buoy-03 was calculated (120 M m™2) as the residual term
from the total heat input for buoy-02 and the heat used in
bottom melting at buoy-03. The heat distribution at buoy-03
was characterized by the heat used in lateral melting at the
near surface within the leads (about 65% of the total heat
input) due to relatively calm wind conditions, whereas at
buoy-02 it was characterized by the large heat input below
the ice (about 65%) due to relatively windy conditions. The
effect of this difference on the ice extent in late summer was
demonstrated using a simple model of the evolution of sea
ice. The result was consistent with the anomaly (10%) of the
satellite-derived ice concentration in late summer, which
emphasizes the importance of heat in leads to the sea-ice
melting. To adequately model the ocean—ice-atmosphere
coupling system, the treatment of wind fields near the
surface, as well as the sub-gridscale parameterization of
warm water embedded within ice cover, will be necessary.
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