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Abstract

The eastern Bering Sea shelf is a vast area with weak net circulation. As a result, heat exchange with the atmosphere
mainly accounts for changes in heat content of the water column. This region also has marked changes in atmospheric
and water properties: for example, winds are light in summer but are relatively strong in winter; air temperatures are
10°C or more in summer but are below freezing in winter; and sea surface temperatures vary from ~10°C to 1°C.

A 29 year time series of cloud cover, relative humidity, wind speed, and air temperature was derived from
observations made at St. Paul Island (Pribilof Islands) in the eastern Bering Sea. A time series of sea surface
temperature near St. Paul Island was also obtained. Cloud cover during 1965-1994 did not undergo significant changes;
relative humidity decreased by a barely significant 3%. Mean wind speed during 1965-1979 was 7.2ms ' compared
with 6.5m s~ during 1980-1994. Air temperature during 1965-1976 was 1.3°C cooler than during 1977-1994. The mean
annual sea surface temperature maximum increased from 8.7°C during 1965-1976 to 9.3°C during 1977-1994.

The seasonal cycles of cloud cover, relative humidity, wind speed, air temperature, and sea surface temperature were
then derived from these data and used to calculate the mean monthly and the mean annual surface heat fluxes.
Insolation was the dominant flux, followed by latent heat, sensible heat, and net longwave radiation. All of these fluxes
have marked seasonal variation. There is a net annual imbalance of 20 W m 2, which is not statistically significant. It
could, however, be compensated by weak heat advection from the northward moving currents in the area.

Published by Elsevier Ltd.
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1. Introduction

In much of the ocean, the movement of water
across thermal gradients produces substantial
changes in heat content of the upper ocean.
Examples of this process are warming of the
equatorial eastern Pacific during El Nifio events or
the eastward movement of warm Gulf Stream or
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Kuroshio waters in the mid-latitude North Atlan-
tic and North Pacific, respectively.

There are other regions, however, where net
circulation is very weak, and changes in heat
content of the water column are determined
largely by air—sea energy exchange. Schumacher
and Kinder (1983) and Coachman (1986) showed
that the eastern Bering Sea shelf had net flow of
only a few cm/s. Reed and Stabeno (1996) and
Reed (1998) suggested values of 1-4cms . Tidal
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currents near the Pribilof Islands, however, reach
speeds of ~20cms ' (Kowalik, 1999). Finally,
wind-induced currents likely exceed 10cms ' at
times.

Reed (1978) found excellent agreement between
surface heat exchange and changes in water
column heat content there in summer 1976.
Finally, Reed and Stabeno (2002) obtained agree-
ment of surface fluxes and heat content changes
within 2% at a shelf site during May—July 1996.
Thus, except during occasional storms, heat
advection should be small.

The heat budget studies cited were of only brief
duration, however, and only in late spring-summer
when winds are weak and insolation is the
dominant heat flux. The present study examines
atmospheric and oceanic variables over the eastern
Bering Sea shelf for an extended period of time.
Both interannual and seasonal variability are
investigated. Finally, the mean annual cycle of
surface heat flux is derived.

2. Methods

The Bering Sea shelf region has relatively few
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between North America and Asia through Unim-
ak Pass is often across the southernmost Bering
Sea (see Fig. 1). Although numerous fishing vessels
ply the eastern Bering Sea shelf, the annual
distribution of any weather reports is poor. As a
result of these problems, weather observations
from St. Paul Island (Pribilof Islands; Fig. 1) have
been used.

2.1. St. Paul Island atmospheric data

Weather observations are made at the St. Paul
airport at an elevation of 7m on the southern part of
the island; maximum elevation on the island is 180 m
(US Coast Pilot 9, 1997). There is relatively little sea
ice near St. Paul Island (Brower et al., 1988). Winds
are from all directions, but are often from the north
and northeast in winter, spring, and fall. They tend
to be from the west and south in summer. A weak
anticyclonic current system is usually present around
St. Paul Island (Stabeno et al., 1999; Fig. 1).

