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ABSTRACT
A polar low that developed over the western Bering Sea on 7 March 1977 and tracked across St. Paul Island
is investigated using observations and the Pennsylvania State University–National Center for Atmospheric Research Mesoscale Model Version 5 (MM5). A series of fine-mesh (20 km) simulations are performed in order
to examine the structure of the cyclone and the airflow within it and to determine the physical processes important
for its development. Observations show that the low formed near the ice edge in a region of moderate lowlevel baroclinicity and cold-air advection when an upper-level trough, or lobe of anomalously large potential
vorticity (PV), broke off from a migratory, upper-level cold low over Siberia and advanced into the region.
A full physics model experiment, initialized 24 h prior to the appearance of the polar low, produced a small,
intense cyclone having characteristics similar to the observed low. The simulated low more closely resembled
an extratropical cyclone than a typical circularly symmetric hurricane, possessing a thermal structure with
frontlike features and an asymmetric precipitation shield. Although the simulated low developed southeast of,
and earlier than, the observed low, the basic similarity of the observed and modeled systems was revealed by
a comparison of the sequence of weather elements at a point in the path of the simulated low with the sequence
of observations from nearby St. Paul Island, Alaska.
A series of experiments was performed to test the sensitivity of the simulated polar low development to
various physical processes. Four experiments of 48-h duration each were initialized 24 h before the low appeared.
In the first experiment, in which surface fluxes were turned off, the low failed to develop. In the second experiment,
in which the fluxes were switched on after a 24-h delay, only a weak low formed. In the third experiment, in
which the ice edge was shifted a degree of latitude to the north, thus increasing the overwater fetch of the cold
air, the low’s evolution was slightly altered but the final outcome was little changed. A fourth high-horizontal
resolution experiment (6.67-km spacing) displayed more plentiful and sharper mesoscale features but on the
storm scale yielded results that were similar to those of the full-physics run. A full-physics experiment initialized
24 h later, at the time the low first appeared, and run for 24 h, produced a system of similar intensity to that
in the 48-h full-physics run but somewhat better positioned. Corresponding sensitivity experiments showed that
with both surface fluxes and latent heating omitted, the low weakened and nearly died away. Experiments
retaining only surface fluxes in one case and only latent heating in the other, produced similar cyclones of
moderate depth.
The results suggest that the development of some, if not most, polar lows can be regarded as fundamentally
similar to that of midlatitude ocean cyclones. In both cases a mobile upper-level PV anomaly interacts with a
low-level thermal or PV anomaly produced by thermal advection and/or diabatic heating. The polar low lies at
the end of the spectrum of extratropical cyclogenesis in which concurrent surface fluxes of sensible and latent
heat and the immediately ensuing condensation heating in organized convection dominate the development of
the low-level anomaly.

1. Introduction
The forecasting of wintertime polar lows over highlatitude oceans remains a difficult problem owing to
their rapid development, a shortage of observations, and
an incomplete understanding of the mechanisms leading
to the formation of such lows. For example, a low that
formed over the Bering Sea in early March 1977 (Businger and Baik 1991) did not appear on weather charts
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until it struck the observing site on Saint Paul Island,
Alaska. Although considerable progress has been made
over the years in understanding and observing polar
lows (e.g., Businger and Reed 1989), their sudden development continues to sometimes surprise forecasters,
as, for example, did a related type of cold air development over the Mediterranean Sea during January
1995 (Mariner’s Weather Log 1995).
Of the many cyclonic storms affecting high-latitude
regions, what constitutes a polar low? Here, we will
follow the definition of Businger and Reed (1989): A
polar low is a small synoptic-scale or subsynoptic-scale
cyclone that forms in a cold air mass poleward of major
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FIG. 2. Surface analysis for 0000 UTC 6 March 1977: Isobars (mb,
solid) and isotherms (8C, dashed). Station model and frontal symbols
are conventional.

2. Synoptic overview
FIG. 1. Map of the Bering Sea region including geographic names
and sea surface temperature contours (8C). The location of the sea
ice edge, obtained from visible and infrared satellite imagery, is indicated by the shading. The track of the polar low is shown by the
line with arrows and 6-h positions by the open circles, labeled at
12-h intervals. The inner rectangle represents the mesoscale model
domain. The SST analysis is a subjective composite analysis based
on a plot of all SSTs reported by ships in the area during the period
6–8 March 1977.

jet streams or frontal zones and whose main cloud mass
is largely of convective origin. This broad definition
encompasses many systems categorized in the literature
as polar lows, including the March 1977 storm. Note
that a geographical specification is not included in the
definition, though most cases treated in the literature
had their origins over the polar seas.
Businger and Baik (1991) studied the above-mentioned Bering Sea polar low in detail using nearly all
available observations and a crude axisymmetric model.
Their work was a good first cut at describing the behavior of the storm and probing the nature of its development, but their description of it as an arctic hurricane has been called into question (Reed 1992). The
purpose of the current study is to investigate further the
development of the low by expanding the observational
description to include the period leading up to the low
formation and by carrying out three-dimensional, realdata model experiments aimed at simulating the evolution and structure of the low and at elucidating the
physical mechanisms responsible for its development.
A brief synoptic overview of the case is given in section
2 and a description of the model and experiments in
section 3. The evolution of the low in the full-physics
experiment is described in section 4 and the structure
of the mature low in the full-physics experiment in section 5. Results of the sensitivity experiments are presented in section 6. A summary and concluding discussion appears in section 7.

The track of the polar low and pertinent geographical
features are presented in Fig. 1. Businger and Baik
(1991, hereafter BB) began their synoptic description
at 0000 UTC 7 March when satellite imagery (their Fig.
1, repeated as Fig. 8 of this paper) showed a small
comma-shaped cloud pattern near 588N, 1758E. Based
on the analysis that follows, we interpret this to be the
first distinct signature of the polar low. Since our goal
here is to predict the formation of the low, as well as
to simulate its later development, we begin the present
description 24 h earlier than in BB and concentrate our
effort on documenting synoptic events during the period
0000 UTC 6 March to 0000 UTC 7 March. The surface
analyses that follow are based on reports from ships,
shore, and island stations and on interpretation of satellite images. Some surface maps and satellite imagery,
repetitive of those appearing in BB, are shown for later
times. These are included in order to make the present
paper more self-contained and, in the case of the surface
analyses, to provide frontal histories. No fronts were
drawn on the maps in BB despite the considerable evidence for their existence.
Prior to 0000 UTC 6 March, an intense extratropical
low in the western Pacific moved northward to the tip
of Kamchatka where it stalled and gradually filled. An
offshoot of the low traveled eastward across the Bering
Sea, leaving in its wake an elongated east–west trough
that by 0000 UTC 6 March (Fig. 2) stretched from the
offshoot low, by then located in the Gulf of Alaska, to
the parent low, still filling over Kamchatka. From the
thermal pattern it appears that a front lies within the
trough. This front can be regarded either as a greatly
stretched remnant of the initial occluded front or, preferably, as a newly formed arctic front—that is, a thermal
boundary north of the main polar front. The latter at
this hour was located south of the Aleutians at 408–
458N. Three disturbances are analyzed along the arctic
front: a shallow wave labeled A, a low pressure system
labeled B, and a second wave labeled C. A NOAA-5
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FIG. 5. As in Fig. 2 but for 1200 UTC 6 March 1977. Ship pressure
shown in parentheses corrected on basis of several comparisons with
nearby ships.

