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Abstract

The atmospheric forcing of the Bering Sea over its eastern shelf is estimated using the 40-year record of daily data
from the NCEP/NCAR Reanalysis. This data set includes estimates of the processes responsible for the atmospheric
forcing, namely the surface fluxes of momentum, sensible and latent heat, and longwave and shortwave radiation, and
therefore permits quantifying effects that previously could be inferred only from the large-scale nature of the flow. The
forcing in 1995-1999 is described in detail using daily time series; historical context for these results is provided with
seasonal averages for the years 1959-1999.

The analysis for winter concentrates on aspects related to the formation and advection of sea ice. Results indicate that
the presence of sea ice is strongly related to the net surface-heat fluxes as well as the cross-shelf component of the wind.
The 40-year record lacks any discernible long-term trend in the winter forcing and response. There was a notably cold
period in the early to middle 1970s, and a warm period from the late 1970s into the early 1980s, but conditions during
the 1990s are similar to those in the late 1950s and 1960s.

The analysis for the warm season focuses on the mechanisms responsible for the variability in SST warming. Much of
the intraseasonal and interannual variability in this warming can be attributed to variations in the downward shortwave
radiation (solar heating). The 40-year record does indicate a long-term trend toward increased solar heating, and
reduced surface latent-heat fluxes (evaporative cooling). These changes have led to August SSTs in the 1990s that are
roughly 1°C warmer than in the 1960s.
© 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

An impressive set of physical, chemical, and
biological observations was collected on the Bering
Sea shelf from 1995 through 1999. These observa-
tions have been used to examine the linkages
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between different elements of the shelf’s marine
ecosystem under a variety of conditions (summar-
ized in this issue by Hunt et al., 2002). The present
paper has two objectives: to document in detail the
atmospheric forcing of the Bering Sea shelf during
the 199599 period of intensive observations, and to
examine this period in the context of the historical
climate record. Our results should aid interpretation
of the findings by the other investigators, as
reported in the companion papers in this volume.
Our results also suggest a long-term trend in the
warm-season climate of the eastern Bering Sea.
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Most of the previous work on the variability in
air—sea interactions of the Bering Sea has con-
cerned the entire North Pacific basin during the
winter season (e.g., Graham, 1994; Trenberth and
Hurrell, 1994; Zhang et al., 1997). There have been
a few studies on the variability in sea ice over the
Bering Sea shelf (Niebauer et al., 1999, and
references therein) and a study of the causes of
the unusually warm summer of 1997 in the eastern
Bering Sea (Overland et al., 2001). But for the
most part, existing information focuses on how the
large-scale winter mean climate has evolved, with
an emphasis on the “regime shift” in the middle to
late 1970s. The marine ecosystem must be sensitive
to the variability in atmospheric forcing in the
spring and summer as well as in the winter, and
hence warm season variability merits scrutiny.

A detailed analysis of recent air—sea interactions
over the shelf is compelled not only by the other
research reported in this volume, but also by the
tools that lately have become available. The
development of multi-decade data sets such as
the National Center for Environmental Prediction
(NCEP)/National Center for Atmospheric Re-
search (NCAR) Reanalysis (Kalnay et al., 1996)
has made it feasible to study aspects of the air—sea
interaction directly. Reanalyses provide estimates
of the physical processes involved in air—sea
interaction, namely the mechanisms responsible
for the exchange of heat, water, and momentum.
These estimates are calculated on a daily basis at
local spatial scales (~200 km). Air-sea interaction
studies no longer need to be restricted to gross
aspects of the atmosphere—ocean system, as
encapsulated by indices such as the Pacific-North
American pattern (PNA) or Pacific Decadal
Oscillation (PDO). There is still a definite value
in considering these indices, since they represent
the fundamental modes of the climate system. A
companion paper (Overland et al., 2002) considers
how the various aspects of the atmospheric forcing
detailed here relate to modes of climate variability.

2. The NCEP/NCAR reanalysis data set

Our analysis is based on a 40-year record of
atmospheric variables from the NCEP/NCAR

Reanalysis data set (Kalnay et al., 1996). This
data set was produced using a state-of-the-art
numerical weather prediction model and data
assimilation system incorporating available sur-
face, upper-air, and satellite-based observations.
The consistency in the procedure used for the
reanalysis makes it well suited for studying climate
variability from short-term to decadal timescales.
There are two classes of output fields: (1) prog-
nostic variables that are closely constrained by
observations, e.g., wind and pressure, and (2)
diagnostic variables, which are not directly ob-
served but derived from the general circulation
model used in the data assimilation, e.g., radiative
heat fluxes. The diagnostic variables are prone to
greater errors, but various studies (e.g., Yanget al.,
1999; Adams et al., 2000) indicate that a large
fraction of these errors is due to systematic biases.
These types of biases tend to be removed in
calculations of anomalies (only non-linear aspects
of systematic errors will be retained), and
hence have minimal impacts on evaluations of
variability.

