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ABSTRACT

Surface atmospheric pressure data from a triangular station network
surrounding the Bering Strait are used to calculate hypothetical geostrophic
wi nd velocities. Net daily Strait sea ice novenent is derived fromvisible
and infrared NOAA satellite imagery for Novenber through May, 1974 to 1984.
These historical ice-notion data and network w nd-velocity data are used to
devel op an enpirical 12-h advance forecast (nowcast) sea ice novenent node
with all-weather capabilities, A necessary outgrowth of this study has been
the identification and classification of thres nobdes of ice novement and two
nmodes of ice inmobilization according to their major driving forces. The
first ice-nmovement node is fromthe Chukchi to the Bering Sea requiring a
minimum northeasterly geostrophic wind of 12 ns'; The second and third
modes represent ice novenent fromthe Bering to the Chukchi Sea. Mdde two is
driven by a preexisting north-flow ng ocean current that offsets weak wi nds
from the northeast. Mde three is large noverment due to a conbination of
southwesterly w nds and north-flow ng ocean current. The first
i mobi i zation node (maximum duration one week) is an apparent bal ance
between northerly wind stress, current stress fromthe south, and interna
ice stresses. The second imuobilization node (least comon) is due to
doubl e, solid sea ice arches formng across the Strait. These arches
remai ned intact under strong northeasterly geostrophic w nds (20-26 m§5

and can last up to four weeks
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i. Introduction

Both northward and sout hward sea ice novenent through the Bering Strait
can be hazardous to future oil devel opnent in the northern Bering Sea
(Fig. 1, see for nost place names in this paper). This wind- and current-
dependent novenent can be extensive from Novenber to May and is connected to
dynam ¢ interactions With sea ice in the vicinities of St. Lawence Island
(Shapiro and Burns, 1975a; Sodhi, 1977) and Norton Sound (Stringer and
Hufford, 1982) . Southward ice novenent below the Strait is related to
westward ice novement (Fig. 2, bottom) out of the Sound while northward ice
movenent toward the Bering Strait is related to eastward ice novement
(Fig. 3, bottonm] into the Sound (Stringer and Hufford, 1982).Computerized
pattern-recognition techniques (Hufford and Scheidt, 1983) show t hat
at nospheric pressure patterns nost often associated with these two cases ate
those in the top portions of Fig. 2 and Fig. 3 respectively. Note that
northward ice movenment into and through the Strait is associated with a type
of atnospheric relaxation and a weak pressure gradient in the Strait area
(Fig. 3, top).

There have been numerous papers since the seventies relating sea ice
motion and oceanic transport in the Bering Strait to sone type of
meteorol ogi cal forcing. Shapiro and Burns (1975b) used sequential Landsat
(National Aeronautics and Space Adm nistration, NASA) and DAPP (U.S. Air
Force) imagery to construct displacement vectors for ice floes noving through
the Strait. A relationship between southward ice novenment and northerly
surface winds at Cape Wales on the western tip of the Seward Peninsulas was
denmonstrated.  Anal yses of National Oceanic and Atnospheric Administration

(NOAA) surface synoptic weather charts explained episodes of alternating



south and north sea ice notion (Ray and Dupre, 1981) and several extensive
southward novenents (Kovacs et al., 1982). Reimer et al. (1979) studied
simlar extensive. southward ice novenents, called “breakout,” that were
preceded by sea ice fracture. They nodeled the Strait as a two-dimensional -
chute, and the necessary load required to fracture and push ice was conputed.

A two-point atnospheric pressure difference from Cape Schmdt (Siberia) to

Nome (Al aska) exceeding 20 nb was related to these events in the winters of
1975 and 1976. Coachman and Aagaard (1981) also showed that two-point
atmospheric pressure differences (i.e., Provideniya to Nome) were correlated
with oceanic transport directions. However, none of these differences were
true pressure gradients, requiring a mninum of three sinultaneous surface
pressures. True pressure gradients are both proportional and perpendicul ar
to the geostrophic wind velocity, which in turn can be converted to wnd
stress. For exanple, the 20 nb pressure difference nentioned above anounts
to a geostrophic Wi nd of approximately 15 nrs'1 from40° only if the isobars
are perpendicular te a line joining the reporting stations. It is shown in
this paper, on exam nation of an extensive data base, that ice moves south
through the Strait for a suite of geostrophic Wind velocities that often have
Cape Schmidt to None pressure differences |less than 20 nb. Aagaard et _al._
(1985) add evidence for the feasibility of predicting ice movenment from
pressure-field wind calculations. They conbined National Wather Service
(NWS) syuopt{c pressure data with Fleet Numerical Oceanography Center (FNOC)
techniques to predict theoretical surface winds for the Strait. A high
correlation of oceanic transport to the meridional w nd conponent in two
different current-data collection years was denonstrated. Unfortunately,
this last technique assunmes a uniform surface wind field within 300 km of the

Strait. This is highly inprobable due to a tendency for mesoscale orographic



effects to propagate offshore (Kozo, 1984). Exanples of synoptic pressure
fields and actual surface wi nds can be seen im Section 4.
The main objective of this study is to create a nonmogram for
al | -west. her ;short-term prediction or nowcasting (Browning? 1982) of sea ice
movenent through the Bering Strait from mesoscale network conputed
geostrophic wind velocities. Successful use of mesoscale networks with their
increased resolution and predictive capabilities over synoptic networks in
the Arctic has been docunented by Kozo (1980, 1984). The wind velocities are
derived in a straightforward manner using an atnospheric pressure network
enconpassing the Bering Strait with three Wrld Mteorol ogi cal O ganization
(WMO) reporting stations: Uelen (U Siberia), Provideniya (P, Siberia), and
Nome (N, Alaska). The sea ice motion data were conpiled from 1l years of
daily visible and infrared NOAA 3-8 satellite inage transparencies.
As a by-product of this study, three nodes of ice nmovement and two m)de_s__
of ice inmmbilization in the Strait have been identified and classified

according to nmajor driving forces.

