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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 only be inferred from the large-scale nature of the flow.
The forcing in 1995 through 1999 is described in detail using daily time series; historical context
for these results are provided with seasonal averages for the years 1959 through 1999.

The analysis for winter concentrates on aspects related to 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.
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1. Introduction

An impressive set of physical, chemical, and biological observations were collected on
the Bering Sea shelf from 1995 through 1999. These observations have been used to examine the
linkages between different elements of the shelf’s marine ecosystem under a variety of conditions
(as surnmarized in this volume by Hunt et al., 2001). The present paper has two objectives: to
document in detail fhe atmospheric forcing of the Bering Sea shelf during the 1995-99 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.

Most of the previous work on the variability in air-sea interactions of the Bering Sea has
concerned the entire North Pacific basin during the winter season (e.g., Graham, 1994; Trenberth
and Hurrell, 1994; Zhang et al., 1997, among many others). 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., 2001a). But for the most part, existing information focuses on how the large-
scale winter mean climéte 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 have lately become-available.
The development of multi-decade data sets such as the National Center for Environmental
Prediction (NCEP)/National Center for Atmospheric Research (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 (PDQ). 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., 2000b) considers how the various
aspects of the atmospheric forcing detailed here relate to modes of climate variability.

The paper is organized as follows. Section 2 describes the NCEP/NCAR Reanalysis data
set and the results of some local validation tests. Section 3 presents the daily atmospheric
forcing for the period 1995-99. Winter and spring/summer are considered separately since
different mixes of processes are important at different times of year. The historical context for
these daily time series is provided in section 4, using seasonal averages for winter and
spring/summer for the period 1959 through 1999. We conclude with a discussion (section 5) and

a summary (section 6).

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 surface, 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) prognostic variables that are
closely constrained by observations, e.g., wind and pressure, and (2) diagnostic variables, which
are not directly observed 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., Yang et al., 1999; Adams et al., 2000) indicate that a large fraction of these
errors are 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 directly evaluated using
measurements collected by a moored buoy on the Bering Sea shelf (Reed and Stabeno, 2001, this
volume). These measurements were not assimilated in the reanalysis, and hence represent an
independent data set for validation. The top panels of Fig. | 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 through 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 network. Fortunately, the observational record from Mooring 2 also
allows evaluation of one of the most important diagnostic variables, the downward 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, 2001, this volume). Comparisons between the
measurements at Mooring 2 and the estimates from the reanalysis for 1996 and 1999 (boftom
panels of Fig. 1) reveal good but not excellent agreemént. 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. 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 systematically overestimate the shortwavé fluxes from
mid-July through mid-September. Shallow sea fog is common over the Bering Sea during this
time of year and the reanalysis may not be properly accounting for its presence and effects. Itis
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, personal communication).
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 through 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 parémeters are evaluated mostly at the grid cell closest
to the Mooring 2 site at 57°N, 164°W (Fig. 2); this location 1s representative of the entire Bering
Sea shelf given the characteristically 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 Bering Sea are also 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 o the physical oceanographic system (as discussed
in this volume by Kachel et al., 2001 and Stabeno et al., 2001b). We presume that this timing
can also 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.




a. 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 (19380) 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 through April for the years 1995 through 1999 are shown in Figs. 3a-e.
Climatological means (1959—1999) for these quantities are also plotted for reference. The
maximum ice extent during each of these winters is plotted in Fig. 2.

The time series for December 1994 through April 1995 (Fig. 3a) shows two periods of ice
at Mporing 2, a 2-week event from late January into early February and a 3-week event in late
March. Off-shelf wind anomalies and negative heat flux anomalies accompanied both events.
There was some preconditioning (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




temperatures ~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. 3¢) 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 off-shore 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,
personal communication). 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.

b. 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 processes. Here we examine the SST wanning rate, i.¢., 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 variations, 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 .%, where u. = (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 oéean surface for stirring; the latter quantity is the principal
source of atmospheric heating for the ocean in the spring and suminer. Daily time series are
presented for May through September of 1995 to 1999 in Figs. dae.

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
conditions 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 ~50 W
m~ below normal. This coincided with an interval of negative anomalies in SST tendency.

Thé surnmer of 1997 is noteworthy for its large warm SST anomalies (Stabeno et al.,
2001a), which has been linked to the strong El Nifio of 199798 (Overland et al., 20012).