FIG. 3. NOAA-5 visible satellite image at 2259 UTC 5 March
1977. Labeling explained in text.

visible satellite image for 2300 UTC 5 March (Fig. 3)
shows the cloud features associated with the arctic front,
and its disturbances, and the bright cloud band associated with the polar front PF. Also evident on the satellite image is a cloud band immediately offshore of
Kamchatka between 538 and 598N. This is the seat of
a secondary cold front SCF (Fig. 2) that is a well marked
feature as it passes Nickolskoe, a station on the offshore
island Ostroya Komandorskiye, at approximately 0600
UTC 6 March (Fig. 4).
The surface analysis for 1200 UTC 6 March appears
in Fig. 5. The satellite swath closest to this time (Fig.

FIG. 4. Time series of observed temperature T (solid), sea level
pressure p (dashed), and winds (full barb—5 m s21) at Nikolskoe (see
Fig. 1 for location).

6) presents only a limited view of the area of interest,
and data are sparse in critical regions so that the analysis
is of questionable accuracy in places. However, a more
reliable analysis can be performed for 0000 UTC 7
March (Fig. 7) when an excellent satellite image is available (Fig. 8). The analysis for 1200 UTC 6 March has
been drawn to fit the earlier and later analyses. By 0000
UTC 7 March, systems A and B had moved well to the
east and started to merge (Fig. 7). During the preceding
period, system B acquired a pronounced comma shape.
Of more consequence to the polar-low development is

FIG. 6. NOAA-5 infrared satellite image at 1042 UTC 6 March
1977.
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FIG. 7. As in Fig. 2 but for 0000 UTC 7 March 1977.

FIG. 9. As in Fig. 2 but for 1200 UTC 7 March 1977.

the small comma-shaped cloud to the west of system
B. The beginning low center, indicated by the circled
cross labeled D in Fig. 7, is estimated to lie near the
notch of the comma cloud in Fig. 8. System C, the more
prominent low at this time, appears on the satellite image as a swirl in the cloud pattern at the base of the
comma tail.
At 1200 UTC 7 March the polar low (D) is already
well developed (Fig. 9), as evidenced by the expanded
cloud mass and the prominent eye near its center in the
infrared satellite image for 1000 UTC (Fig. 10). Low
C has been absorbed by the new system and is manifested only by a bend in the secondary cold front. The

sharpness of the front is revealed by the sequence of
surface reports from Shemya and Adak in Figs. 5, 7,
and 9. The continued evolution of the system is seen in
Figs. 11 and 12. Except for the addition of the front,
the surface analysis at 0000 UTC 8 March (Fig. 11) is
similar to that in BB. The cloud pattern (Fig. 12) is a
miniature version of that found in the early occluded
stage of many extratropical ocean cyclones, though
there is no evidence that a classical type occlusion has
occurred. Twenty-four hours later (Fig. 13) the eyelike
core is detached from the rest of the cloud mass and is
centered just east of St. Paul Island. Pressure, temperature, and wind variations at the island are shown in
Fig. 14. A rapid dip and rise in pressure and opposite

FIG. 8. NOAA-5 visible satellite image at 2225 UTC 6 March
1977.

FIG. 10. NOAA-5 infrared satellite image at 0958 UTC 7 March
1977. Symbol D marks polar low.
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FIG. 11. As in Fig. 2 but for 0000 UTC 8 March 1977.

behavior in temperature, resembling those seen in the
Barents Sea case of Rasmussen et al. (1992), mark the
passage of the low over the island.
Upper-air conditions at the start of the development
are depicted on the 500-mb map for 0000 UTC 6 March
(Fig. 15). At that time two flows are seen to merge over
the Bering Sea, a flow from the southwest and west that
lies on the north flank of the midlatitude jet stream and
a flow of colder air from the west and north circulating
about a cold low centered over northeastern Siberia. The
latter low had a long history (as depicted on the map),
moving southwestward from the Arctic Ocean and slowing and then moving more rapidly southeastward and
eastward as the secondary cold front surged eastward

FIG. 13. NOAA-5 visible satellite image at 2054 UTC 8 March 1977.
The location of St. Paul Island is indicated by the white dot.

and the polar low developed (see BB for a comprehensive picture of upper-level events).
3. Model description and experiment design
a. Model description
The nonhydrostatic version of the Penn State–NCAR
mesoscale model (MM5) described by Dudhia (1993)

FIG. 12. NOAA-5 visible satellite image at 2143 UTC 7 March
1977.

FIG. 14. Time series of observed sea level pressure (solid), temperature (dashed), and winds (conventional notation) at St. Paul Island, Alaska.

Unauthenticated | Downloaded 01/09/23 02:39 PM UTC

3114

MONTHLY WEATHER REVIEW

VOLUME 125

FIG. 15. The 500-mb analysis for 0000 UTC 6 March 1977. Solid contours are geopotential
heights (dam). Station plots are conventional. The star symbol shows the location of satellite
temperature data extracted from the NMC operational analysis. Positions of the 500-mb low
center at the indicated times (day-UTC hour) are shown by circled crosses.

and Grell et al. (1994) was used in this study. MM5 is
a primitive equation model with a terrain-following vertical coordinate. The physical parameterizations used in
the simulations include the Blackadar (1979) planetary
boundary layer (PBL) scheme, the Kain–Fritsch (1993)
convective parameterization, and the Reisner grid-resolvable precipitation parameterization (Reisner et al.
1993). The minimum convective cloud depth in the
Kain–Fritsch scheme was reduced to 2 km since precipitating convective clouds in Arctic regions can be
shallower than the scheme’s default value of 4 km.
The model domain (Fig. 1) was covered by a 111 3
141 grid with 20-km horizontal spacing and 27 vertical
levels. Detailed initial conditions were produced for experiments begun at 0000 UTC 6 and 7 March 1977.
(Henceforth, all dates and times will be presented as
day/time UTC). The initial conditions on the mesoscale
model grid were obtained by objective analysis of all
available observations and 20 additional bogus soundings. The National Meteorological Center 2.58 gridded
analyses were used as a first-guess field for the objective
analysis. The bogus soundings of mandatory level temperatures and geostrophic winds were constructed from
the manual surface analyses shown previously (Figs. 2
and 7) and manually analyzed 850-, 700-, 500-, and
300-mb charts, of which only one was shown (Fig. 15).
The sounding points were taken at 2.58 latitude by 58

longitude intervals over the ocean between 558 and
658N. While these soundings made the model initial
fields agree better with the subjective analyses, they
were not required to obtain a successful simulation.
The modeling system’s objective analysis scheme
(Manning and Haagenson 1992) was replaced with the
multiquadric interpolation described by Nuss and Titley
(1994) and Hardy (1990). Analyses from the multiquadric scheme more closely resembled the subjective
analyses than did output from the preprocessor’s standard Cressman (1959) scheme. The sea surface temperature (SST) field was obtained from the United States
Navy Fleet Numerical Oceanography Center Northern
Hemisphere analysis and was kept constant for the duration of the simulations. It resembled closely the manually analyzed field shown in Fig. 1. The location of
the ice edge was also held constant throughout the simulations. In MM5, surface characteristics are determined
as a function of land use category (Guo and Chen 1994).
No accounting is made for mixed land use across a grid
box (e.g., partial ice coverage is not permitted).
b. Experiment design
Two sets of experiments were conducted. The first
set consisted of five simulations, four of 48-h duration
(or longer) and one of 45-h duration, that were initial-
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Latent
heat
release