2. Study Area

The Bering Strait’'s oceanic cross sectiaen i s roughly 85 km x 50 m and
its annual average transport is ~0.6 Sv (Aagaard et_al., 1985) to the north,
attributed to higher sea level in the Bering Sea than in the Arctic Ccean
(Coachman and Aagaard, 1981; Stigebrandt, 1984). This relatively small
annual northward transport would be five tines greater if not for
wi nd-induced flow reversals to the south occurring two to three tines per
month and lasting six to twelve days (Kovacs and Sodhi, 1981). Daily nean

transport can reach 3.1 Sv to the north (Coachman and Aagaard, 1981), which



inplies currents up to 70 cﬁ%l, given the above Cross-sectional area

Current velocities of this magnitude are indications that oceanic flow driven
north or south tends to be funneled (see Fig. 1) and accelerated on entering
the Strait (Coachman et al., 1975).

The same funneling applies to arctic winds in the Strait, which tend to
fl ow around rather than over topography (Kozo, 1984). The Chukchi and Seward
Peni nsul as have small nountain ranges setting north to east and north to
west, respectively. (Fig. 1). Their elevations are at least equal to 600 m,
which is sufficient to redirect and accelerate air flow during w nter
condi tions (Dickey, 19€1).

During this study, it becane apparent that ice noved north or south
through the Strait as if on a “conveyor belt” (Kozo and Tucker, 1974) for a
suite of conputed wind-velocity vectors. Therefore, relating ice novenent
threshol ds te a wind-velocity conponent parallel to aa assumed Strait axis
orientation would sinplify devel opnent of a prediction nonogram There are
several choices of axis orientation. For this paper, the Strait axis
orientation was chosen to be perpendicular to the line from Cape Schmdt to
Nome or 40°E fromthe north. In this way, conparisons can be made with
earlier work where a positive pressure difference (20 mb) between Cape

Schrmi dt and None signaled ice breakout into the Bering Sea (Reiner et al.,

1979) .
3. Data

a. Surface atnospheric pres: are and tenperature

Barometric pressure data, reduced to sea level, and tenperature data

taken sinultaneously from Uelen (66°10'N, 169°50'W), Bukhta Provideniya



(64°26'N, 173°14'W), and Nome (64°30'N, 165°24'W) are used to conpute a
geostrophic wind for the Bering Strait. The accuracies of these pressure and
tenperature data from Nome, a first-order weather station, are better than
+0.25 mb and %1°C, respectively. The two Russian stations are part of a
global network that transmts real-tine data to the National Meteorological

Center (NMC) and are assuned to be within these limits also.

b. Geostrophic wind data

These data were conputed fromthe pressure anc tenperature data provided
by the three above weather stations. The atnospheric flow was assuned to be
in geostrophic bal ance (1):

£ x Yg) * (1)

D“ﬂ
]
o

The first termis the Coriolis force, and the second is the pressure gradient
force. f is the Coriolis paranmeter (1.321 X 10"4 sec-1 at 65°N), k is the
vertical unit vector, VG is the geostrophic velocity vector, Vp is the
gradient of the atnospheric pressure, and pistheairdensity.Using

station grid (Fig. 1), pressure can be represented as a function of latitude

(Y) and longitude (x) on a plane surface

= +
PN(x,y) axy + byy tc.

Pylx,y) aX‘U by, t ¢ (2)

PP(x,y) axg + by,+ ¢



The subscripts N, U, and P denote Nome, Uelen, and Provideniya, respectively.
Pressure (1?) data and relative positions of each station are known on an x,y
grid . Cramer’s rule can be applied to (2) to solwe for unknowns a, b, and c.
Since 9P/9x = a and 8P/dy = b, the pressure gradient (VP) can be conputed.
The geostrophic velocity (VG) can now be calculated from (1) since £ is known
and p for dry air can be estinmated from station tenperatures.

Station errors of £1°C (see above) in tenperature can cause errors of
0.34% in the velocity magnitude since they affect p estimates. Station
errors in pressure of %0.25 nb can cause maximum speed errors :";l.éy.msm:L and
direction errors greater than *15° for wi nd speeds below 3 m;ﬂl. An exanpl e
of this would be using “true” surface pressures of 1020 mb, 1021.05 mb, and
1020 nb at Provideniya, Uelen, and Nome, respectively, in (1) and (2). A VG
of 3 ms“1 from 88.6° is obtained. Changing these “true” surface pressures by
0.25 nb to 101'9.75 nb, 1020.8 nb, and 1020.25 nb, respectively, results in a
vG of 2.5 from 105.2° or a direction error of 16.6°. Therefore, at w nd

speed <3 rns-l, wi nd directions should not be considered significant.

c. Satellite inmgery

The ice-motion data came primarily fromvisible and infrared NOAA 3-8
VHRR (Very Hi gh Resolution Radiometer) satellite inmagery. The infrared
imagery was utilized mainly during December, January, and February when
daylight was mninmal. To mnimze errors due to the earth’s curvature, the
scal e was taken fromthe closest land mass. The net 24-h ice moticn was
measured directly by tracking identifiable floes or indirectly by measuring
the change in ice edge location south or north of the Dionede Islands. A
m ni num of two days’ inmgery is necessary to document a displacenent with an

error estimted at *5 km



During the i ce-covered months (Novenber through May) from 1974 to 1984,
nearly 40% of the total observation days were obscured by cloud-rélated
undercast. However, the technique outlined bel ow based on the remaining 60%

of the data, if representative, will be an all-weather, undercast-independent
predictive tool.

4, Results with Discussion

a. Sea ice injections °

Satellite imgery (1974 to 1984) has shown many five- to seven--day
epi sodes of extensive south and north sea ice novenent anal ogous to ice
injections through the Strait. There have been 39 cases of southward
injections into the Bering Sea and 19 cases of northward injections into the
Chukchi Sea. The total ice input for each of these events was approximtely
equal to or greater than the areal extent of St. Lawence Island (SLI). 0f
the 39 southward cases, 17 had an input nore than twice the area of SLI. For

the 19 northward cases, only seven occurred with an input of double SLI's

ar ea.

b. Constructing the sea ice novement prediction nomogram

Net daily sea ice novenments derived fromsatellite imgery have been
axamined and conpared to sinultaneous mesoscale atnospheric pressure netwerk
(MAPN) conput ed VG's to produce an enpirical nowcast nonogram (Fig. 4. No
estimates of turning angle between Vg “and the wind velocity at the surface