The frequency of weather reports was variable
but was generally hourly or three-hourly. Cloud
cover data are missing during 1986, but otherwise
extend from 1965 through 1994. To provide a
consistent data set, other atmospheric data for

ship-of-opportunity weather reports. Shipping 1986 were omitted (Fig. 2).
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Fig. 1. Location map of the eastern Bering Sea with place names and

the 100-, 200-, and 1000-m isobaths. The Bering Slope Current

and the anticyclonic shelf flow near St. Paul Island are indicated. The four 1° x 1° areas where data were used are also shown.
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Fig. 2. The annual mean cloud cover, relative humidity (%), wind speed (ms "), and air temperature (°C) observed at St. Paul Island,

1965-1994.

2.2. Sea surface temperature data

Mean monthly sea surface temperature was
derived for each of the four 1° x 1° areas shown
in Fig. 1, from 1965 through 1994. Since sea
surface temperature was not routinely measured
near St. Paul Island, I have used results from the
sea surface temperature reanalysis by Kalnay et al.
(1996). Bond and Adams (2002) discussed this
method in some detail and considered the results to
be realistic and useful. The mean sea surface
temperature in the region 57-58°N, 169—171°W is
~0.3°C cooler than in the region 56-57°N, 169—
171°W. In general, the results used here are in good
agreement with those of Brower et al. (1988). It
should be noted, however, that Ladd and Bond
(2002) found serious errors in derived cloud cover
and insolation from the Kalnay et al. (1996) results.

2.3. Heat flux formulas

The exchange of heat across the sea surface may
be written as

Qt = Qs - Qb - Qe - Qh, (1)

where Q, is the total or net exchange, Qs is the
solar radiation (insolation), Qy is the net back or
longwave (infrared) radiation, Q, is the latent heat
flux, and @, is the sensible heat flux.

QO was derived from the expression

0y = Q,(1 — 0.62C + 0.00190), (@)

where Q, is the insolation under clear skies (from
Seckel and Beaudry, 1973), C is cloud cover in
tenths, and « is noon solar altitude in degrees. The
flux Q; was reduced by 6% to account for reflected
shortwave radiation. Eq. (2), from Reed (1977),
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has been used often (Weare et al., 1981; Wang and
McPhaden, 2001) and has received some indepen-
dent verification by measurements of insolation at
sea (Dobson and Smith, 1988; Reed and Stabeno,
2002).

0Oy, the net longwave radiation, was determined
from Efimova’s formula (Budyko, 1974)

0 =£aT0.254 — 0.00495¢,)(1 — 0.9C)
+ 480T3(TS - Ta)a (3)

where ¢ is the emissivity of the sea surface (0.98), ¢
is the Stefan—Boltzman constant (5.7 x 10°Wm~
2K %), e, is the air vapor pressure in millibars, C is
the cloud cover in tenths, and 7, and T, are
absolute sea surface and air temperature, respec-
tively. The cloud factor, 1-0.9C, is that used
previously by Reed (1978) for stratus and strato-
cumulus clouds, which are typical of the Bering
Sea. The second term of Eq. (3), involving T,— T,
is insignificant in the eastern Bering Sea in
summer, but is quite important in winter because
of cold air temperatures. Eq. (3) was also used by
Moisan and Niiler (1998) for the North Pacific
south of ~53°N.

Finally, latent and sensible heat fluxes were
computed from

0. = pLU(gs — 44)Ce, 4)

Qh = Py U(Ts - Ta)Ch, (5)

where p is the specific air density (1.3 x 10°%), L is
the latent heat of vaporization (~2.5 x 10°W skg~
1, Uis the wind speed (ms™"), ¢, is the specific heat
capacity of air (~1x10°Wsm>K™), ¢, and ¢,
are the specific humidity of sea water and air,
respectively, Ty and T, are sea and air temperature
near the air-sea interface, and C, and Cj are
exchange coefficients of latent and sensible heat.
The values of C, and C), were taken as 1.2 x 10
and 1.0 x 10, respectively, which are similar to
those of Smith (1988), DeCosmo et al. (1996), and
earlier results of Friche and Schmitt (1976) used by
Reed (1978). Following results of Esbensen and
Reynolds (1981) and Reed and Stabeno (2002), the
fluxes were computed from mean monthly proper-
ties, rather than from each individual observation.
The two methods give results within 10% of each
other, and computations from means may be

preferable in some instances (Esbensen and
Reynolds, 1981).