Duration
(h)

Remarks

Set A: Simulations initialized at 0000 UTC 6 March 1977
FP6
Yes
Yes
48
Full physics
NF
No
Yes
48
No flux
DF
No/Yes
Yes
48
Delayed fluxes
AI
Yes
Yes
48
Adjusted ice edge
FG
Yes
Yes
45
Fine grid
Set B: Simulations initialized at 0000 UTC 7 March 1977
FP7
Yes
Yes
24
Full physics
FDN
No
No
24
Fake dry/no flux
FDF
Yes
No
24
Fake dry/with flux
LH
No
Yes
24
Latent heating/no flux

the further low development to surface energy fluxes
and latent heating. The first experiment in the set, the
full-physics run (FP7), is analogous to FP6. A fake-dry,
no-flux experiment (FDN), in which both latent heating
in clouds and surface fluxes are switched off, reveals
the impact of adiabatic processes alone upon the low’s
development. Another fake-dry experiment (FDF) included surface fluxes but not latent heating, whereas the
final experiment (LH) included latent heating but not
surface fluxes. The latter two experiments allow the
relative importance of surface fluxes and latent heating
in the polar low’s development to be gauged. It is recognized that in nature these processes are not separable.
A summary of the experiments is shown in Table 1.
4. Evolution of the low in the control experiment

ized at 6/00 and were designed to determine the ability
of the model to predict the development, beginning from
a time well prior to the first appearance of the low, and
to test the sensitivity of the development to model physics, ice edge location, and grid resolution. The fullphysics experiment (FP6, also called the control experiment) included all the parameterizations described
above. A no-flux experiment (NF), designed to test the
sensitivity of the development to surface energy fluxes,
included all parameterizations except for surface sensible and latent heat fluxes. Because a cyclone failed to
develop in the NF run, a delayed-flux experiment (DF)
was conducted to test whether a low would appear if
the fluxes were turned on later in the experiment. The
delayed-flux experiment was identical to NF for the first
24 h of the simulation, after which the fluxes were turned
on for the final 24 h. Since the surface low in the control
experiment formed farther south than the observed low,
an adjusted-ice experiment (AI) was conducted to determine the sensitivity of the development to the location of the ice edge. This experiment was identical to
FP6 except that the ice edge between 1708E and 1758W,
the region where cold surface air was flowing southward
off the ice pack, was moved 18 north of its position in
FP6. The northward displacement allowed the low-level
heating and destabilization of the air in the region of
low formation to extend farther northward, as might
have happened in reality because of the broken nature
of the ice in the vicinity of the ‘‘ice edge.’’ As noted
above, the model treats a given oceanic grid point as
being all water or all ice. Because the control experiment
exhibited pronounced mesoscale features, similar to
those found by Albright et al. (1995) in a simulation of
a polar low over Hudson Bay, an experiment (FG) was
carried out to investigate the fine structure of the low.
The model run employed a 6.67-km grid that moved
with the polar low and incorporated full physics (as in
FP6).
The second set of experiments was initialized at 7/00
during the polar low’s incipient stage and run for 24 h
(or longer) and was designed to test the sensitivity of

a. Synoptic-scale structure
The full-physics simulation initialized at 6/00 (FP6)
was able to produce a realistic polar low. Fig. 16 shows
the evolution of the sea level pressure (SLP) and the
surface wind and temperature fields from this experiment. [Hereafter, results from the lowest model level (s
5 0.995) will be referred to as surface results.] By 6/12
(Fig. 16a), the simulated leading surface low (corresponding to system B and here labeled B9) had moved
rapidly eastward and was approximately 400 km east
of our analyzed position (Fig. 5). However, its overall
structure and intensity were realistic and the surface
trough/wind shear line was quite similar to the observed
trough, extending from west of Shemya to 578N, 1678W.
Mesoscale precipitation bands, aligned generally west
to east, had developed along the surface trough and will
be described in the next subsection. By 7/00 (Fig. 16b),
the leading low had moved eastward to about 1708W,
with the wind field continuing to suggest a double low
structure, as was observed. Again, the simulated system
was east of our analyzed position (Fig. 7). The model
developed circulation center C9 within the surface
trough northeast of Shemya, corresponding to low C in
Fig. 7, and also a weakness D9 in the sea level pressure
field near system D of Fig. 7. Both of these features are
weaker than the manual analysis suggests.
By hour 36 of the simulation (Fig. 16c) a compact
low with a central pressure of 980 mb and winds over
25 m s21 was located near 568N, 1768W. This low developed from the southern circulation center in Fig. 16b,
while in reality, it was the northern system D that
evolved into the observed polar low (Fig. 9). The development of the simulated low at a somewhat more
southerly latitude, where the eastward progression of
the surface cold front was more rapid than to the north,
accounts for the excessive eastward movement of the
low. By 8/00 (Fig. 16d), the simulated low has deepened
to 974 mb and winds on its west and south sides are as
large as 25–27 m s21. A developing warm frontal structure is suggested by the zone of strengthening temper-
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FIG. 16. Sea level pressure (mb, solid), lowest model level temperature (8C, dashed), and lowest model-level wind (full barb—5 m s 21)
from FP6 at 1200 UTC 6 March (a), 0000 UTC 7 March (b), 1200 UTC 7 March (c), and 0000 UTC 8 March (d).

ature gradient extending eastward from north of the low
center.
Although the modeled polar-low development was
not an exact replica of the observed development, there
is sufficient similarity between the two developments to
justify treating the simulated polar low as a successful
representation of the actual case. Both the simulated and
observed lows formed at nearly the same time in nearly
the same location and, perhaps more tellingly, both produced similar sequences of weather in the vicinity of
St. Paul Island, as can be seen from comparison of a
time series of simulated surface temperature, pressure,
and wind at point P in Fig. 16d (Fig. 17) with the series
of observations from St. Paul Island (Fig. 14). The simulated low passed directly over point P, while the actual
low, it will be recalled, went almost directly over the
island. The simulated time series is quite similar to the

observed, with the passage of the low signified by a
sharp drop and an even sharper rise in pressure, a temperature peak, and the onset of strong northwest winds.
Because of the faster movement of the simulated low
and its slightly different path, the observed episode of
southwesterly winds in advance of the low was much
briefer in the simulation. Also, the simulated wind
speeds are higher than those observed at the island.
Likely explanations for the excessive speeds are the
higher level (40 m) of the model winds than the anemometer winds and the effect of land friction in reducing wind speeds at the observing site. Peak gusts of 22
m s21 measured at the site shortly after the passage of
the low are probably more representative of the sustained winds over the sea. It should be mentioned, as
well, that there is evidence from previous investigations
(e.g., Kuo et al. 1996) that, because of insufficient fric-

Unauthenticated | Downloaded 01/09/23 02:39 PM UTC

DECEMBER 1997

BRESCH ET AL.