(Vs) were made, due to orographic effects (channeling and bl ockage). Table 1



lists some of the events used in the nomogram construction and classifies
them according to nmode (major driving force) and zone (net novement and
direction). The Geek and Latin letters from Table 1 are positioned in
Fig. 4 to represent a MAPN=-computed VG (direction [fron] and speed as
i ndependent variables). The directions indicated are those from which the
wind i s blowing. The small center circle represents VG's W th speeds less
than 3 m;"l. Due to measurenent errors and the mninmal effects on ice notion
at these | ow wi nd speeds, VG’s within this circle should be considered as
approximtely zero winds. V,(see Table 1, definition B for sign)
represents the VG component parallel to the assumed Strait axis, 40° from
north. This axis is indicated by ice nmovenment direction arrows that meet in
the Zero Net Ice Mdtion Zone, one of five zones defined by w nd-speed ranges
along t he Y40 axis. These nonbgram zones are used to characterize three
ice-motion nodes and two ice-imobilization nodes in the Strait. Four
predi ctabl e nodes are described below. The fifth node, though not yet
predi ctabl e, was a discovery of this procedure and will be discussed |ater.
Mbde 1 contains two zones of wind-forced sea ice novenent into the
Bering Sea which initially nust offset a northward-flow ng ocean current
(Aagaard et al., 1985; Stigebrandt, 1984). The threshold for southward
movement is a V,4.1, exceeding 11.5 ms'l. Che Boumds . g o cen. oo ATE
shown in Table 1 and Fig. 4. The >20 km (day)-l Zone conditions would push
an anount of ice into the Bering Sea sea approximtely equal to double the
area of St. Lawence Island for five days. Exanples of Mde 1 occurred 11,
20, and 27 Decenber 1976, during total ice cover when the Bering Strait ocean
current at 10 mfromthe bottom switched fromnorth to south (Coachnman and
Aagaard, 1981). The average MAPN-computed Vs during these three cases was 29
m L from 61° (6, Fig. 4). The 27 Decenber 1976 event , Ivvlith clear satellite

i magery, showed net southward Strait ice movenent of 23 km
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Mode 2 includes only one nonbgram zone. Sea ice novement. is northward
into the Chukchi Sea, and this node is ocean current dominated with mnor

O opposing wind influence. The northward novement represented by the ICE | NTO
| |

CHUKCHI ZONE with O ns !

_<_.V40 <7.5ms"} is due to a preexisting
northward-fl owi ng ocean current that overpowers the weak opposing wind. A
Vs approximately 60% of V,, (7.5 ms 1Y is 4.5 ms”! or the WMo equivalent of a
gentle breeze. Nevertheless, the net northward sea ice nmovenent is reduced
to less than 20 km (day)"l. This current appears to be a comnbination of
residual contributions (Liu and Leendertse, 1985) fromthe Bering Sea tide
and a permanent downward sea level slope (Coachnman and Aagaard, 1981) from
the Bering toward the Chukchi of steric origin (Stigebrandt, 1984).

Mbde 3 includes the ICE | NTO CHUKCHI >20 km (day)™" ZONE T with V,, < O
. The wind and water stress are in the sane direction. At w nd speeds less
than 5 ms"1 the current provides the major force, while at wind speeds
greater than 5 ms"1 the current and wind act together. The |ow w nd-speed
periods correspond to the exanple shown in Fig. 3. Al wnd speeds in this
mode produce northward ice notion adjacent to Norton Sound and Chukchi sea
ice injections of double the SLI area in five days. However, higher
wi nd- speed events (>5 ns‘’) have sonetines produced |ess net novenent than
the | oww nd-speed or current-dom nated events. The latter cases represent a
more localized Strait-area current drag on the sea ice canopy, while the
former cases are a conbination of the |ocalized current drag and a large area
. wi nd stress pushing the entire sea ice canopy in the northern Bering Sea.

The nonogram breakdown of the net daily sea ice notion into 20-kmslots
despite satellite inmagery displacement accuracy of £5 km is a result of this

phenonenon.  This indicates that opposing internal and boundary ice stresses

may play an inportant role at higher wnd speeds. *“
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Mode 4 is one of zero net ice novenent, usually lasting less than one
week, With 7.5 ms"1 < V40 < 11.5 ms'l. The primary force bal ance in the
Strait area is between the wind stress pushing ice south and the water stress
pushing ice north. Again, internal ice stresses and shore-fast ice
(boundary) effects nust play a role, but they are beyond the scope of this
study .  The relative magni tudes of the opposing surface wind stress (ta) and

wat er stress ('Cw) are quite conparable and add credibility to the nomogram

design (see Appendix A).

c. Using the nomogram

“ The nonmogram users would follow a sinple procedure provided that they
have access to weather-data transmissions simlar to that of NMWC
Sinul t aneous surface-pressure and tenperature data from Uelen, Provideniya,
and None for 00 and 1200 GWVIT should be available to the user Iess than three
hours after recording at the respective stations. These data (PN, PU’ PP)
can be conbined with (2) to solve for VP. Air density (p) is approxi mated
using a three-station average tenperature and the equation of state for dry
air, p = P(RT)'I. P is the standard sea-|evel atmospheric pressure (1013.3
rob), Ris the gas constant, and T is the absolute tenperature. The solution
for‘ VP, p and VG can be obtained from(1). The Vv, for 00 and 1200 GWI are

G

conbi ned to obtain an average velocity (\7G). Once V. is known, the two

G
necessary independent variables speed (radius vector) and direction

(vectorial aagle), can be plotted on polar-coordinate graph paper with the
nonogram s five w nd-speed zones and V40 axi s superimposcd. For exanple,
using data fromFig. 5, PN= 999. 4 mb, PP = 1008.0 mb, PU = 1011.3 mb, and an

1

average tenperature of -5°C (not shown), V. = 23 ms - from 56.8° (see arrow.
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Plotting this value (X) on Fig. 6(botton) and drawing a perpendicular from
the , ;4 axis to X predicts net ice novenent >20 km (day) "1 to the south. The

net ice novenent. obtained from satellite inmgery was 45 km south.

d. Testing the nonopgram techaique

1) Advant ages of the MAPN~-computed VG over other techniques

Figure 7 shows the advantage of the MAPN for predicting Bering Strait
ice movement over that of the NMC surface pressure analysis. The NMC surface
synoptic analysis for 21 April 1982, 1200 G eenwich Mean Tine (GMT) gives no
indi cation of a strong southwesterly wind. 1In addition, the surface wnd
directions at Uelen (U), Provideniya (P), and Nome (N) are all different. The
MAPN-calculated V. was 12.4 ms " from 248°, which fits an observed net ice
motion (satellite imagery) of 14 kmnorth (5 knm) for the day.