3. Interannual atmospheric properties

The mean annual cloud cover, relative humidity,
wind speed, and air temperature, as observed at St.
Paul Island during the period 1965-1994, were
determined for each year and are shown in Fig. 2.
Hence Fig. 2 shows the interannual variability of
properties. Mean annual cloud cover was
0.88 +0.02 (standard deviation), with little sugges-
tion of trends. Relative humidity varied between
80% and 91%; the overall mean was 86+3%. The
mean during 1965-1975 was 88+2%; it was
85+2% during 1976-1994. These means are just
barely different at the 95% significance level.

Winds at St. Paul Island appear to have been
stronger during 1965-1979 than during 1980-1994.
During 1965-1979, mean wind speed was
7.240.2m sfl; during 1980-1994, mean wind speed
was 6.5+0.3ms'. Using standard errors, the
difference between these means exceeds the 95%
significance level. This finding of reduced winds
(and decreased latent heat flux) in the latter part of
the record is in agreement with findings of Bond
and Adams (2001) of recent summer warming of
the sea surface. There is also a tendency for weaker
winds to be from the south and west, especially in
winter—spring (Brower et al., 1988).

The air temperature record shows great year-to-
year variability, with the suggestion of a different
mean value after 1976 than before. The mean air
temperature for the period 1965 through 1976 was
1.0°C, with a standard error (at the 95%
significance level) of 1.3°C. During the 1977
through 1994 period, mean air temperature was
2.3°C, with a standard error of 0.9°C. Hence these
two means are significantly different. The coldest
annual mean (—0.9°C) was in 1976, which also had
the greatest percentage of ice cover in the Bering
Sea during 1954-1994 (Niebauer et al., 1999).
According to Niebauer et al. (1999), and other
studies referenced therein, fluctuations in ice cover
in the Bering Sea are related to ENSO (El Nifo
Southern Oscillation) cycles as well as the PDO
(Pacific Decadal Oscillation).
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Table 1

Interannual variability of cloud cover, relative humidity, wind
speed (ms ), and air temperature (°C) for each month of the
year during 1965-1994. The values given are the mean standard
deviations of properties for each month, along with the mean
annual values

Month Cloud Relative  Wind Air
cover humidity speed temp.
(%) (ms') (°0)
January 0.06 4 1.0 23
February 0.09 4 1.0 3.8
March 0.09 5 1.0 3.1
April 0.05 5 0.9 2.3
May 0.05 4 0.6 1.6
June 0.04 3 0.7 1.3
July 0.03 2 0.7 1.0
August 0.03 3 0.7 0.9
September 0.04 4 0.6 0.9
October 0.06 4 0.9 1.0
November 0.04 4 1.1 1.5
December 0.04 4 1.2 1.5

Mean annual value 0.0540.02 441 09+0.2 1.8+0.9

Table 1 shows the interannual variability of
cloud cover, relative humidity, wind speed, and air
temperature for each month of the year. Cloud
cover variations were greatest (0.09) in February—
March and were least (0.03) in July—August.
Variations in relative humidity were largest (5%)
in March—April and were smallest (2%) in July.
Wind speed variations were largest (1.2ms ') in
December and smallest (0.6ms ') in May and
September. Finally, air temperature variations
were greatest (3.8°C) in February and least
(0.9°C) in August-September. There is thus a
tendency for the largest interannual changes in
atmospheric properties to occur in winter and the
smallest to occur in summer.

4. Interannual water properties

The sea surface temperature data set (Kalnay
et al., 1996) was used to derive the maximum and
minimum temperatures each year during 1965-
1994. The values used are monthly averages for the
four 1° x 1° areas shown in Fig. 1. The annual
maximum and minimum values are shown in
Fig. 3. The mean maximum temperatures were

Year
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Fig. 3. The mean summer maximum (a) and winter minimum
(b) sea surface temperature (°C) averaged over the four 1° x 1°
areas shown in Fig. 1, 1965-1994.

generally in August and only differ by 0.1°C on
average over the four areas. The mean minimum
temperatures in March or April, however, differ by
0.5°C, with the two northern areas having a mean
minimum of 2.0°C and the two southern areas
having a mean minimum of 2.5°C. The coldest sea
surface temperature observed, in the northeastern
area shown in Fig. 1, was 0.9°C in April 1976, but
the area-averaged minimum then was 1.3°C
(Fig. 3). The mean sea surface temperature
maxima (Fig. 3) are 8.7 (£0.5)°C for 1965-1976
and 9.3(40.5)°C for 1977-1994. This difference is
barely significant at the 95% level. The tempera-
ture minima (Fig. 3) for these periods, however,
are not significantly different during the two
periods above. The interannual variability of sea
surface temperature only varies between 0.3°C and
0.6°C and is thus generally smaller than the
variability shown in Table 1.