The quality of the reanalysis data in the Bering
Sea can be evaluated directly using measurements
collected by a moored buoy on the Bering Sea shelf
(Reed and Stabeno, 2002). These measurements
were not assimilated in the reanalysis, and hence
represent an independent data set for validation.
The top panels of Fig. 1 display daily averages of
the meridional component of the surface wind
from Mooring 2 at 57°N, 164°W and from the
reanalysis for April-September of 1996 and 1999.
The variability on daily to weekly timescales is well
represented in the reanalysis; the correlation
coefficient between these time series is 0.95 in
1996 and 0.94 and 1999. This is not surprising,
since the pressure patterns producing these winds
occur on scales of ~ 1000 km, and are reasonably
well-sampled by the operational observing net-
work. Fortunately, the observational record from
Mooring 2 also allows evaluation of one of the
most important diagnostic variables, the down-
ward shortwave (solar) radiative heat flux. This
component of the net surface-heat flux dominates
the heating of the water column in summer (Reed
and Stabeno, 2002). Comparisons between the
measurements at Mooring 2 and the estimates
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Fig. 1. Daily averages of meridional winds (ms~', top two panels) and downward shortwave radiation (W m~2, bottom two panels)
observed at Mooring 2 (57°N, 164°W) and from the NCEP/NCAR Reanalysis at Mooring 2 for spring and summer of 1996 and 1999.

The observations and the reanalysis are indicated with solid and dotted lines, respectively.

from the reanalysis for 1996 and 1999 (bottom
panels of Fig. 1) reveal good but not excellent
agreement. The reanalysis captures the weekly

variability but sometimes misses the shorter-term
variability. The correlation coefficient between the
two time series is 0.70 in 1996 and 0.55 in 1999.
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These correlations are significant at the 99%
confidence level (assuming an auto-correlation
timescale of roughly 5 days or 30 degrees of
freedom each year). The reanalysis does system-
atically overestimate the shortwave fluxes from
mid-July through mid-September. Shallow sea fog
is common over the Bering Sea during this time of
the year and the reanalysis may not be properly
accounting for its presence and effects. It is also
possible that the measured solar radiation is
generally lower late in the mooring’s deployment
due to degradation (fouling) of the sensor
(P. Stabeno, pers. commun.). Since these sources
of error are more systematic than random, the
temporal variability in the shortwave flux appears
to be well represented in the reanalysis.

Time series of reanalysis data for the winter and
spring/summer seasons are presented in the
following two sections. The parameters of greatest
interest during the winter season (December—
April) are related to the formation and advection
of sea ice. The focus for the spring/summer season
(May-September) is on parameters relevant to
the rate of SST warming. The time series in
Section 3 are daily averages for 1995-1999, the
years of enhanced observations in the Bering Sea.
The time series in Section 4 consist of seasonal
averages for the 40-year period 1959-1999.
The various parameters are evaluated mostly at
the grid cell closest to the Mooring 2 site at 57°N,
164°W (Fig. 2); this location is representative of
the entire Bering Sea shelf given the character-
istically broad scales of atmospheric structure.
One exception is the time series of heat fluxes in
winter, which are evaluated in the eastern portion
of the deep basin of the Bering Sea (56°N, 172°W).
This location reflects the atmospheric conditions
farther east over the shallow waters of the shelf,
but does not experience sea ice. The presence
of sea ice drastically reduces the surface fluxes of
sensible and latent heat; the air and top of the
ice reach equilibrium, but heat continues to be
transferred from the ocean to the bottom of
the ice. The surface fluxes over the deep basin
where sea ice does not form are a proxy for the
effective cooling of the upper ocean over the shelf
when sea ice is present. Parameters related to the
wind-forced ocean circulation of the southeast
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Fig. 2. Map of study area. The location of Mooring 2 (where
many of the air—sea interaction parameters are evaluated) is
labeled M2. The locations where the net surface-heat flux, the
wind stress curl, the along-peninsula wind stress, and the along-
shelf wind stress are labeled HF, WC, AP, and AS, respectively.
The light dashed line indicates the 1000-m isobath. The
maximum ice extents for the winters 1995-1999 (based on
thrice-weekly ice charts from the Anchorage, AK, National
Weather Service Forecast Office) are also shown.