Figure 8 denpnstrates the MAPN advantage over both pattern recognition
and NMC synoptic analysis. A type of “relaxed” atnospheric pressure field
has existed for four days (Fig. 3, top), which denotes probable northward ice
movement.  However, the MAPN-calculated geostrophic wind velocity indicates
that the “brakes” are being applied to northward sea ice novement. The 1200
GMr, 25 March 1978 V,was 11.0 nrls'1 from75°, and the ?G for the next 12-h
period was 12.4 ms‘'from 68.4°. The net ice novenent switched fromnorth to
6 km south by 26 March. The surface wi nds surrounding the Strait appear to
be less than 5 ins-1, bet th2ir northerly direction may be a clue to the w nd
push direction (Fig. 8.

The effects of orography are striking, even with a well-defined surface

pressure pattern as denonstrated on 5 April 1983 (Fig. 5). The large
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variations in direction and speed of surface winds at P, U, and N are

evidence that previous attenpts (Reimer et al., 1979; Coachnan et al

1975)
to correlate local winds with ice novenent or ocean current direction in
their vicinity met with limted success.

These above exanpl es show also the dangers of using pure synoptic
anal yses to derive the surface wind field. In Aagaard et al. (1985) an error

is made by assumi ng the surface wind field to be uniform within 300 km of the

Strait.
2) NOAA satellite inagery

Figure 6 (bottom) represents the nomogram base chart as constructed from
data in Fig. 4. A time period having 23 consecutive undercast-free days
(6-28 April 1982) was chosen to test the accuracy of the MAPN and nonogram ’
predictions. The nunbers 6-28 are April dates and represent the ‘?G posi tions
conbining the 00 and 1200 GMI Vés on those days. If the wind direction
changed by nore than 90° in 12 h, and/or the change reversed the direction of
ice notion, no prediction would be made. If any of the three network
stations failed to report at either the 00 or 1200 GMI tinme periods, then the

cl osest available sinmultaneous tine period was used for the ¥ Figure 6

G
(top) shows the net sea ice novenment in kmderived fromsatellite imagery for
the corresponding days. Allowing for the error bounds on the imagery (5 km

and the VG (%#1.4 ms' 1), the nonogramtechnique failed in only two cases.



14

The first case was 12 April 1982 where a V., of 14 ms°1 from 22° produced

G
36 km of actual southward ice novement instead of the <20 km south predicted.

Here the wind direction was 180° from the last mgjor northward push (8 April

1982) and only the second day of consistent V.'s fromthe northeast. There

G
was evidently ample room for sea ice advected south through the Strait from
the Chukchi Sea without need for additional deformation. It nmust be noted
that this observed tendency for enhanced sea ice notion after a 180°

wi nd-direction reversal agrees wth observations for the Beaufort Sea
(Agerton and Kreider, 1979). They have shown that major sea ice movenent
conditions are a w nd--speed threshold of 13 ms"l and alternation of stress
application direction by 180°.

The second case on 25 April 1982 had 16 km net northward sea ice
movement shown on t he satellite inmagery. The NAPN VG of 10.2 ms'=1 from 31L.4°
predicted zero net notion (Fig. 6). There is no satisfactory explanation for
this discrepancy. However, examination of the surface pressure charts for
this day showed an unusual ly conplex isobaric pattern. This pattern could
produce a wind system capable of noving ice to the south in the Kotzebue
Sound area (Fig. 1) and to the north in the northern Bering Sea. Indeed,
satellite inage‘r‘y showed that sea ice offshore from Cape Lizburne nmoved south
during this same period.

In summary, there were two bad predictions out of 23, or 91%correct,
and only one prediction erred in the ice movement direction. The nonogram
can be overlaid on polar-coordinate graph paper and MAPN-computed VG's
plotted very sinply. The perpendicular to the V,axis should give the

predicted net ==a ice novenent.
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3) Buoy drift data (Reynolds and Pease, 1984)

Data buoys inplanted on ice floes in the winter of 1982 were tracked
by satellite through use of a position transponder called an ARGOS Dat a
Acquisition Platforms (ADAP), Model 901. Each ADAP platform position is
received 8-12 tines per day with an accuracy of 200 min |ongitude and 100 m
|atitude. Table 2 presents the nonpbgram predictions versus various net
buoy-drift distances (Reynolds and Pease, 1984). The buoy | ocations chosen
were within the MAPN grid between 1° south and 0.5° north of the Strait,
(Fig. 1). The net novenent data from individual buoys on various ice floes
are froma snaller and different data base than net ice novement taken from
satellite imagery. However, future projects, using the high resolution
al | -weat her buoy capabilities, might provide data for fine-tuning the
'nom)gram technique. At least one buoy and sonetinmes “three were in the Strait
area from3 February to 3 April 1982. |In Table 2, net buoy displacement (X)
to the north (N) or south (S) can be conpared to the nonbgram predictions
(Np) for the given MAPN-conputed average velocities (VG) . There was
agreement in 33 out of 39 days for 82.5%correct predictions. One case, 12
February 1982, had VG change direction from 256° (13 msnl) to 74° (18 in’l)
in 12 hours, which is a condition not covered in the nomogram construction.
On 17, 18, and 27 February and 22 and 26 March, the predictions erred in net
distance but not direction. The 29 and 30 March dates each had buoy movenent
(X) of 8 kmnorth while the nonmogram predicted (NP) zero net notion.

