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ABSTRACT 
Satellite infrared images of a series or train of four polar lows are presented, and the synoptic 
environment of the lows is documented with the help of operational analyses prepared by the 
European Centre for Medium Range Weather Forecasts (ECMWF). The analyses reveal that 
the disturbances formed in a shallow baroclinic zone of small static stability close to the region 
of maximum 1oo(r500 mb thermal wind and that the flow was of the reversed shear type. 

The observed characteristics of the disturbances were in partial agreement with those 
obtained from a linear, quasi-geostrophic, dry baroclinic model. The wavelength of maximum 
instability in the model of approximately 500 km was in satisfactory agreement with the 
observed wavelength. The computed phase speed was somewhat larger than the observed 
speed, a result attributed to the effect of organized deep convection in retarding the actual 
motion. The large growth rate of the 500 km wave was qualitatively consistent with the rapid 
growth of the systems as seen on the satellite images. It is argued, however, that baroclinic 
instabilty alone was not capable of accounting for the rapidity of the developments and that 
some other mechanism, presumably latent heat release in organized deep convection, also 
played an important part in the growth. 

1. Introduction 

The small synoptic or subsynoptic-scale cyc- 
lones known as polar lows are a phenomenon of 
common Occurrence during the winter half year 
in the broad oceanic region bounded by Norway, 
Spitsbergen, Greenland, Iceland and the British 
Isles (Rasmussen, 1983). Satellite observations 
have been particularly helpful in identifying these 
systems and in revealing the variety of forms that 
they take (Forbes and Lottes, 1985). Numerous 
cases exist in which the systems appear multiply 
or in series (e.g., Rasmussen, 1985). An out- 
standing example of serial behavior took place 
during the period 29-31 January 1983 when four 
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vortical cloud patterns or disturbances formed 
sequentially over or near the Norwegian Sea and 
moved southwestward towards Iceland while 
maintaining a remarkably uniform separation or 
wave length (Fig. 1). It is a matter of consider- 
able interest to document the large-scale environ- 
ment within which such a train of polar lows 
developed and to identify the mechanism respon- 
sible for the regular behavior. 

One possible explanation for the regular be- 
havior is that the disturbances were initiated by 
baroclinic instability and that the observed scale 
represents the wave length of maximum insta- 
bility for the given basic state. Several authors 
have suggested baroclinic instability as a major 
mechanism for polar low formation (Harley, 
1960; Harrold and Browning, 1969; Mansfield, 
1974; Duncan, 1977; Reed, 1979). The purpose of 
the present paper is twofold: first, to document 
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Fig. 1. NOAA-7 satellite infrared images. (a) 01.3845.10 GMT, (b) 11.30-15.04 GMT, 29 January 1986; 
(c) 01.26-04.57 GMT, (d) 11.18-15.43 GMT, 30 January 1983 and (e) 01.1344.45 GMT, (f)  11.07-14.39 GMT, 31 
January 1983. Arrows indicate positions of polar lows 1-4. Dashed lines indicate positions of ice edge on 25 
January 1983 and on 10 April. (Courtesy of M. Eckardt, Institute for Meteorology, Free University of Berlin.) 

the large-scale wind and thermal structures 
attending the formation of the wave train and, 
second, to determine how well the wave charac- 
teristics fit those obtained from solutions of a 
linear, quasi-geostrophic baroclinic model that 
has been applied previously by Duncan (1977, 
1978) to the problem of polar low development. 

2. Observed wave characteristics 

Four waves or vortices, labelled 1 to 4 in Fig. I ,  
occurred during the 3-day period. Wave 4 dis- 

Tellus 39A ( I  987). 4 

played an anomalously rapid movement between 
midday of 30 January (frame d) and early 
morning of 31 January (frame e). We attribute 
this apparent rapid movement to the develop- 
ment of a new disturbance (labelled 4b in frames 
e and f )  ahead of the original disturbance 
(labelled 4a in frames c and d). The cusp-shaped 
field of enhanced convection which lies between 
waves 3 and 4a in frame d is believed to be the 
seat of the new formation. 

From the pictures, five determinations of 
wavelength were made and six determinations of 
wave speed. The following waves and frames 
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Fig. 2. (a) lo00 mb, (b) 850 mb, (c) 700 mb and (d) 500 mb charts for 12.00 GMT, 30 January 1983. Solid lines, 
contours at 40 m intervals; dashed lines, isotherms at 4°C intervals. Heavy solid line marks position of cross section 
in Fig. 3. Heavy dots indicate positions of polar lows 2, 3 and 4a. Small dots indicate station positions. Temperature 
("C) and winds (a half barb = 2.5 m s-', a full barb 5 m s-I) are plotted as given on the ECMWF operational 
analyses. 

were used in determining the lengths: frame a, 
waves 1 and 2;  frames c and d, waves 2 and 3; 
frames e and f, waves 3 and 4b. The following 
waves and pairs of frames were employed in 
determining the speeds: wave 2, frames a and c 
and frames b and d ;  wave 3, frames c and e and 
frames d and f ;  wave 4a, frames c and d ;  wave 
4b, frames e and f. The mean and standard 
deviation of wavelength determined from the 
foregoing information were 570 km and 58 km, 
respectively. The mean and standard deviation of 
wave speed were 4.9 ms-' and 1.0 ms-', 
respectively. 