FIG. 17. Time series of simulated sea level pressure (solid), temperature (dashed), and winds (conventional notation) at point P in
Fig. 16d.

tion, near-surface winds in the model tend to exceed
actual winds by approximately 10% over the open
ocean.
The simulated 850-mb geopotential height, temperature, and wind fields are presented in Fig. 18. The
pronounced baroclinicity noted at the surface was also
present at 850 mb. At 6/12 (Fig. 18a), strong cold advection was occurring west of the dateline, behind the
synoptic-scale cyclone. Small-scale variations in the
heights and winds are a consequence of the heating
within the mesoscale precipitation bands. At 7/00 (Fig.
18b), evidence of the development of a new low center
is seen near and northwest of 558N and the dateline. By
7/12 (Fig. 18c), a closed circulation appeared above the
surface low. Winds strengthened greatly with a maximum speed of nearly 30 m s21 to the south of the center,
while a weak thermal ridge extended into the low from
558N, 1758W. Continued deepening and strengthening
of the low occurred during the subsequent 12-h period
(Fig. 18d), and the thermal ridge became more accentuated.
At 700 mb, a trough (heavy dashed line) in the height
and wind fields was noticeable at 6/12 (Fig. 19a), extending southwestward from the closed low over eastern
Siberia. A distinct baroclinic zone was still present in
the central portion of the domain, although it was weaker than at lower levels. A region of pronounced cold
advection, and hence destabilization, was evident in advance of the cold trough. The shaded regions denote
humidities exceeding ice saturation and indicate where
model clouds were present. An extensive cloud mass
was found east of 1758W associated with the leading
synoptic low. The east-northeast–west-southwest band
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of saturated air in the center of the domain ahead of the
baroclinic zone aligned with a mesoscale precipitation
band discussed below. There is also a suggestion of a
second band to the northwest of the first. By 7/00 (Fig.
19b), the trough had swung southeastward and was located upstream of the polar low genesis region near and
northwest of 558N and the dateline. While the height
field suggested westerly geostrophic flow over the
southern and central portions of the model domain, substantial deviations from westerly flow occurred in and
near the cloud (and precipitation) features associated
with the genesis region. The map for 7/12 (Fig. 19c)
shows a sharp mesoscale trough in the 700-mb height
field, slightly behind the surface low, and the beginning
of a closed circulation in the wind field. Cold advection
was apparent behind the trough. A pronounced thermal
ridge extended into the trough with weak warm advection ahead. Clouds were present to the west and north
of the low, spreading downstream toward 608N, 1728W.
A narrow band of cloud extended eastward from the
low where south-southwesterly winds were overrunning
cold surface easterlies. By hour 48 (Fig. 19d), the
700-mb trough had strengthened and winds had risen
to nearly 30 m s21 south of the low center. Warm advection was taking place to the north of the low and
cold advection to its south. The cloud shield extended
northward from the low center, and dry, colder air from
the west had overtaken the low on its south side.
The evolution of the simulated 500-mb height, potential vorticity, temperature, and wind fields are shown
in Fig. 20. At 6/12 (Fig. 20a), an axis or lobe of high
PV (maximum values in excess of 3 PVU) extended
southwestward from the closed low over Siberia, coincident with the 700-mb trough noted above. The baroclinic zone noted at low levels has practically vanished
at 500 mb with only weak cold advection found over
the center of the domain. The PV lobe had rotated
around the upper low and was located upstream of the
polar low genesis region at 7/00 (Fig. 20b). At hour 36
of the simulation (Fig. 20c), the lobe had narrowed and
maintained its eastward movement. The surface low was
located just east of the region of strong PV gradient. A
large region of negative PV had appeared downstream
of the polar low within the low’s outflow. Such regions
are characteristic of the cloud shields of marine cyclones
when the air in the cloud is of low-level origin (e.g.,
Reed et al. 1992). By 8/00 (Fig. 20d), a region of PV
in excess of 2 PVU with its origin in the lobe had moved
over and ahead of the surface low.
From these analyses, it is clear that the polar low
formed in a baroclinic environment. The baroclinic zone
extended from the surface up to 700 mb, and significant
upper-level forcing, as judged by positive PV advection
at 500 mb, moved across the genesis region. Pronounced
asymmetries were evident in the RH and PV fields. This
environment is quite unlike a hurricane’s environment,
which is devoid of sharp thermal contrasts and appreciable upper-level forcing, but is similar to that of other
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FIG. 18. The 850-mb geopotential height (dam, solid), temperature (8C, dashed), and winds (full barb—5 m s21) from FP6 at 1200 UTC 6
March (a), 0000 UTC 7 March (b), 1200 UTC 7 March (c), and 0000 UTC 8 March (d).

observed polar lows (e.g., Shapiro et al. 1987; Nordeng
1990; Grønȧs and Kvamstø 1995; Douglas et al. 1995).
b. Mesoscale precipitation bands
A prominent feature of the full-physics simulation
was the presence of several narrow bands of extremely
large low-level vorticity, or shear lines, that accompanied the parameterized subgrid-scale convection. Similar banding was noted in simulations of a polar low
over Hudson Bay (Albright et al. 1995). Examples of
such bands are shown in Fig. 21, which displays contours of surface absolute vorticity at 6/12 (Fig. 21a) and
7/00 (Fig. 21b) and the regions within which subgridscale precipitation occurred during the previous hours.
Three bands, moving southeast in the cyclonic flow

behind the main surface low, had formed by 6/12 (Fig.
21a). The southernmost band (band 1) appeared within
the surface trough between systems A and B (Fig. 2)
and played no role in the polar low’s formation. The
second band, which was quite narrow, had its origin in
the convergence zone/wind-shift line to the north and
west of the lead surface low (Fig. 16a) and was well
developed by 6/12. The low-level convergence in the
presence of strong surface fluxes triggered the parameterized convection there. The third and northernmost band
in Fig. 21a developed south of the ice edge and ahead
of the secondary cold front shown in Figs. 2 and 5.
By 7/00 (Fig. 21b), the first band has moved southeastward and is far removed from the area of impending
cyclogenesis and band 2, now straddling 558N, has intensified and assumed a wavelike shape between 1768E
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FIG. 19. The 700-mb geopotential height (dam, solid), temperature (8C, dashed), winds (full barb—5 m s21), and relative humidities with
respect to ice greater than 100% (shaded) from FP6 at 1200 UTC 6 March (a), 0000 UTC 7 March (b), 1200 UTC 7 March (c), and 0000
UTC 8 March (d). The thick dashed line in (a) and (b) denotes the trough axis.