Figure 4c shows that most of the anomalous warming took place during three separate segments
lasting 10 to 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 ~50 W m™ greater than normal from late

May to mid-July. The consequence 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 surmmer of 1999 (Flg 4e) were, on the average,
near the climatological mean. There were anomalously pdsitive tendencies from rmid-June
through August, 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 W m™>,

4, Seasonal Averages 1959-1999
a. Wim_‘er

Figure 5 shows 40-year records of seasonal means of several variables that summarize the
interannual variability of the surface conditions over the middle shelf. To aid in the interpretation
of any 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 (Jan—Apr) 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 temperature 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 through 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 northeast winds)
during the cold winters of the early 1970s, but comparable stresses in the late 1980s were
accompanied by mostly climatological temperatures and sea ice concentrations. The anomalous
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. 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 heai 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 through May) are presented in the bottom panel of Fig. 5. The first

'The climatological mean net surface heat flux is —153 W m™. The winter season
averages are always negative, implying 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.
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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 assoqiated 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 Lowy),
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 North Slope Current (positive values signify winds from the
southwest) and perhaps also the flow onto the southern end of the shelf. The anomalous along-
peninsula wind stress (dotted line) correlates well with the curl but does not appear to have any
systematic long-term trend. The large changes in both quantities between the winters of 1997 and
1998 provide an opportunity to gauge whether these parameters have any tangible effects on the

circulation of the Bering Sea. This issue is pursued in the following section.

b. Spring and Summer

The interannual variability of the conditions over the middle shelf during the warm
season is summarized in Fig. 6. The top panel of Fig. 6 shows the anomalous SST on August 1
(solid line) and the mean SST tendency for May through July (dotted line).” Both parameters
respond to the local atmospheric forcing, but the August SST is also influenced by conditions at
the end of the previous winter. Both time series show a upward trend over the last 40 years. The
SST tendencies in the 1990s were roughly 1°C/100 days greater than they were in the 1960s;
similarly, the August SST anomalies increase by roughly 1°C over the same period. The

interannual variébility in the seasonal mean SST tendencies is greater in the second half of the

“The SST tendency is plotted in terms of its actual rather than its anomalous values, The
mid-point of the y-axis is its 40-year mean, and so values above (below) the zero anomaly line
for the August SST may be interpreted as positive (negative) anomalies.
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record.

These temperature records can be compared with the surface heating. For the season asa
whole (mid-May through July), the mean values of each term comprising the net surface heat
flux, and the standard deviations in these seasonal means, are itemized in Table 1. Here we focus
on the term most responsible for the variability in the heating, the downward shortwave radiative
flux, and a term responsible for much of the long-term trend in the heating, the latent heat flux.
Figure 6 (middle panel) shows the 40-year time series for these two processes at Mooring 2
. during the period of greatest warming (mid-May through July). The anomalous downward
shortwave radiation (solid line) features large (10-20 W m™) interannual variations which are
due to fluctuations in seasonally averaged low cloud coverage. Notable recent anomalies include
the relatively sunny and cloudy summers of 1997 and 1998, respectively. There has been a slight
trend towards greater solar heating, amounting to an increase of roughly 5 W m™ over the period
of record. The correlation between the seasonal mean downward shortwave flux and the SST
tendencies is 0.4 (significant at the 99% confidence level). The time series of anomalous latent
heat fluxes (dotted line) shows much less interannual variabiiity and a more systematic trend
towards lesser negative fluxes, i.e., less cooling of the ocean. Again, the difference in the latent
heat flux is roughly 5 W m™ over the period of record. The decrease in latent heat fluxes is
largely attributable to a decrease in surface wind speeds rather than a decrease in the air-sea
humidity difference. An increase of 10 W m™ in the atmospheric heating of the ocean, when
applied over 100 days, and distributed over 20 m (a typical upper mixed layer depth over the
middle shelf), would cause an SST warming of ~1°C. This increase is consistent with the
differences observed in the mean SST and SST tendency (Fig. 6).