The above-nmentioned cases on 22 aud 29 March 1982 were probably not +q
geostrophic balance (). Both showed tue pressure field changing rapidly

during the 00 to 1200 GMT tine period at MAPN stations. Therefore, an
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additional wind velocity conponent proportional to the barometric tendencies
directed fromhigh to low tendericy isopleths (isallobars) existed. The
mat hemati cal expression for the wind conponent due to a changing pressure

distribution, isallobaric conponent (VI)’ is (Brunt, 1941):

v, = & 3)

where all terms are defined as in (1) and (o) represents the partial

derivative with respect to tine. Using (3), the 22 March 19s2 MAPN V. (see
Table 2) would have neglected an opposing V; of ~2 ns 1 from 145°. The
29 March 1982 MAPN V (see Table 2) would have an opposing V, of ~1.5 m
from 227°. The same days also had weather naps showi ng isobars with the
radius of curvature |ess than 300 km (Kozo 1982) . In these situations
centrifugal force can not be neglected and must be added to the terms in (1)
for a force balance (gradient flow). The 22 and 29 March dates were

instances of cyclonic flow naking V, an overestimate of the true free stream

wind speed (VT). The expression (Holtom, 1973) for Vi is:

—_ % fY - fV =0 (4)

where r

radius of curvature of the isobars. Using (4), the 22 March VT is

[EEN

15.9 ms = from 45° which if used in the nonogram would give a correct

prediction of <20 km'S (see Table 2). The March 19 VT is 8.5 ms‘ ' from 0497,
whi ch conbined with VI above gives a correct prediction of <20 km N within

t he MAPN error bounds.
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The present MAPN does not include isallobaric effects or gradient
flow since a sinple prediction procedure was exam ned first. These extra
refinements can be built into the wi nd-velocity calculation and on

application ‘co the nonbgram will increase the accuracy ~5%.

e. Inplications for oceanic transport mechanisns

It nust be noted that net sea ice novenents instead of currents were
nmeasur ed coincident With the tinme period discussed below. These novenents,
in cases of weak synoptic winds, give an indication surface current
velocities. The 00 GWI, 11 May 1984 NMC surface synoptic chart (Fig. 9)
shows a weak high to the southwest of the Strait promoting slight off-shelf

wat er nmovenent in the Bering Sea. In addition, the atnospheric pressure

Chukchi Sea. Both effects would tend to make the sea level in the Bering
| ower than in the Arctic Ccean, pronoting southward current flow.  This
synoptic condition on 11 May was within a period (4 May to 15 May) of
relatively weak winds. The net sea ice nmoverment on 11 May was 18 km (%5 km)
north and followed a day of alnmpst no motion. This was evidence that
northward current flow occurs without southwesterly w nd forcing and

met eor ol ogi cal conditions that would create a sea |evel slope down to the
north. The same event also showed that this flow can occur without a sea
| evel inbalance caused by relaxation of previous strong northerly w nds
(Coachman and Aagaard, 1981). The MAPN-calculated V (Fig. 9) was a | ow
2.6 ins-1 from58.7° but, as stated in Section 3, speeds <3 ms”! can have
direction error of more than 15°. The synoptic charts for the entire day

showed no winds strong or persistent enough to produce the recorded ice
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movenent. This event t ook place under relaxed conditions (Fig. 3) found to
represent northward ice novenent.

There i s ample evidence that local sea |evel sloping downward to the
north, southwesterly winds, and conpensatory flow after a strong northerly
wi nd are sufficient conditions for northward oceanic transport; however, this
exanpl e shows that they are not necessary conditions for this type of
transport. Tﬁb recent papers show ot her possible mechanisms. Stigebrandt
(1984) conbines experinental and theoretical considerations based on salinity
differences between the Atlantic and Pacific (global scale) to show that the
Bering is ~0.5 m higher than the Arctic Ccean. Liu and Leendertse (1985)
show. in a nodeling paper that a residual current flow ng northward through
the Strait evolves froma conbination of the tides and the density field
(negligible in winter). Therefore, a mean northward transport can exist in

the absence of any nmeteorologically related effects.

f. Solid, double sea ice arches (Mde 5)

The doubl e sea ice arch represents the longer duration second node of
ice immobilization. This node is rare in the Bering Strait since only five
cases (a possible sixth was noted on Landsat Data for 5 April 1976) have been
found in 11 years of sea ice satellite data. A photograph nade from a
satellite imge (Fig. 10) taken 5 May 1980 shows the characteristic solid,
doubl e ice arch using the tip of the Chukchi Peninsula (X), the Dionmede
| slands, =2nd the Seward Peninsula tip (W as anchor points. Norton Sound is
totally free of ice except for shore-fast sea ice on the southern side

Also, there is a |arge expanse of open water (OW) south of the Bering Strait
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arches and south of St. Lawrence Island. Since the i mage chosen was taken

21 days after the arches forned, it appears that it was not cold enough for
new ice formation and the presence of arches prevented resupply by old ice
advection from the nmorth. These arches are not the arched fractures seen in
sea i ce during failure nodes (Sodhi, 1977; Reimer et al., 1979) but evidently
represent strong i npedi ments to southward sea ice nmovenent (see Appendix B
for details). As evidence of the lack of fractures in the ice canopy during
the solid-arch phase, the above (14 April to 10 May 1980) period represented
a halt in whale (Bowhead) migration through the Strait (Hufford, 1984,

Nati onal Weather Se~vice, Anchorage, pers. comm.).

The double arches were discovered indirectly through failure of the
nonogram predi ction system In all double-arch cases, the nomogram wth ?G
from the MAPN predicted greater than 20 km(day)'1 of net ice novenent into
the Bering for at |least 50% of the arch period. Figure 11 shows sanple MAPN
VG's plotted on the nomogram fromthree of the arch periods: 14 April to
10 May 1980, 26 February to 8 March 1984, and 22 March to 21 April 1984. The

VG’s encl osed by tbe dashed oval have V, > 17 ns'} predicting large net ice

: . . -1
movement into -the Bering Sea. ‘her e . ere S@Veral C 40’ ° as high as 26 ‘s
With no ice movemea.. In addition, the greater than 20 nb pressure

difference ice breakout criterion (Reimer et_al., 1979) from Cape Schm dt te

None was exceeded at sone time during all the double-arch periods.