and the date line. Band 3 also has intensified and is
about to merge with band 2. The beginnings of a fourth
band can be seen to the south of the ice edge near 588N,
1788E. By 7/04 (not shown), bands 2 and 3 had merged
and a closed surface circulation was present. The fourth
band, which for a time also developed a surface cyclonic
circulation, became entrained in the circulation of the
southern system around hour 40 of the simulation. By
that time yet another (fifth) band was present behind the
dominant system.
As the simulation progressed, convection repeatedly
formed south of the ice edge within the northwest flow.
Figure 22 shows a northwest–southeast cross section
(line AA9 in Fig. 21b) of ue and winds at hour 24 through
three of the bands. The warming and deepening of the
boundary layer is quite evident as the over-water fetch
increased. Low-level instability, as indicated by the

slope of the ue contours in the boundary layer, was present over the open water and was deepest near band 3.
Each band is marked by a region of upward motion,
most pronounced in band 3, which had a maximum
upward vertical p velocity of 75 mb s21. The bands of
enhanced vorticity extended to near 600 mb (not
shown), as did the depth of the precipitating cloud and
strong updrafts.
The simulated low formed from the wave in band 2
shortly after it merged with band 3. These precipitation
bands were a significant source of low-level heating and
vorticity and provided a low-level PV anomaly with
which the mobile, upper-level PV anomaly could interact (Hoskins et al. 1985; Davis and Emanuel 1991). The
depedence of the ultimate low development on the timing, location, and intensity of the essentially unpredictable bands highlights the difficulty of making pre-
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FIG. 20. The 500-mb geopotential height (dam, solid), temperature (8C, dashed), winds (full barb—5 m s21), and potential vorticity (shaded;
1–2 PVU is light gray, 2–3 PVU is medium gray, greater than 3 PVU is dark gray, and PV less than zero is denoted by the horizontal
striping) from FP6 at 1200 UTC 6 March (a), 0000 UTC 7 March (b), 1200 UTC 7 March (c), and 0000 UTC 8 March (d). The position
of the surface low is denoted by the black circle in (c) and (d).

cise predictions of polar lows, even in situations where
their formation seems assured.
5. Structure of the mature low in the control
experiment
In this section, we examine more closely the structure
of the simulated polar low with use of output from hour
42 when the low had attained its full development. Figures 23a–d present the simulated fields at the surface,
850, 700, and 500 mb, respectively, from the control
experiment at that hour. At the surface (Fig. 23a), the
roughly 300-km-wide low had a central pressure of 974
mb, similar to the observed minimum. The strongest
surface pressure gradient and winds (exceeding 30 m

s21 at intermediate grid points) were located on the west
side of the low, as has been observed in other polar
lows (e.g., Shapiro et al. 1987). The isobars are not
circular as in a hurricane, but are elongated toward the
east along a warm-front-like feature. The 850-mb low
(Fig. 23b) is located almost directly over the surface
low. Large values of PV (2 PVU) are found in the core
of the low (Fig. 23b) along with a small, 2108C secluded warm core (not seen at this resolution). The low
had a closed circulation at 700 mb (Fig. 23c) with a
cloud shield extending downwind from north of its center. Cold air had wrapped around to the south, as indicated by the eastward bulge in the 2248C isotherm.
At 500 mb (Fig. 23d) the polar low was associated with
a sharp mesoscale trough. Air from upstream with el-
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FIG. 22. Northwest–southeast cross section along the line AA9 in
Fig. 21b of ue (solid) and winds (scales at upper right) in the plane
of the cross section at hour 24 of simulation FP6. Regions with
potential vorticity greater than 2 PVU are shaded.

FIG. 21. Absolute vorticity at the lowest model layer (1025 s21)
from the FP6 simulation for (a) 1200 UTC 6 March and (b) 0000
UTC 7 March. Regions with more than 0.1 mm of subgrid-scale
precipitation during the previous hour are shaded. Bands referred to
in text are labeled.

evated levels of PV extended over the surface low center. As before, negative PV was found in the polar low’s
outflow region.
An intense precipitation band (not shown) was located 80 km north of the low center, embedded within
a precipitation area that wrapped cyclonically around
the low from east through southwest. Three soundings
(at the locations shown in Fig. 23a) are presented that
characterize the environment of the low. The center
sounding C (Fig. 24a) shows that the core of the cyclone
had a shallow boundary layer topped by a saturated layer
and a pronounced stable layer. Subsidence was found
below 600 mb, with peak values of 26.5 cm s21. Above
the low-level clouds, the air mass was very dry. To the
southeast of the low at a point (S) representative of the
descending postfrontal air (Fig. 24b), there was a well-

mixed boundary layer extending up to 800 mb. Surface
winds within the boundary layer were from the westsouthwest at nearly 20 m s21. As at the center point,
subsidence was found below 600 mb; however, the sinking was stronger at the south point (peak value of 211
cm s21) and the maximum occurred lower (840 mb).
Here, too, the air mass was very dry above the boundary
layer. The third sounding location (N) was north of the
low center within the intense precipitation band (Fig.
24c). The sounding was saturated with respect to water
from 910 mb (just above the surface) to 680 mb and
with respect to ice from that level to 450 mb. Intense
upward motion with a peak value of 80 cm s21 at 700
mb occurred within this cloud layer. It is perhaps surprising at first sight that such large upward motion occurred in a sounding that is vertically stable above 850
mb. However, the vertical profile of moist potential vorticity (MPV) (heavy solid line) is mostly slightly negative in the layer from 850 to 500 mb indicating the
presence of moist symmetric instability and the potential
for strong slantwise convection (Zhang and Cho 1992).
Hydrometeor profiles (and temperature, dewpoint,
and wind profiles repeated from Fig. 24c) are shown in
Fig. 24d. Below 650 mb, substantial amounts of cloud
water coexisted with large amounts of snow and lesser
amounts of cloud ice. The existence of water droplets
in the presence of snow at such cold temperatures can
be explained by the low number concentrations of snow
particles (about 10 L21). Because of the low concentrations, the deposition rate on the particles was slower
than the growth rate of the water droplets and the excess
water vapor supplied by the rapid ascent was consumed
mainly by the droplets. At higher, colder levels (above
650 mb) the number of ice particles, which is parameterized as a function of temperature (Fletcher 1962),
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FIG. 23. Simulated fields from hour 42 of FP6: (a) sea level pressure (mb, solid), lowest model-level temperature (8C, dashed), and lowest
model-level wind (full barb—5 m s21); (b) 850-mb geopotential height (dam, solid), temperature (8C, dashed), winds, and potential vorticity
(shaded, less than 0 PVU is white, 0–1 PVU is light gray, 1–2 PVU is medium gray, and greater than 2 PVU is dark gray); (c) 700-mb
geopotential height (dam, solid), temperature (8C, dashed), winds, and relative humidities with respect to ice greater than 100% (shaded);
(d) 500-mb geopotential height (dam, solid), temperature (8C, dashed), winds, and potential vorticity (shaded as in Fig. 20). Black dot in
(d) shows the surface low position.