It should be noted that the sea surface isotherms
typically extend nearly eastward from the Pribilof
Islands to near 165°W (see Fig. 1; Brower et al.,
1988). This is a total distance of ~300km. Thus
derived surface heat fluxes (see below) should be,
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at least approximately, applicable over a substan-
tial area of the shelf. In summary, heating during
summer occurs rather uniformly over all four
1° x 1° areas. Also, some winter cooling results
from advection of sea ice, especially in the two
northern areas, rather than just from direct air—sea
heat flux (Stabeno et al., 1999).

5. Seasonal cycles of properties

The mean seasonal cycles of cloud cover,
relative humidity, wind speed, air temperature,
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and sea surface temperature are shown in Fig. 4.
Cloud cover has a somewhat complex seasonal
distribution. A maximum of 0.96 occurs in July,
but a secondary maximum of 0.88 is present in
December. Minima (of 0.81) are present in
February and March, and a secondary minimum
(of 0.84) occurs in October. Relative humidity has
maxima of 93% in July-August and a minimum of
81% in November. The period January—April has
nearly constant relative humidity. Wind speed has
a maximum (of 84ms ') in February and a
minimum (of 5.0ms ') in July. Although storms
may occur at anytime, they are less common
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Fig. 4. The mean seasonal variation of cloud cover, relative humidity (%), wind speed (ms™"), air temperature (°C), and sea surface

temperature (°C) during 1965-1994, as discussed in the text.
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during May—-September than in other months. It
should be noted also that winter—spring winds tend
to be from the north and east, but summer-fall
winds are more typically from all directions
(Brower et al., 1988).

Air temperature varies greatly through the year.
The minimum (—4.9°C) is in February, and the
maximum (8.8°C) is in August. Hence, the
seasonal range is nearly 14°C. Sea surface
temperature has a minimum in March (2.3°C)
and a maximum in August (9.0°C). The seasonal
range is thus only about half that of air
temperature. This difference mainly occurs be-
cause the specific heat of water is four times that of
air (McLellan, 1965).

6. Surface heat fluxes

The mean monthly and annual heat fluxes were
computed from the 29 year data set as outlined in
Section 2c. The results are given in Table 2.
Insolation (Q,) ranges from a high of 172Wm?in
June to a low of 8Wm? in December. Net
longwave radiation (Q,) varies from a minimum
of 8Wm 2 in July to a maximum of 55Wm ? in

February. The winter values are larger than those
in summer because cloud cover is less in winter
than summer, air vapor pressure is less in winter
than summer, because of cold, dry air, and the
sea—air temperature difference is greater in winter
than summer (see Eq. (3) and Fig. 4). Latent heat
flux is greatest in February (Table 2). This results
from relatively strong winter winds and cold, dry
air then. Sensible heat flux is also quite large in
winter, with values >60 W m 2 in J anuary—March,
because of strong winds and large sea-air tem-
perature differences then. Except in June and
August, the ratios of sensible to latent heat flux
(Table 2) are much larger than the typical oceanic
values of <0.2 (McLellan, 1965).

The maximum and minimum total heat fluxes
(Q,, Table 2) are in July and February, respec-
tively, and are thus each 1 month prior to the
maximum and minimum sea surface temperatures
(Fig. 4). The change of sea surface temperature
with time (0SST/0t; from Fig. 4) has a maximum
(increasing with time) between May and June and
a minimum (decreasing with time) between Octo-
ber and November. The actual maximum and
minimum surface temperatures, however, are in
August and March. Thus heating of the sea

Table 2
Mean monthly and annual heat fluxes over the region 56-58°N, 169—171°W for the period 1965-1994
Month 0, 0
(Insolation) (Net longwave radiation)
January 13 45
February 34 55
March 71 49
April 116 36
May 150 19
June 172 12
July 158 8
August 125 11
September 86 15
October 47 34
November 19 36
December 8 39
Means 83460 30+16
(+std. dev.)
s.e. (95%) 35 9

Q. O O,
(Latent heat flux) (Sensible heat flux) (Total heat flux)
64 61 —-157
72 82 -175
58 62 —98
44 37 -1
22 12 97
12 1 147
4 -2 148
10 1 103
30 11 30
55 30 =72
60 39 —-116
63 51 —-145
41424 32428 204122
14 16 71

The fluxes are in units of Wm 2 The total heat flux, Q,= Q,~ 0,00, The standard deviations, and standard errors (s.e.) at 95%

significance are also given with the mean fluxes.