Bering Sea also are evaluated at locations other
than Mooring 2; these locations are also indicated
in Fig. 2.

3. Daily forcing 1995-1999

This portion of the analysis documents the
detailed evolution of the atmospheric forcing over
the Bering Sea shelf, and the associated response in
the SST. Daily time series are necessary to fully
resolve the highly episodic nature of the forcing
and response. The exact timing of particular events
can be important to the physical oceanographic
system (as discussed by Kachel et al., 2002;
Stabeno et al., 2002). We presume that this timing
also can be of importance to the marine ecosystem,
and that the time series presented below are of
relevance to some of the other studies in this
volume.
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3.1. Winter

The wintertime atmospheric forcing related to
sea ice is crucial to the Bering Sea shelf. Sea ice
influences the state of the entire physical system
during winter, as well as important elements of the
shelf’s ecosystem into the following spring and
summer (e.g., Wyllie-Echeverria and Wooster,
1998). Pease (1980) showed that sea ice over the
shelf is controlled by two mechanisms: the off-shelf
component of the surface wind stress, which
determines the advection of sea ice out of its
region of generation in coastal polynyas, and the
net surface heat flux, which measures the rate of
cooling of the ocean by the atmosphere. The net
surface-heat flux is the combination of the fluxes of
sensible and latent heat and the net longwave and
shortwave radiative fluxes. The reanalysis surface
temperatures reflect the ice surface temperature
when ice is present, and the SST otherwise, thus
providing a measure of the extent and duration of
the sea ice over the shelf. Daily time series of
surface temperature, net surface heat flux, and
cross-shelf wind stress for December—April for the
years 1995-1999 are shown in Figs. 3a—e. Clima-
tological means (1959-1999) for these quantities
also are plotted for reference. The maximum ice
extent during each of these winters is plotted in
Fig. 2.

The time series for December 1994—April 1995
(Fig. 3a) shows two periods of ice at Mooring 2, a
2-week event from late January into early Feb-
ruary and a 3-week event in late March. Off-shelf
wind anomalies and negative heat flux anomalies
accompanied both events. There was some pre-
conditioning (i.e. enhanced negative heat fluxes)
for the latter event in the second week of March.
In part due to this preconditioning, and because
upper ocean heat contents tend to be at their
minimum in March, relatively modest cooling and
a short period of off-shelf wind anomalies were
able to bring about a fairly long spell of ice to the
location.

Persistently warm conditions prevailed in the
winter of 1996 (Fig. 3b). Only a bit of sea ice
occurred briefly in the second week of February.
Although a period of strong off-shelf winds and
large heat fluxes occurred in early January, it was

not accompanied by any sea ice; this lack of ice
might be attributable to the persistently weak heat
fluxes during December. Anomalously weak heat
fluxes and on-shelf winds from mid-February
through March brought about surface tempera-
tures ~4°C warmer than normal and prevented
much of a response to the period of strong off-
shelf winds in early April.

The winter of 1997 (Fig.3c) was typical of
those in the recent past. There were three periods
of sea ice of 4-12-day duration, each in association
with significant off-shelf wind anomalies. The
first two events also included greater heat fluxes
for local cooling of the ocean; this mechanism
may not have been necessary for the third ice
event because the water column was already
near freezing. As in many winters, a period of
off-shelf winds and large heat fluxes in early
January did not result in any ice at the Mooring
2 location. Extraordinary weather is required
to bring sea ice to this location before late
January.

The winter of 1998 (Fig. 3d) was relatively cold
early, with sea ice mostly present from late
January until early March, and then turned
relatively warm from early March through April.
The early and extensive ice may be attributable to
the persistent offshore winds from early December
through January. The anomalous near-surface
flow from the north results in cooler upper ocean
temperatures. The rapid warming in March is
associated with a shift to anomalously weak
surface-heat fluxes and later in April, a shift to
on-shelf (southerly) winds.