In addition to the heating mechanisms described above, the wind forcing also strongly
influences conditions over the shelf during the warm season. The bottom panel of Fig. 6 displays
the seasonal mean wind mixing as well as the along-shelf wind stress evaluated at the shelf break
along the eastern boundary of the Beﬁng basin near the mouth of Pribilof Canyon (56°N,

169°W). The time series of anomalous wind mixing for June-July (solid line) shows that early
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summer was relatively stormy in the early 1970s and calm throughout the 1980s. Generally light
wind mixing prevailed in the 1990s, excépt for in 1993 and 1996. The along-shelf wind stress is
important because of its influence on the exchange of water between the basin and shelf. These
exchanges can occur directly, via Ekman drift, or indirectly, through the wind’s forcing of the
Bering Slope current, which itself may be linked to eddy activity along the shelf break. The time
series of the anomalous along-shelf stress for May—July (dotted line) indicates a téndency for
positive values (i.e., towards the west-northwest) over the last two decades, with a particularly
prominent positive anomaly in 1997. This implies that the atmosphere has been contributing

towards greater along-shelf transports in the latter half of the record.

5. Discussion

The daily time series presented for the winters of 1995-99 indicate that the weather
events that give rise to sea ice over the shelf last roughly 4-12 days. This timescale is
substantially longer than the 1-3-day scale that typifies individual weather dishurbances, i.e.,
cyclones or anticyclones. This implies that persistent weather anomalies, typically accompanied
by “families” of disturbances, are required for substantial advances or retreats in sea ice.

The characteristics of the forcing that produces sea ice exhibits some change over the
course of the winter season. Early sea ice, i.e., in January and early February, requires strongly
anomalous heat fluxes for cooling since ocean temperatures are climatologically too warm to
support ice. Later in the winter, ocean temperatures are colder and the ice edge is often just to
the north or northeast, and moderate off-shelf winds can be sufficient to bring ice to the location
of Mooring 2.

The low correlation (R ~ 0.3) between seasonal mean winds and ice extent (Niebauer et
al., 1999) can be explained by the highly episodic nature of the sea ice forcing and the
importance of the preconditioning or cooling of the water column by the surface heat fluxes. The
winds and fluxes during individual winters are moderately correlated (R ~ 0.5), but these

parameters also exhibit substantial independence. Similar winds can occur with two entirely
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different air masses. Based on our synoptic expertence, the heat flux into an arctic air mass
{generally associated with anticyclones that have developed over high-latitude continental or
pack-ice regions) is much greater than the flux into a warmer, moist maritime air mass (often
associated with cyclones). In essence, a shift in the frequency distribution of these synoptic
weather events accounts for the differences in seasonal mean forcing of sea ice. Shifts in this
frequency distribution will be reflected in the magnitude and position of the seasonal mean
Aleutian low. As illustrated by Overland et al. (1999), the Aleutian low was relatively weak
during the cold winters of the early 1970s in the Bering Sea, and was relatively strong during the
wanm winters of the late 1970s through much of the 1980s.

The seasonal means summarized in section 4a and depicted in Fig. 5 indicate that the
recent short-term climate changes in the Bering Sea during winter are of a different character
than for the North Pacific as a whole. The Bering Sea exhibits much of its variability on time
scales of roughly a decade, while the North Pacific appears to have much of its variability on
multi-decadal timescales in association with the PDO. This result is consistent with Overland et
al. (1999) who point out the higher-frequency variability for the Aleutian Low than for the PDO.
The Bering Sea is influenced significantly by a number of climate modes (e.g., also the Arctic
Oscillation or AOQ; Thompsori .and Wallace, 1998), rather than dominated by a single mode.

The Aleutian North Slope Current (ANSC) is an eastward current along the north side of
the Aleutian islands between roughly 170°E and 166°W (Stabeno et al., 2001a) that represents an
important component of the circulation of the southeast Bering Sea. The ANSC is fed largely by
water flowing through the passes in the Aleutian Island chain. We use the reanalysis data set and
transports estimated from multiple hydrographic sections in 1997 and 1998 to assess whether the
ANBSC is sensitive to wind forcing on seasonal timescales. The mean transports of the ANSC
during 1997 and 1998 were approximately 6.0 and 2.1 Sverdrups, respectively (R. Reed, personal
communication). Figure 5 (bottom panel) shows that the anomalous along-peninsula wind stress
was strongly negative (from the east-northeast) in 1997 and strongly positive (from the

west—southwest) in 1998. For these 2 years, the difference in the sense of these wind stress
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anomalies along the peninsula was opposite to the difference in the transport of the ANSC,