1262 R.K. Reed | Continental Shelf Research 23 (2003) 1255-1263

surface is a more rapid process than its subsequent
cooling, which requires mixing as a result of
increasing winds in fall (see Fig. 4).

It is of interest to compare the fluxes derived
here with those from brief periods in summer 1976
(Reed, 1978) and May-July 1996 (Reed and
Stabeno, 2002). During June—early August 1976,
the flux derived was 139 W m 2 versus the compar-
able climatological value from the data here of
141Wm 2. During May-July 1996, the value
obtained was 142 W m 2 versus the climatological
value (Table 2) of 131 Wm 2. Bond and Adams
(2002) found a correlation between summer 1996
data (Reed and Stabeno, 2002) and results from
the reanalysis product (Kalnay et al., 1996) of
0.70. These comparisons suggest that results from
a few months duration can give meaningful and
useful results.

The total or net heat flux (Q,) is positive and
large during May—-August and strongly negative
during October—March (Table 2). Its standard
deviation (122W m?) is much larger than those
for any individual component. The mean total or
net heat flux is 20 Wm 2 or 11% of the absolute
magnitude of the sum of the four mean surface
fluxes. This net heat loss would imply a cooling of
the upper ocean over a decadal time scale. This is
counterintuitive, however. For example, the results
here, as well as those presented by Niebauer et al.
(1999), suggest warming in the Bering Sea since the
late 1970s. Considering the large standard devia-
tions in the flux terms (Table 2), it may be that the
—20 Wm ? total flux is not real. A heat loss in this
area though could be compensated by heat
advection in the relatively warm, northward
moving Bering Slope Current (Kinder et al.,
1975; see Fig. 1). In addition, Stabeno et al.
(1999) presented evidence for an anticyclonic shelf
flow around St. Paul Island, which should also
result in heat advection there. There are inade-
quate data on thermal gradients or current speeds,
offshore or inshore, to make meaningful estimates
of heat advection, however.

A reviewer suggested using the flux fields from
the Kalnay et al. (1996) reanalysis to extend the
areal coverage beyond the Pribilof Islands region
(Fig. 1) that was used here. This would be a
dubious undertaking, however. Ladd and Bond

(2002) showed that the Kalnay et al. (1996)
shortwave radiation, ~350 km east of the Pribilof
Islands (at our Mooring 2 which had measured
insolation), was overestimated by 70-80 Wm 2,
presumably as a result of an underestimation of
cloud cover. All of the atmospheric variables used
here were observed at St. Paul Island (Fig. 1), and
only sea surface temperature from the reanalysis,
near the Pribilof Islands, was used.

7. Summary

A 29 year time series of weather observations at
St. Paul Island, on the eastern Bering Sea shelf,
was used to examine the interannual and seasonal
structure of atmospheric variables (cloud cover,
relative humidity, wind speed, and air tempera-
ture). Sea surface temperature for a 2° x 2° area,
centered near St. Paul Island, was derived from a
recent reanalysis project. These data were used to
derive the interannual and seasonal variability of
sea surface temperature.

The results here indicate that since the late
1970s, winds are lighter, air temperatures are
warmer, and summer maximum, but not winter
minimum, sea surface temperatures are warmer.
The coldest sea surface temperatures were in 1976,
a year of substantial ice cover.

Finally, surface heat fluxes for this 29 year
period were derived. In the mean, insolation, latent
heat flux, sensible heat flux, and net longwave
radiation were, in order, the largest fluxes.
These vary greatly by season, however. There is
a net annual flux of 20 Wm 2, which is not
statistically significant. It could, however, be
balanced by heat advection from the near-surface
circulation.
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