Summary and concl usi ons

The combinatior of MAPN-calculated VG's with the nonmogram provides an

al | -weather Bering Strait sea ice nmovenent nowcasting capability with an

average accuracy of approximately 85% . The MAPN inprovenment over NMC
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surface pressure analyses and pattern-recognition techniques has been
denonstrated. This study, though neteorologically oriented, also has shed
light on oceanographi ¢ phenomena. . The ocean currents, in particular, in the

Strait area are crucial to the prediction schene.

a. Sea ice novement nodes

Three nodes of ice nmovement were found. The first is a southward
atmospherically forced novenent into the Bering Sea requiring a
V40 >11.5 ns°1 to offset a preexisting north-flowing ocean current. The
second node is current-forced novenent into the Chukchi Sea offsetting weak’
opposi ng synoptic w nds (V40 <7.5 nsgl). The third node is usually large

(>20 knw[day]'l) northward ice novenent under the influence of southwest

wi nds and a north-flow ng ocean current.

b. Sea ice imobilization nodes

There were two ice immobilization modes found in the Strait. The first
I's an apparent bal ance between wind stress fromthe north and a current-
induced water stress from the south. Internal ice stresses and fast-ice
boundary orientation nust play a role, but they are not covered in this
Study . This nmode is short term wusually lasting | ess than one week. The
second nmode was found only 5 tines in 11 years. 1In each case, the nonobgram
predicted large ice nmovenent south through the Strait when there was none

Doubl e, solid sea ice arches, made possible by the Dionede I|slands anchoring
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their middle column, were the apparent cause. A theoretical estimate of
single-arch strength across the entire Bering Strait showed fracturing at the
MAPN-calculated VG's. However, the same conputation on double arches showed
the ability to withstand the VG'S generated during the arch periods. This

| onger-period imobilization mde (up to four weeks) can hinder spring whale

mgration into the Chukchi and aid in opening up the region. below the Strait

as well as Norton Sound.

c. Driving force behind the nean north-flowing current in the Strait

Through the course of this study, exanmples of northward ice-flow
movenent events were seen wthout apparent southwesterly wi nd forcing and
with |arge-scale atnospheric pressure fields conducive to raising the sea
level in the Arctic Ccean {(Chukchi) over that of the Bering. Alse, northward
i ce noverment continued three days beyond relaxation of strong northeasterly
winds, precluding conpensatory circul ations due to local seg level -

di fferences.

This evidence inplies that direct and indirect neteorol ogical causes
must be ruled out. Two recent theoretical papers have shed light on the
possi bl e causes for the northward-flowing current. The first is the work of
Stigebrandt (1984), which cites global-scale salinity differences between the
Atlantic and Pacific as a reason for mean northward flow of water through the
Strait. The second is work by Liu and Leendertse (1985), which points to
residual northward transport fromthe tide and ocean density (negligible in

winter) fields.
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d. Recommendations for future work

The MAPN-nomogram techni que can be inproved in several respects if a
need arises. Bad predictions can often be traced to two ngjor cases where a
geostrophic bal ance does not exist. One case is under accelerating
conditions when pressure is changing rapidly requiring an isallebaric
conponent of the wind. Another case is when strong curvature of the isobars
exists (radius of curvature less than 300 km), inplying that a gradient w nd
bal ance is needed. The nonogramitself can be nore finely tuned if nore data
of the type collected by Reynolds and Pease (1984) can be matched to
satellite information. This data mght prove very useful to determ ne
further differences in northward ice novenent driven by a wind and current
push versus novenment driven by a current alone. The MAPN accuracy can be
i nproved by a cooperative visitation programinvolving the Russian sites in
the network. A barometric standard could be used to calibrate all three

sites to arrive at nore precise Vp values fromwhich V., is calculated.

G
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APPENDIX A

Conparison of Wind Stress (T_) and Water Stress (T.)

_ Y :
T = paca(Ua r:a) (A1)

1 = pCU? (A2)
W W W

where (using values typical of the Strait conditions)

p_ = density of dry air at =20°C ~ 1.4 kgm'3

C., = 10 mdrag coefficient (Walter et al., 1984) for air/water *

a
in the Bering Sea area ~3 x 10 -3
U, = average wind speed in the Zero Net Ice Mtion
Zone ~10 ms'”
. r, = ratio of surface wind speed (10 m) to the cal cul ated

geostrophic wind ~0.6 for arctic conditions. (Albright,
1980). Note: Albright used a high resolution surface

pressure grid and multiyear data base to derive his r
3

a
p_ = density of water at 0°C ~ 1 x 10° kgm

)
1]

2 mdrag coefficient for ice/water in the Bering Sea
arca ~ 16 x 10‘°(Pease and Overland, 1984)

UW = typical current speed due only to tidal residuals in the
Bering Strait area ~0.1 m;"1 (Liu and Leendertse, 1985).

This assumes that the usual sea surface slope downward

. to the north (Aagaard et_al., 1985; Stigebrandt, 1984)
driving the nean flowis all but elimnated byavé0
of 10 nsl

After inserting the above values in (Al) and (A2):

t = 0.15 Nif: 1,5 0.16 N~ 2
a
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APPENDI X B
, Estimating Arch Strengths
|
The theory predicting the limting spans for arching of granular

material fl owing through a chute (Gardner, 1962; Richrmond and Gardner, 1962)
as adapted by Sodhi (1977) will be used to show the reason for double arch
exi stence despite the strong MAPN winds. It seens possible that the double
arches are a natural phenonenon resulting froma period of strong wind
velocities that would destroy a single arch across the entire Strait.
Figure 12 is an enlargenent of the Strait are’a from ¥ig. 10 with the Chukchi
and Seward Peninsul as and the Di omede Islands again shown as anchor points
for the sea ice. The dashed curves differentiate the sea ice arches fromthe

e- - - Loastal boundaries and the large, dark area is open water.. The single-arch
strength can be estimated by conparing the arches in Fig. 12 to the inset
drawing. The span width (2A) of the arch fromthe Diomede Islands to the
Seward Peninsula is 43 kmand from the Chukchi Peninsula to the Diomedes is
37 km The width of the Dionede Island bl ockage zone {see Shapiro and Burns,
1975z is 7 km Theta (@) can be read with a conpass fromFig. 12. The
eastern arch (Diomede |slands-Seward Peninsula) has a & ~ 80° while the
western arch (Diomede Islands-Chukchi Peninsula) is more irregular with an

average 0 of ~80° also. From (B1)

@D
1

n/4 + ¢/2 (see inset Fig. 12) (B1)

whe re ¢ = angle of internal friction
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¢ is estimated as 70° for both arches. Next (B2) is used to solve for t as

defined by (B3) (Sodhi, 1977).