The times series for the winter of 1998-99
(Fig. 3e) shows an abrupt onset of ice near the
first of February, thawing in mid-February, and
the return of ice from the start of March into early
April. There are hints of the presence of ice as late
as the end of April. This late sea ice hampered
research ship activities over the shelf during April
and May of 1999 (P. Stabeno, pers. commun.).
The largest on-shelf wind event of the five winters
occurred in the latter part of January. This
produced an actual warming of the SST at a time
of year when cooling predominates, presumably
due to the advection of warmer water from the
south.
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Fig. 3. (a) Daily values of surface temperature at 57°N, 164°W (°C, top panel), net surface-heat flux at 56°N, 172°W (W m 2, middle
panel) and cross-shelf wind stress at 57°N, 164°W (N'm~2, bottom panel) from the NCEP/NCAR Reanalysis for December 1994—April
1995. The dotted lines represent climatological means (1959-1999). (b) As in Fig. 2a, but for December 1995-April 1996. (¢) As in
Fig. 2a, but for December 1996-April 1997. (d) As in Fig. 2a, but for December 1997-April 1998. (e) As in Fig. 2a, but for December
1998-April 1999.
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Fig. 3 (continued).
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Fig. 3 (continued).

3.2. Spring and summer

The rate of upper-ocean warming in the spring
and summer over the Bering Sea shelf is important
to the marine ecosystem. The warming of the
upper mixed layer modifies the stratification,
which in turn influences the exchange of water
from below, and ultimately, biochemical pro-
cesses. Here we examine the SST warming rate,
i.e. the temperature tendency, and two of its
important and episodic forcing mechanisms. A
5-day running mean filter is applied to the SST
tendency to smooth out its high-frequency varia-
tions, which are not resolved by the SST data used
in the reanalysis (Reynolds and Smith, 1994).
The two forcing mechanisms considered here are
the wind mixing or u, where us = (t/p)'/? is
the friction velocity, and the downward shortwave
radiation flux at the surface. The former quantity
is proportional to the rate of mechanical energy
applied at the ocean surface for stirring; the latter
quantity is the principal source of atmospheric
heating for the ocean in the spring and summer.

Daily time series are presented for May—Septem-
ber of 1995-1999 in Figs. 4a—.

The spring and summer of 1995 (Fig. 4a)
featured above normal SST tendencies during
most of June and much of July. This anomalous
warming can be attributed to very little wind
mixing, and hence reduced entrainment of cooler
water from below the thermocline. In addition, the
downward shortwave flux or insolation tended to
be greater than normal. Relatively typical condi-
tions occurred in August and September.

The SST tendency during 1996 (Fig. 4b) was
near its climatological mean in an overall sense,
with substantial fluctuations from June through
mid-July. This was a stormy summer on the whole,
with seasonally strong wind mixing through much
of the period and especially prominent wind events
in the second half of June and in September. The
insolation was near normal over periods longer
than a few days, aside from a period in late June
when it was ~50Wm 2 below normal. This
coincided with an interval of negative anomalies
in SST tendency.
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Fig. 4. (a) Daily values of sea surface temperature tendency (°C10d~", top panel), wind mixing (**) (m*s~3, middle panel), and
downward shortwave flux (Wm™2 bottom panel) from the NCEP/NCAR Reanalysis at Mooring 2 (57°N, 164°W) for May—
September 1995. The dotted lines represent climatological means (1959-1999). (b) As in Fig. 3a, but for 1996. (c) As in Fig. 3a, but for

1997. (d) As in Fig. 3a, but for 1998. (e) As in Fig. 3a, but for 1999.
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Fig. 4 (continued).
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Fig. 4 (continued).

The summer of 1997 is noteworthy for its large
warm SST anomalies (Stabeno et al., 2001), which
has been linked to the strong El Nifio of 1997-98
(Overland et al., 2001). Fig. 4c shows that most of
the anomalous warming took place during three
separate segments lasting 10-15 days, with an
especially prominent positive anomaly occurring
near the end of May. After a week of very strong
winds in mid-May, there were generally low wind
speeds until the end of August. Shortwave flux
anomalies averaged ~50Wm 2 greater than
normal from late May to mid-July. The conse-
quence of enhanced solar heating and the lack of
wind mixing was record warm SSTs over the shelf
by the middle of August.

Fairly typical SST tendencies occurred for 1998
as a whole (Fig. 4d). There were two periods of
anomalous warming in June and July, followed by
periods of negative anomalies from the end of July
into early September. This cooling was associated
with the significant wind mixing in August brought
on by the early onset of the stormy season. The
shortwave fluxes averaged a bit less than normal,
with prominent negative anomalies from late May

into June and during the storms of August and
September.

The SST tendencies during spring and summer
of 1999 (Fig. 4e) were, on the average, near the
climatological mean. There were anomalously
positive tendencies from mid-June through Au-
gust, and two significant negative anomalies in late
July and the first week of August. The latter
anomaly occurred during the only significant wind
mixing event of the season; for the most part,
the spring/summer of 1999 was meteorologically
quiet. The shortwave radiative fluxes exhibited the
usual short-term (less than a week) fluctuations of
20-50 Wm ™.