was sufficient to consume the vapor supply and transform the cloud completely to ice. As the transformation
takes place, the air becomes undersaturated with respect
to water and the dewpoint temperature drops below the
air temperature.
Backward trajectories were constructed to determine
the origin of air parcels at three levels (850, 700, and
500 mb) of the soundings in Fig. 24. At 850 mb (Fig.
25a), the parcel entering the rainband at the north point
N had its origins in midlevels (650 mb) over the northern
Kamchatka Peninsula. As it moved eastward and then
southward, it descended and dried (Table 2). While in
the boundary layer, the parcel turned westward, warm-

ing and moistening rapidly as it approached the low.
During its descent into the boundary layer, the PV of
the parcel decreased, but upon approaching the polar
low and ascending to 850 mb, its PV increased, presumably due to differential latent heat release (Whitaker
et al. 1988).
The air parcel within the boundary layer at the cyclone’s center had a very interesting trip, as evidenced
by the 850-mb back trajectory from the center point C
(Fig. 25a). Originally just off the Alaskan coast, the
parcel moved westward north of the leading synoptic
low rising to 885 mb at 6/15 (not shown) within the
low’s cloud shield. During the parcel’s passage over the
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FIG. 24. Soundings at hour 42 from FP6 at the locations shown in Fig. 23a for (a) the center point C, (b) the south point S, (c) the north
point N, and (d) the north point repeated. Left sides: temperature and dewpoint (heavy solid), dry adiabats (pecked), moist adiabats (dashed),
and saturation mixing ratios (wide dash). Centers: Winds (full barb—5 m s 21). Right sides: (a,b) vertical velocity, (c) vertical velocity (thin
solid) and moist potential vorticity (heavy solid), (d) hydrometeors, as labeled.

open water, its temperature and ue greatly increased.
After the low passed by to its south at 6/18, the parcel
turned southward, descended into the boundary layer
and experienced a further substantial increase of u and
ue. The parcel next proceeded westward and entered the
updraft within the precipitation area to the north of the
polar low, rising from 920 mb to 730 mb between 7/12
and 7/13. It then turned eastward, rising further to 698
mb (at location shown in figure), after which it descended and exited the cloud. When it arrived near the low’s
center it was dry and relatively warm and possessed a
high value of PV (Table 2). Again the elevated value
of PV was presumably produced by differential latent
heating in the cloud.
The 850-mb parcel at the south point S descended
gradually from 560 mb until 7/12 following which time
it sank rapidly. The air along this trajectory had a relatively constant ue near 275 K (not shown).
Back trajectories from 700 mb at the sounding points
are shown in Fig. 25b. The trajectory terminating at the

center point started near 540 mb and stayed near that
level as it moved cyclonically around the upper low,
descending steadily after 7/06. The parcel dried as it
descended, arriving over the low center with a relative
humidity of 24% (not shown). The trajectory terminating at the south point descended steadily from 590 mb
to 780 mb at 7/08 then rose quickly and settled back to
700 mb. The trajectory terminating at 700 mb within
the precipitation area to the north of the low descended
steadily from 670 mb until 7/08 when it entered the
boundary layer. The parcel warmed and moistened as
it turned southward and then westward before rising into
the cloud.
The 500-mb back trajectories at the center and south
points had very similar behavior. Starting out near 450
mb over Siberia with low relative humidities and moderate PV levels (in excess of 1 PVU) they slowly descended, maintaining their dryness and PV through their
journey. The north point trajectory began over the Kamchatka Peninsula at 580 mb within relatively humid air,
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TABLE 2. Trajectory parcel characteristics.
Pressure
(mb)

u
(K)

ue
(K)

RH
(%)

PV
(PVU)

North point, 850 mb
6 Mar
0000
6 Mar
1200
7 Mar
0000
7 Mar
1200
7 Mar
1800

648
672
753
944
850

269
268
268
269
273

269
269
268
272
278

59
54
26
72
100

1.3
1.1
0.8
0.1
1.0

Center point, 850 mb
6 Mar
0000
6 Mar
1200
7 Mar
0000
7 Mar
1200
7 Mar
1800

962
906
940
920
850

253
268
265
274
276

255
272
269
281
279

73
99
100
100
50

1.4
1.2
0.5
1.4
2.7

Date

Time
(UTC)

and also rose after being well modified over the open
water. The anomalously high PVs in the interior of the
low had two very different origins. In the vicinity of
850 mb, the high values were produced by differential
condensation heating in organized mesoscale convection (see below); in the vicinity of 500 mb, by advection
of elevated values from far upstream and higher elevations.
A cross section through the precipitation band north
of the low center of ue and plane-parallel winds (along
the line BB9 in Fig. 23a) is presented in Fig. 26. Regions
where the moist potential vorticity (MPV) is negative
are shaded and the 100% relative humidity contour
(taken with respect to ice and representative of the
cloudy air) is also shown. The cross section line lies
slightly to the east of the low center and cuts through
the broad precipitation area to the northwest of the low,
the intense precipitation band to the north of the low

FIG. 25. Backward trajectories starting at hour 42 of FP6 from the
three sounding points N, C, S for (a) 850 mb, (b) 700 mb, and (c)
500 mb. Pressure level (mb) of parcels labeled at 6-h intervals.

dried slightly as it sank to 640 mb, then ascended and
reached ice saturation.
From the foregoing it is evident that much of the air
in the simulated polar low had its origin upstream of
the low. Part of the current from upstream moved downstream of the region of formation and subsided into the
boundary layer where it warmed and moistened. The
now buoyant air was drawn into the developing low and
ascended in the cloud shield to its east and north. Not
all of the air emanated from upstream—some had an
early history in the boundary layer well east of the low

FIG. 26. Northwest–southeast cross section along the line BB9 in
Fig. 23a of ue (solid) and plane-parallel winds (scales at upper left).
Regions of negative moist potential vorticity are shaded. The outline
of the 100% relative humidity with respect to ice (representing cloudy
air) is shown by the scalloped line.
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FIG. 27. Sea level pressure (mb solid), lowest model-level temperature (8C, dashed), and lowest model-level wind (full barb—5 m s 21) at
hour 48 (0000 UTC 8 March) from the first set of experiments: (a) FP6, (b) NF, (c) DF, and (d) AI.