A=< (1+ sin ¢) (B2)
T
T=p OV (B3)

Here:

>
]

half span width (m)

¢ = cohesive strength ™)

T = net stress per unit area (Nm %)
(wind and water stress conbi ned)

mass density of medium (kg n )

©
1]

C = drag coefficient (unitless)

Vv = wind velocity (ms'l)

Cohesive strength (c) for Amundsen Channel (Beaufort Sea, June) sea ice

in a solid arch was estimated from (B2) and (B3) at failure to be 1993 Nm'l'

(Sodhi, 1977). The net stress (t) applied to this arch (zero water stress
assuned) was calculated using a typical 10-m air-ice drag coefficient.(C) of
1 x 1073 and local winds for V. Recent Bering Sea work (Walter et al., 1984)
shows Cto be 3 x 1073 or three times the Sodhi (1977) estimate. Using this
newer value for C would give ¢ = 5979 Nm'1 as the cohesive strength of sea

3

ice at failure. Given this c, taking ¢ = 70°, and A ~ 20 X 10° m (doubl e

arches) and substituti-ng into (B2), t (net) = 0.58 Nrﬁz.
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Renenbering that water stress generally opposes wind stress fromthe
north, T, is defined by (A2) and estimated to be =0.16 Nrﬁz. The net stress

T, as seen in (B4) will allow calculation of air stress T, defined by (Al):

T=ET, + T, (B4)
Therefore T, = (0.58) - (~0.16) = 0.74 Nm 2.
Hence from (Al)

Ua =23 ms™! . VéO on the nonbgram axis.

Thi s geostrophic Wi nd corresponds to a surface wind of 13.8 ms“’1

(Albright, 1980). Surface wi nds of this magnitude occur | ess than 10% of the
tine (Brewer et al., 1977) at Tin City (near Cape Wales, Fig. 1). The

estimated ' 40 value of 23 ms"1 is close to the mximumV,. of 26 ms'cl

40
-calculated for three of the arch cases. The cohesive-strength’ estimate used
here could have been slightly larger since no evidence of arch breakup during
the these winds existed. The observed manner of arch destruction is a
relaxation of the northerly winds and a swtch to pure water stress or
conbined wind and water stress from the south. It should be noted that using
the half-span length for a single arch across the entire Strait (~42.5 km) in
(B2) with all other paraneters the same yields t =0.27 Nrflz. Insertion into
(B4) gives a Vio = 17.5 ins-1 which woul d be exceeded by 50% of the MAPN

velocities during arch occurrence, thereby leading to arch failure.
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‘TABLE 1. Selected net sea ice novenent (I) events for the Bering Strait
plotted in Fig. 4.
o
Mode 1. Into Bering Sea (wi nd-forced), wi nds opposed to normal ocean
current direction.
a. 1>20 km (day)™" Zone (V,> 16.5 ns )
Events: ¥(14,15 Apr 82), 2(14,15 Mar 82)

¥(17 Feb 81), A(17 Jan 83), A(1l Feb 84)
0(6,7 Mar 78), (27 Dec 76)

b. I<20kn(day)”! Zone, (11.5 ins-1 <V,. < 16.5 ns )

40
Events:  U(18 Feb 84), X(19 Feb 83), N(11 May 81)
V(22 Feb 76), W27 Feb 79), M2 My 77)

Mde 2. Into Chukchi Sea (ocean current forced, weak winds oppose current
direction).
a.  I<20 km (day) "} Zone, (Oins-1 <V,< 7.5 ms%,
Events:  K(9 Apr 82), R(7 Dec 76), T(3 May 84)

Q25 Feb 79), 1(23 Jan 82), (21 Mar 78)

Mbde 3. Into Chukchi Sea (mmjor forces are ocean current and wind in the
sane direction)
a. I>20 km (day)-I Zone, (V40 < Oms'l), see Definition B
. bel ow for direction,
Events: G(8 Apr 82), o(6 Feb 82), 11(4 Feb 82),
p(22 Mar 78), O(31 Jan 81), w(24 Feb 82)
“A(10, 11 Feb 79), B(16,17 Feb 79), C(1,2 Feb 76)

D(27,28 Feb 76), E(5 May 84), F(2,3 Mar 82)
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TABLE 1. (continued)

Mode 4. First imobilization node, ocean current and wind in
opposition (respective stresses apparently in bal ance)
a. Zero Net lce Mvenent Zone (I = 0O

1

(7.5ms" <V, <11.5 ns )

40
Events: J(25 Mar 82), S(21 Feb 76), H(24 Jan 83)

L(21 Apr 81), O(11 Apr 78), P(2 Apr 78)

Definitions:

A. .o TV, speed conponent parallel to Strait axis 40°E from

north (Fig. 4).

~ 310° or < 130°

, \ . /| °

B. If v, directiop - = 310° or = 130° V=0
- / N

130° < V. < 310° <0

G
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TABLE 2. Net buoy di spl acenents (X) versis nonogram predictions (NP).

Date Buoy x (km, GG (direction [“froni),

(82) # N or S) speed [msel]) NP(km) Agreement
3 Feb 2324 39N 139, 11 >20N ves

4 Feb 2324 39N 185, 11 >20N yes

5 Feb 2324 12N* (some 11z, 17 <20N yes*

west notion)

6 Feb 2320, 2323,

2324 " 44N (Ave.) 226, 16 >20N yes
° 7 Feb 2320, 2323
2324 728 (Ave.) 213, 16 >20N yes
8 Feb 2320, 2323 66N (Ave.) 231, 9 >20N yes
9 Feb 2325 16N 320, 4 <20N yes
10 Feb 2325 10N 057, 7 <20N yes
11 Feb 2325 22N 011, 3 *(in 3 ms © zone
consi der ~0) >20N yes*
12 Feb 2325 36N *~180° direction
change in 12 h no prediction - =%
. Feb 2325 10s 075, 16 <208 yes
14 Feb 2325 65S 021, 17 >208 yes
15 Feb 2323, 2325 74S (Ave.) 017, .7 >208 yes
16 Feb 2320, 2324 77S (Ave.) 025, 18 >208 yes

17 Feb  2320,2324  45S (Ave.) 037, 13 <208 no
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‘TABLE 2. (continued)

.te Buoy x (km §7G(direction[°from] ),

(82) # N or 8) speed [msgl]) NP(km)  Agreement
.18 Feb 2324 44s 024, 13 <208 no
24 Feb 2320, 2324 45N (Ave.) 205, 14 >20N yes
25 Feb 2320, 2324 27N (Ave.) 195, 8 >20N yes
26 Feb  2320,2324 76N (Ave.) 193, 10 * >20N yes
27 Feb 2324 12N 251, 6 >20N no