4. Seasonal averages 1959-1999
4.1. Winter

Fig. 5 shows 40-year records of seasonal means
of several variables that summarize the interann-

ual variability of the surface conditions over the
middle shelf. To aid in the interpretation of any
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Fig. 5. Winter season average anomalies for 1959-1999. Top: surface temperature at 57°N, 164°W (solid line, °C). Middle: cross-shelf
wind stress at 57°N, 164°W (solid line, Nm’z) and net surface-heat flux at 56°N, 172°W (dotted line, Wm’z). Bottom; wind stress curl
at 55°N, 175°W (solid line, Nm > x 107) and along-peninsula wind stress at 53°N, 173°W (dotted line, Nm~2).
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climatological trends, the variables are plotted as
departures from the 40-year mean. As mentioned
earlier, the reanalysis surface temperatures provide
an indicator of the extent and duration of sea ice
over the shelf. The 40-year time series of mean
winter (January—April) temperature anomalies
(top panel of Fig.5) shows a cold period from
1971 through 1976 followed by an extended warm
period from 1977 through 1987. This change in the
local climate is the signature of the North Pacific
“regime shift” documented by Mantua et al.
(1997), among others. Over the 40-year period,
however, the time series includes virtually no
trend. In the 1960s and 1990s, the seasonal mean
surface temperatures at Mooring 2 were close to
their climatological mean of —3.6°C.

It is instructive to compare the surface tempera-
ture time series with seasonal averages for
the cross-shelf wind stress and net heat flux (the
parameters assumed to largely control sea ice and
whose daily values were presented in the previous
section). The winter mean anomalies (January—
April) for the cross-shelf wind stress and net heat
flux (middle panel of Fig.5) exhibit significant
interannual and some decadal variability. The
anomalous cross-shelf wind stress (solid line) is
only weakly correlated with the mean temperature
(R~0.3; which is significant at the 95% level). The
wind stress was strongly negative (implying north-
east winds) during the cold winters of the early
1970s, but comparable stresses in the late 1980s
were accompanied by mostly climatological tem-
peratures and sea—ice concentrations. The anom-
alous net heat flux (dashed line) is better correlated
with the mean temperature (R~0.6; which is
significant at the 99.9% level).

The cold period from 1971 through 1976
coincided with enhanced heat fluxes, and the
warmth of the late 1970s and 1980s coincided with
suppressed fluxes. Particularly cold years within a
regime, such as 1964, 1971, 1980, and 1984, are
usually accompanied by enhanced net heat fluxes.

’The climatological mean net surface-heat flux is
—153 Wm™2 The winter season averages are always negative,
implying that the atmosphere is always cooling the ocean, for
the season as a whole. Therefore, negative anomalies imply
enhanced cooling, and positive anomalies imply suppressed
cooling.

There also seems to be some multi-year memory in
the system. The winter of 1976 was very cold even
though the net heat fluxes were moderate; this may
be due to the cumulative effects of the cold winters
and enhanced heat fluxes over the preceding 5
years. Similarly, the extreme fluxes of the winter of
1984 were accompanied by only a modest mean
surface temperature anomaly, perhaps because it
followed a prolonged warm period. As noted in
the time series of anomalous mean temperature, no
readily discernible long-term trends are present in
the wind stress or heat fluxes.

Another important process during the cool
season is the wind forcing of the large-scale upper
ocean circulation of the Bering Sea. Two separate
aspects of this wind forcing for the entire cool
season (September—May) are presented in the
bottom panel of Fig. 5. The first is the wind stress
curl evaluated over the eastern portion of the
Bering Sea basin (55°N, 175°W). The wind stress
curl measures the atmospheric forcing of the
counter-clockwise gyre circulation within the
Bering basin (Bond et al., 1994); the actual flow
associated with this circulation tends to be
concentrated along the bathymetry, and may
ultimately relate to cross-shelf exchanges. Notable
variations in the anomalous wind stress curl (solid
line) include positive anomalies from the late 1970s
through the late 1980s (coincident with a period of
an enhanced Aleutian Low), and a weak overall
positive trend, with the exception of the winters of
1996-97.

The second aspect of the wind forcing is the
component of the surface wind stress evaluated
along the Aleutian peninsula at 53°N, 173°W
(Fig. 2). This parameter measures the direct wind
forcing of the Aleutian Nort