and the low’s warm sector. Low-level airflow in the
plane of the cross section is from north to south left of
the precipitation band, with the depth of the boundary
layer, as determined by the depth of the region of nearly
constant ue, increasing from 80 mb at the north edge of
the cross section to approximately 200 mb near the core
of the precipitation band. Within the low-level northerly
flow, where wind speeds exceed 25 m s21, the air is
being warmed and moistened rapidly. Strong low-level
convergence is evident in the band, with the maximum
vertical velocity of 280 mb s21 occurring near 700 mb.
The updraft exhausts toward the north with the strongest
outflow between 600 and 460 mb. The height of the
outflow layer is about 100 mb higher than in a Hudson
Bay case described by Albright et al. (1995).
Over much of the cross section the atmosphere is both

saturated (as shown by the cloud outline) and has negative MPV. The strong ascent in the mesoscale precipitation band occurs mainly in a region that is statically
neutral up to 850 mb and moist symmetrically neutral
or unstable above, as in the sounding in Fig. 24c. It will
be noted that the large upward motion in the precipitation band extends into a region of positive MPV just
to its north. A second region of enhanced ascent appears
between 700 and 500 mb to the north of the main band
in a region that is moist symmetrically unstable.
6. Results of the sensitivity experiments
Surface fields at hour 48 of the simulations from the
first set of 20-km experiments are shown in Fig. 27.
The full-physics simulation (Fig. 16d, repeated for ease
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of comparison in Fig. 27a) produced a realistic subsynoptic-scale low, while experiment NF (Fig. 27b) in
which both surface fluxes and latent heating were suppressed failed to produce even the semblance of a low
in the cold airstream behind the preceding synopticscale cyclone. The cold, unmodified air flowed much
further southward in NF than in FP6, as exemplified by
the advance of the 2168C isotherm well south of 558N
over much of the domain. In FP6, sensible heat fluxes
exceeded 1000 W m22 and latent heat fluxes were in
excess of 250 W m22 just south of the ice edge (not
shown). The lack of development in NF demonstrates
that surface fluxes were crucial for the development of
the modeled polar low. Also, since the model runs used
identical initial conditions, the lack of development in
NF indicates that pre-conditioning of the low-level air
mass prior to 6/00 was not sufficient to generate a polar
low.
Plots of 700-mb vertical velocity and 500-mb PV
from the NF run (not shown) give evidence of upperlevel forcing by positive PV advection over the polar
low’s genesis region. Upward vertical velocities at 700
mb exceeded 1 cm s21 along 568N between 1738E and
1778W, ahead of the upper-level PV lobe. However,
without the destabilization of the boundary layer by the
surface fluxes, the upper-level forcing was unable to
initiate development at the surface.
The delayed-flux experiment (Fig. 27c) yielded a low
pressure system in nearly the same position as in FP6,
but the low was weaker and more diffuse. Evidently,
the fluxes were turned on too late to have a strong effect.
From the results of the foregoing experiments it is concluded that under the given initial conditions, surface
fluxes were crucial to the development of a polar low
and that for the development to be intense it was necessary for the fluxes to be operative over a sustained
period. The results from experiment AI, with the ice
edge moved slightly north of that in FP6, were similar
to those of the full-physics run, but by 48 h (Fig. 27d)
the low was not as intense. Early in the AI run, the
surface low developed farther north and west than in
FP6 (not shown) in closer agreement with the observed
evolution, but by 48 h a second low that had developed
farther south became dominant and absorbed the northern system.
The results from the second set of experiments, which
it will be recalled were initiated 24h later than the first
set, are presented in Fig. 28. Once again, the full physics
experiment (FP7) succeeded in generating a system resembling a polar low (Fig. 28a). The central pressure
of the low in FP7 at this time (973 mb) was similar to
the observed, but the position, though closer to the observed than in FP6, was 58 longitude too far to the east.
The low had a strong surface circulation, with 20 m s21
winds on its west side and exhibited pronounced frontal
characteristics. In experiment FDN with surface fluxes
and latent heating omitted, the low present in the initial
analysis no longer possessed closed isobars (Fig. 28b).
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It is evident from the thermal field that cold air from
the ice pack pushed southward as in NF and stabilized
the environment of the low. Surface wind speeds were
also considerably weaker in FDN than in FP7. If either
latent heating (experiment FDF, Fig. 28c) or surface
fluxes (experiment LH, Fig. 28d) is omitted, a low of
intermediate depth developed. The difference in central
pressures at hour 24 of the two experiments is less than
1.5 mb despite a very large difference in the surface
temperature pattern. It appears that the warming of the
low levels by surface sensible heat flux in one experiment and the warming of the low to midlevels by latent
heating in the other are contributing about equally to
the development of the lows.
Overall, the results from the 6.67-km simulation (experiment FG) were similar to the FP6 results, although
details of the low’s development were slightly different.
The mesoscale features in the FG run were more plentiful and stronger than in the 20-km FP6 simulation, yet
the depth and position of the resulting low were not
significantly different. Whereas the northernmost low
(corresponding to D in Fig. 9) exhibited more development in the FG run than in FP6, it was again the
southern low that eventually became the dominant system. Figure 29 shows the SLP and surface temperature
and winds from hour 45 of FG. The structure of the low
is similar to that shown at hour 42 of the FP6 experiment
(Fig. 23a). Both the FP6 and FG simulations had a
974-mb central pressure at hour 45 and a nearly identical
position with the FG low centered about 40 km northwest of the low in FP6.
7. Discussion and conclusions
The development of a small, intense cyclone, fitting
the description of a polar low, that formed over the
Bering Sea approximately 200 km south of the ice edge
during March 1977 has been documented. The system
formed in the moderately baroclinic cold airstream behind a predecessor low that moved eastward along an
arctic front located over the Bering Sea well north of
the main polar front and jet stream. The incipient low
was marked by a small comma-shaped cloud pattern in
satellite imagery that appeared to form in association
with a distinct surge of arctic air, or secondary cold
front, from the Siberian coast. An upper-level cold low
or area of positive PV anomaly, which earlier had drifted
south-southwestward from the Arctic Ocean, was poised
about 400 km to the north of the comma-cloud immediately prior to the surface low development. The upperlevel system accelerated southward and eastward during
the subsequent rapid deepening phase and maintained
a position 200 km to the north of the surface low during
its later history.
The development of the polar low was documented
by standard synoptic reports from fishing vessels in its
vicinity and by the sudden appearance of an eyelike
feature in satellite imagery. The mature low passed al-
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FIG. 28. As in Fig. 27 but for hour 24 of the second set of experiments: (a) FP7, (b) FDN, (c) FDF, and (d) LH.