5 Mar 2325 36N 152, 11 >20N yes
6 Mar 2325 45N 125, 18 >20N yes
.M 2325 . 45N 140, 15 >20N yes
8 Mar 2325 78N 137, 24 >20N yes
9 Mar 2325 65N 168, 13 >20N yes
19 Mar 2325 245 057, 23 >208 yes
20 Mar 2325 518 053, 29 >208 yes
21 Mar 2325 36S 062, 23 >208 yes
22 “Mar 2325 8S 045, 21 *(P increased . 20s no¥

~8 mb in 12 h at

all 3 stations)

23 Mar 2325 5N (some east 339, 4 <20N yes®
. mot i on)
24 Mar 2325 ~3N (sonme east 002, 8 net zero yes*
mot i on) N-S motion
25 Mar 2325 ~3N (sone east 039, 8 net zero yes¥®

not i on) N-S notion



TABLE 2.

(82)

26 Mar
27 Mar
28 Mar

29 Mar

30 Mar

31 Mar
1 Apr
2 Apr

3 Apr

(conti nued)

Buoy x (km, vG(direction[°from]),

# N orS) speed [msull) NP (km)
2325 11N 135, 10%(borderline) >20N
2325 23N 133, 13 >20N
2325 22N 123, 5 >20N
2325 8N 049, 10 *(P increased “ zero

a5 mbin 12 h net
at all stations) motion
2325 8N 036, 9 zero net
motion
2325 ~v2ZN 062, 6 <20N
2325 N 008, 6 <20N
2325 47N 163, 9 >20N
2325 36N 216, 16 > 20N

35

Agr eenent

yes

yes

oo

no ”

no
yes
yes

yes
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Fig. 1. The surface pressure station network P-U-N (dashed triangle)
covering the Bering Strait region. P is Bukhta Provideniya, U is Uelen (both
in Siberia) and N is Nome, Alaska. The Dionmede Islands (D) are in the center
of the Strait, Cape Schmdt (S) is bel ow Wrangel |sland, Cape Lisburne (C)is
north of Kotzebue Sound, and Cape Wales (W and Cape Dezhneva (X) are on the
tips of the Seward and Chukchi Peninsulas “respectively. Mountain axes are
shaded for enphasis.
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Fig. 2. The atnospheric pressure field (top) that
is associated (Hufford and Scheidt, 1984) with ice
nmovenent (bottom southward below the Strait and
westward out of Norton Sound (Stringer and
Hufford, 1982). Arrows on isobars (top) indicate
wind direction in the Strait area. For isobar
values (rob) less than 60 add 1000 mb, if greater
than 60 add 900 mb, Fast ice edge is within solid
line (botton].
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Fig. 3. The “relaxed” atnospheric pressure field
(top) associ ated (Hufford and Scheidt, 1984) with
i ce novenent northward (bottom into the Strait
and eastward jnto Norton Sound (Stringer and
Hufford, 1982.) For isobar values (rob) less than
60, add 1000 mb, if greater than 60 add 900 nb.
Fast ice edge is within solid line (botton).
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Fig. 4 The Bering Strait sea ice novenent prediction nonmogram w th G eek
and Latin letters representing sanple MAPN-computed VG's used in its
construction (see Table 1). The Strait axis is 40" fromthe north and has
ice novenent arrows neeting in the Zero Net Ice Mtion Zone. The center
solid-line circle is the <3 ms ! wi nd-speed zone and it represents direction

uncertainties >15°.



5 APRIL 1983(1200 GMT)

Fig. 5. Oographic effects on surface Wwnd
velocities despite a well defined isobaric pattern
(dashed lines) . The nunbers adjacent to sites are
surface pressures in nb minus 1000, unless the
nunber is greater than 60, then pressures are in
mb minus 900. ~ Surface wind speeds are ~5 ns‘ ' for
each perpendi cul ar flag, ~2.5 ms'1 for slant flags
(i.e., K, and ~0 for a circle (i.e., N. The
stations shown are Provideniya [P], Uelen [U],
None [N], Kotzebue [K], Point Lay [L], and Cape
Schmdt [S]. The MAPN-computed Vs direction is
shown by the arrow
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Fig. 6. Satellite imgery derived ice displacenment (top) conpared to MAPN

VG's for 6-28 April 1982 plotted with correspondi ng day nunbers on the sea

i ce novenent prediction nomogram (botton).  The nunber positions represent

w nd velocity vectors whose V4 conponents define the daily predicted ice

0

nmovenent zone. X is a sanple V., calculated fromsurface pressure data in

G
Fig. 5. Drawing a perpendicular line from X to the Strait axis results in a

a0 =2 2msl  This is the Ice Into Bering >20 k. (day) 1 Zone



21 APRIL 1982 (1200 GMT)
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Fig. 7. An exanple of the lack of detail on an

NMC surface isobaric analysis. The station,
surface pressure, flag, and VG designations are as
in Fig. 5.

25 MARCH 1978 (1200 GMT)

Fig. s An exanpl e of the advantages of the MAPN
anal ysis over both pattern recognition and NMC
surface isobaric analysis. The station, surface
pressure, flag, and VG desi gnations are as” in



It MAY 1984 (Q0GMT)

180

Fig. 9. A section of an NMC surface pressure analysis that indicates
weak surface wi nds and no apparent mneteorol ogical reasons for sea level

in the Bering to be higher than that of the Chukchi. Station, flags,
and isobars are indicated as “in Fig. 5.
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Fig. 10. A photograph made from a satellite image taken 5 My
1980 showing a solid, double ice arch in the Bering Strait.
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Fig. 11. Sanples of MAPN Vs
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's from designated double-arch periods 14 April -

10 May 1980 (), 26 February - 8 March 1984 (+), and 22 March -21 April 1984
(@) plotted on the nonobgram There are several cases (enclosed by dashed

: -1
oval) with V,, > 17 s

Sea of greater than 20 km(day) l.

indicating a predicted ice nmovenment into the Bering
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Fig. 12. An enlargenent of the Strait area taken from the

Fig. 10 photograph. The dashed curves show the actual sea
ice arches to avoid confusion with land boundaries. The
inset (top) is a sketch of an idealized free arch show ng
the span width (2A) and the angle () between the horizontal
and tangent to the free surface.