We have an explanation for this seemingly puzzling result. The source of the inflow into
the Aleutian passes is largely the Alaskan Stream, the current along the shelf break on the south
side of the Alaska Peninsula and the Aleutian islands. Procésses that impact the Alaskan Stream
should also impact the ANSC. In particular, during extended (weekly and longer) periods of
negative along-peninsula wind stress anomalies such as in 1997, Ekman drift towards the north
will tend to press the Alaskan Stream against the shelf break. Under these conditions, a relatively
large portion of the flow associated with the Alaskan Stream would follow the isobaths leading
to the Aleutian passes, contributing toward enhanced inflows into the ANSC. Conversely, we
expect that positive along-peninsula wind anomalies such as in 1998, would result in the Alaskan
Stream betng farther offshore than usual, with reduced inflows into the ANSC.

The evidence at hand is more suggestive than definitive, but it does appear that the ANSC
responds more to the forcing of the flow through the Aleutian passes than to the “set-up” of sea
level associated with Ekman drift on the north side of the Aleutians. Because of the probable
importance of this current to the circulation in the southern Bering Sea, it would be valuable to
gain more complete understanding of its causes.

Our analysis of spring and summer over the Bering Sea shélf focused on the intraseasonal
to interannual fluctuations in SST tendency, and its links to variations in the local heating and
wind forcing. Low cloud cover is nearly ubiquitous over the Bering sea during the warm season,
so a few episodes of relatively clear skies can dominate the seasonal mean insolation. The daily
time series presented in Figs. 4a—e indicate that reduced shortwave fluxes are generally
accompanied by enhanced wind mixing. This implies that the clouds with more vigorous
disturbances are thicker or more extensive (i.¢., they reflect or absorb more solar radiation) than
the clouds present under calmer conditions. This result is consistent with the climatology of
Norris (1998), which showed that the low clouds in the Bering Sea are associated most
frequently with weak warm air advection in the eastern sector of cyclonic weather disturbances.

The synoptic weather environment of the Bering Sea is fairly active even during the
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warm season, so the low cloud coverage is more closely related to fluctuations in the large-scale
atmospheric circulation than in local bbundary conditions. The SST does have important
feedbacks on atmospheric boundary layer structure and stratus cloud decks in the eastern portions
of the subtropical oceans (Ronca and Battisti, 1997), but in high-latitude oceans such as the
Bering Sea, the SST predominately responds to the variations in the clouds rather than causes
them.

The long-term warming trend in warm season SST over the Bering Sea shelf is consistent
with the results of Normis et al (1998). The trend in the principal component of their ieading
EOF of summertime North Pacific SST implies warming for the Bering Sea. That a long-term
warming trend can be identified for the Bering Sea in summer, but not in winter, is not a surprise.
Considering air temperatures for the entire Northern Hemisphere poleward of 40°N, Wallace et
al. (1996) found that the interannual variability obscures interdecadal trends during winter much
more than during summer. It bears noting that the magnitude of the trend in the summertime
warming over the Bering Sea shelf is on the order of 5-10 times greater than that for the northern
oceans as a whole.

Notris et al. (1998) found negative correlations between SST and cloud cover over the
Bering Sea. The large-scale circulation anomalies or climate mode variations accompanying
these changes in summertime SST are poorly understood. Overland et al. (2001a) showed that
the two leading atmospheric modes during spring and summer, the North Pacific and East Pacific
patterns, exhibit substantial variability on decadal time scales. But it is unknown whether these
modes represent just intrinsic, and perhaps unpredictable variability in the Northern Hemisphere
circulation during the warm season, or whether they are subject to external effects such as ENSO,
or North Pacific SST. The degree to which these modes are correlated with local air-sea
interactions over the shelf is examined in a companion paper in this volume (Overland et al,,

2001b).
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6. Summary

The results of our analyses of the daily atmospheric forcing of sea ice in winter, and SST
from spring into summer, for the period 199599 1s summarized in Table 2. Daily time series are
required to adequately resolve the weather events that are responsible for much of the variability
in the forcing, As indicated in Table 2, the 5-year period of 1995 through 1999 included a
representative sample of the conditions that can occur over the Bering Sea shelf. We suspect that
the variations documented here can account directly for some of the year-to-year differences in
the marine ecosystem {e.g., the timing and magnitude of the spring bloom, Hunt et al., 2001, this
volume; the differences in zooplankton species concentrations, Napp et al., 2001, this volume)
that were found for the same period.