most directly over the observing station on St. Paul
Island, exhibiting a characteristic rapid dip and rise in
pressure and a rise and fall in temperature (Rasmussen
et al. 1992).
Several experiments were conducted with the MM5
model in an attempt to simulate the low’s development
and to elucidate the underlying physics. A full-physics
simulation of 48-h duration, initialized at 6/00, 24 h
before the low first appeared, developed a small, intense
cyclone with a central pressure of 974 mb and a maximum surface wind of 30 m s21. The simulated low
formed somewhat south and east of the actual low and
moved on a path that took it close to St. Paul Island,
arriving there 18 h earlier than the actual low. Although
the behavior of the simulated low did not exactly duplicate that of the observed low, the two systems had

enough features in common to regard the modeled low
as representative of the observed system.
The partial success of the mesoscale model in predicting the Bering Sea polar low raises the question of
how predictable polar lows should be in general (Businger and Reed 1989; Nordeng 1990). In addressing this
question, Nordeng pointed out that the early formative
stage should often be predictable, since the low formation depends on the interaction, as in this case, of a
usually definable upper-level disturbance with a lowlevel baroclinic zone that is strongly related to fixed
surface features. However, in his view the intense inner
vortex that forms later should not be as predictable,
since the accuracy with which it can be predicted depends on a correct modeling of convective activity that,
at least until recently, cannot be treated explicitly (and,
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FIG. 29. Sea level pressure (mb, solid), temperature (8C, dashed)
and winds from hour 42 of experiment FG.

we may add, whose initial state cannot be adequately
defined). The results in the present case seem to support
these inferences. The fact that a polar low would form
was predicted, but the simulated behavior of the low
itself had notable differences with the observed behavior.
Structurally, the modeled low more closely resembled
a small extratropical cyclone than an arctic hurricane
(BB). In contrast to the circular symmetry of a hurricane, the arctic system had pronounced asymmetric features in the wind, temperature, humidity, and PV fields.
Winds were stronger to the rear of the low than ahead
of it. The low-level temperature field possessed frontlike
features, though a feeble warm core, slightly suggestive
of the characteristic warm core of a hurricane and even
less accentuated than in some midlatitude storms (Neiman et al. 1993), formed near the low center at a late
stage. The main cloud and precipitation area was situated primarily in the northern quadrant of the low, and
the PV-rich air at upper levels intruded from the south
and west as in a typical midlatitude ocean storm (Kuo
et al. 1992). The warm-front-type precipitation to the
north of the low center occurred in a region that, though
statically stable throughout most of its depth, was neutral to slantwise convection, thereby favoring strong (80
cm s21) localized ascent (Thorpe and Emanuel 1985).
Throughout the history of the modeled low, precipitation took place mainly in narrow bands, marked by
strong surface convergence and vorticity. Except for the
banded precipitation structure and the crucial role of
surface fluxes in its intensification (Emanuel and Rotunno 1989), the low had more in common with the
typical midlatitude marine cyclone than with the hurricane. The much lesser role of surface fluxes in the
deepening of middle-latitude ocean storms is documented in studies by Reed et al. (1993) and Kuo et al.
(1991).
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Four sensitivity experiments were conducted from the
same initial time (6/00) and run for 48 h. The first experiment revealed that if the surface fluxes were suppressed throughout the period, the low failed to develop,
presumably because of the transport into its environs of
an excessively cold and stable boundary layer from off
the pack ice. In the second experiment the fluxes were
turned on after 24 h, but evidently the delayed activation
did not allow sufficient time for the earlier stabilization
to be overcome and only a weak low formed. Increasing
the expanse of open water in the next experiment had
a small positive impact on the forecast, causing the low
to develop farther north, as in reality. However, the
northern center was unable to persist as the dominant
one. A fine-mesh experiment yielded a slightly betterpositioned low than the control while maintaining the
same depth (974 mb). Mesoscale precipitation bands
were more plentiful in this experiment and were narrower and more intense.
An additional set of experiments was run for 24 h (or
longer) from 7/00, the approximate hour at which the
nascent low was first observed in satellite imagery. A
full-physics experiment yielded a low of the same depth
as the previous full-physics experiment and the low was
somewhat better located. In an experiment with both
surface fluxes and latent heating excluded, the low present in the initial analysis weakened and died away. A
pair of experiments, one featuring surface fluxes but no
latent heating and the other latent heating but no surface
fluxes, produced nearly identical lows of moderate
depth. Evidently, low-level heating by surface flux of
sensible heat in the first case and low to midlevel heating
by condensation in the second case were equally effective in promoting development. It is noteworthy that all
experiments gave approximately the same geopotential
height at 500 mb above the surface low so that from
the hydrostatic standpoint the heatings accounted for
the surface pressure deficits.
Viewing the experiments as a whole, we conclude
that in order to form a polar low of the observed type
and intensity, it is essential to have substantial modification of the arctic boundary layer both before and
during the development. Also essential is latent heating
in clouds, at least some of which entails deep upright
or slantwise mesoscale convection. The presence in the
area beforehand of an arctic frontal zone raises the question of whether baroclinic instability may also be an
essential ingredient (Harrold and Browning 1969; Sardie and Warner 1983; Reed and Duncan 1987; Nordeng
1990; Montgomery and Farrell 1992). Certainly, baroclinic energy conversion furthered the development in
this case, as witnessed by the ascent of warm air and
descent of cold. But baroclinic growth was able to proceed only when the atmosphere possessed reduced stability at low levels (Harrold and Browning 1969, Mansfield 1974; Duncan 1977). Otherwise, the baroclinity
was not sufficiently strong to permit wave amplification.
It is instructive to consider the polar-low development
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within the PV paradigm of cyclogenesis put forth by
Hoskins et al. (1985) and previously applied to polar
lows by Nordeng and Rasmussen (1992) and Rasmussen
et al. (1992). In the present instance the required upperlevel PV anomaly clearly existed. However, when the
lower layers were highly stable, as in some of the experiments, the downward penetration of the upper-level
anomaly was too weak to excite surface development.
On the other hand, in the experiments with reduced
stability in the lower atmosphere, the downward penetration was sufficient to induce a low-level thermal
anomaly that through mutual interaction and phaselocking with the upper disturbance was able to form a
significant low-level circulation and create low-level PV
by condensation heating in organized convection. The
PV so produced then added its contribution to the lowlevel circulation, further intensifying the low (Davis and
Emanuel 1991; Reed et al. 1992; Stoelinga 1996).
The fact that ideas commonly applied to midlatitude
cyclogenesis are also applicable to the development of
polar lows suggests that the latter can be regarded in
many instances as small, primarily arctic counterparts
of the larger middle-latitude systems, particularly the
systems that form over warm waters offshore of cold
continents in the winter half-year. Inasmuch as typical
polar lows possess many physical characteristics in
common with other extratropical cyclones, they are perhaps better viewed as part of a broad spectrum of ocean
cyclones that differ in such respects as degree of baroclinicity, strength of upper-level forcing, tropospheric
stability, amount of latent heat release, and the magnitude and arrangement of the surface energy fluxes,
rather than as a truly distinct phenomenon. The polar
low described here occupies the part of the spectrum in
which the low-level baroclinicity and upper-level forcing are weak to moderate, a considerable depth of the
troposphere is neutrally or only slightly stable to upright
or slantwise ascent, and surface fluxes are of crucial
importance in the immediate heating and moistening of
the atmosphere and the promotion of latent heat release
in deep convection.
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