Seasonal averages of the local atmospheric forcing of the Bering Sea shelf during the
winter and spring/summer have been compiled for the last 40 years (Figs. 5 and 6). Winter
conditions featured cold, off-shelf (northeasterly) winds in the early to middle 1970s and sudden
reversal to relative warmth in the late 1970s to early 1980s, but little if any systematic trend over
the 40-year period considered here. During the spring and early summer, a weak trend, on top of
considerable interannual variability, is discernible in the atmospheric forcing and physical
oceanographic response. Compared to the 1960s, the climate of the 1990s includes about
10 W m™ more atmospheric heating from mid-May through July. Downward shortwave radiation
and surface latent heat fluxes contributed comparably to this increase. As a result, the SST

warmed ~1°C more in the spring and early summer of the 1990s than in previous decades.
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Table 1

Surface heat fluxes in summer: summary statistics

Heat Flux Term Seascnal Mean Standard Deviation
(W/m®) (W/m?)
Sensible Heat 6.6 2.5
Latent Heat 6.0 34
Downward Shortwave 241.7 9.6
Upward Shortwave -38.1 1.4
Downward Longwave 299.2 3.4
Upward Longwave —3443 3.5
Net 159.1 33
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Table 2
Highlights of 1995-1999 over the Bering Sea shelf

Year Winter

Summer
1995 Heavy Ice, Off-shelf Winds Calm and Sunny Early
1996 | Little Ice, On-shelf Winds Frequent Moderate Storms
1997 - Near-Normal Forcing & Ice Calm and Sunny, El Nifio
1998 Cool Early but an Early Thaw Warm Early, Late Storms
1999 Warm Early, Heavy Ice Late Weak Winds, Cool Mid-Summer
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Figure Captions

Fig. 1. Daily averages of meridional winds (m s, top two panels) and downward shortwave
radiation (W m~, 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.

Fig. 2. Map of study area. The location of Mooring 2 (where many of the air-sea interaction
paralheters are evaluated) is labeled M2. The locations where the net surface heat flux, thé 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 through 1999 (based on thrice-weekly ice charts from the

Anchorage, AK, National Weather Service Forecast Office) are also shown.

Fig. 3a. Daily values of surface temperature at 57°N, 164°W (°C, top panel), net surface heat flux
at 56°N, 172°W (W m2, middie panel) and cross-shelf wind stress at 57°N, 164°W (N m~,
bottom panel) from the NCEP/NCAR Reanalysis for December 1994-April 1995. The dotted
lines represent climatological means (1959-1999).

Fig. 3b. As in Fig. 2a, but for December 1995-April 1996.

Fig. 3¢. As in Fig. 2a, but for December 1996-April 1997.

Fig. 3d. As in Fig. 2a, but for December 1997-April 1998.

Fig. 3e. As in Fig. 2a, but for December 1998—April 1999.
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Fig. 4a. Daily values of sea surface temperature tendency (°C/10 days, top panel), wind mixing
@*) (m3's‘3, middle panel), and downward shortwave flux (W 12, 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).
Fig. 4b. As in Fig. 3a, but for 1996.

Fig. 4c. As in Fig. 3a, but for 1997.

Fig. 4d. As in Fig. 3a, but for 1998.

Fig. 4¢. As in Fig. 3a, but for 1999.

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, N m?) and -
net surface heat flux at 56°N, 172°W (dotted line, W m™*). Bottom; wind stress curl at 55°N,
175°W (solid line, N m™ x 107) and along-peninsula wind stress at 53°N, 173°W (dotted line,
N m™).

Fig. 6. Summer season averages for 1959-1999. Top: SST tendency (solid line, °C/100d) and
SST anomaly on 1 August (dotted line, °C), both at 57°N, 164°W. The zero anomaly line for the
SST also represents the value of the mean SST tendency. Middle; downward shortwave radiative
heat flux anomaly (solid line, W m™) and surface latent heat flux anomaly (dotted line, W m?),
both at 57°N, 164°W. Bottom: wind mixing anomaly at 57°N, 164°W (solid line, m*s™ x 100)
and along-shelf wind stress anomaly at 56°N, 169°W (dotted line, N m?).
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