Because of the small size of the systems and the 

paucity of data in the region they traversed, it is 
not possible to obtain reliable information on 
their structures and growth rates, as desirable as 
such information would be for determining 
whether they fully fit the description of baroclinic 
waves. It should be noted, however, that the 
growth rates as deduced from cloud patterns, 
were large. Disturbance 3 grew from a barely 
detectable perturbation in the cloud field (frame 
b) to a fully mature system characterized by a 
vortical appearing cloud mass with eye-like 
center (frame e) in about 36 h; disturbance 4b, if 
our interpretation of its history is correct, experi- 
enced a similar evolution in only 24 h. 
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A crude quantitative estimate of the growth 
rates can be made from the 850 mb wind pertur- 
bation observed at Jan Mayen (71"N, 9"W) at 
00.00 GMT 30 January when wave 2 wits situated 
close to the station (Fig. 1, frame c). The 
observed 850 mb wind was 080" 25 m s-l; the 
wind given by the corresponding large-scale or 
smoothed 850 mb contour and isotach analyses 
(not shown) of the European Centre for Medium 
Range Weather Forecasts (ECMWF) was 020" 12 
ms-I. (Further mention of ECMWF analyses 
appears in the next section.) The magnitude of 
the vector difference, 22 m s-l, provides a rough 
measure of the amplitude of the wind pertur- 
bation at the given time and level and suggests 
that 20 m s-I is a conservative estimate of the 
amplitude of the wind perturbation of this and 
the companion disturbances when fully 
developed. Amplitudes of this size, or larger, 
have been observed in other cases (Rasmussen, 
1985; Shapiro et al., 1987). In the case of distur- 
bance 4b, which appeared to grow from a slight 
perturbation to a fully developed system in 24 h, 
an assumed 20 m s-I amplitude yields growth 
rates (e-folding) in the range 1-3 d-l for initial 
wind perturbations in the range 1-7 ms-I. For 
disturbances that required 36 h to develop an 
upper limit of 2 d-' seems more appropriate for 
the growth rate. 

3. The large-scale wind and thermal fields 

Figs. 2a-d depict fields of geopotential and 
temperature at 1o00, 850, 700 and 500 mb, re- 
spectively, for 12.00 GMT 30 January. The fields 
were slow varying throughout the period so that 
Fig. 2 is representative of the period as a whole. 
The analyses shown on the figures are the routine 
operational analyses prepared at ECMWF by the 
N48 model that was in use at the time. Descrip- 
tions of the analysis system can be found in Arpe 
et al. (1986) and LGnnberg and Hollingsworth 
(1986). Neither at the hour in question nor at 
other hours were the analyses able to resolve the 
polar lows, but for present purposes this inability 
is not a disadvantage, since our aim here is to 
establish the large-scale or smoothed fields, not to 
examine individual disturbances. The inability to 
represent the lows stemmed both from deficien- 

cies in the observational network and from a lack 
of sufficient resolving power in the analysis sys- 
tem. The positions of the disturbances (2, 3 and 
4a) based on satellite identification are marked 
on the charts. 

From Fig. 2a (and a cross section to be shown 
later) it is apparent that the lows formed and 
travelled within the region of strongest surface 
winds (contour gradient) and within or near the 
warm edge of the region of strongest surface 
thermal gradient. Two of the three systems (3 and 
4a) and the forming system 4b are located in or 
near a region of weak geopotential height gradi- 
ent and wind at 500 mb. The third system (2) lies 
beneath a region of stronger 500 mb winds that 
are directed nearly perpendicular to the 1000 mb 
winds. It is possible that the pronounced turning 
of wind with height was a factor in the 
subsequent dissipation. 

Comparison of Figs. 2a-d reveals that the 
strongest thermal gradient occurred near the 
surface (lo00 mb) and that the gradient 
diminished monotonically with height becoming 
nearly zero at 500 mb. Because the surface flow 
and thermal wind were oppositely directed, the 
basic current also diminished with height. The 
maximum vertical shear (geostrophic) of the 
basic current of necessity took place near the 
surface where the thermal gradient was largest. 

In view of the flatness of the contour gradient 
at 500 mb, the lOO(r500 mb thickness field in the 
region surrounding 72"N and 20"E, where the 
main wave amplification occurred, is well repre- 
sented by the 10oO mb contours. Making use of 
this fact, we note that the disturbances formed 
within the belt of strongest thickness gradient or 
thermal wind. Moreover their west-southwest- 
ward movement, in conformity with the low-level 
wind flow, was in the direction opposite to the 
thermal wind. Thus the case in question provides 
an example of what Duncan (1978) has termed a 
reversed shear flow, i.e., a flow in which the 
direction of wave propagation is opposite to the 
thermal wind direction. The study of Forbes and 
Lottes (1985) reveals that the reversed shear 
case is not unusual. Indeed nearly 80% of the 
polar vortices classified by these authors as 
"developing" vortices, systems shown by their 
data to represent the strongest type of polar 
vortex, were characterized by reversed shear 
flow. 
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A S T O W  TRACK B 

Fig. 3. Cross section along line AB in Fig. 2. Solid lines 
are isotachs (m s-I) of the geostrophic wind component 
perpendicular to the section. Dashed lines are potential 
isotherms ("C). The extent of the sea ice and positions 
of the storm track are indicated at bottom. 

The propagation of the disturbances in the 
direction opposite to the shear is explained by the 
fact that short baroclinic waves move approxi- 
mately with the mean wind in the layer in which 
they are embedded. In the case of the typical 
mid-latitude baroclinic disturbances the shear 
and mean wind are in the same direction. In the 
case of polar lows of the type under investigation, 
the shear and mean wind are in opposite 
direct ions. 

A feature of the low-level flow pattern that is 
not so evident in Fig. 2a as in the corresponding 
charts for earlier hours is the confluence of the 
flow (contours) in the direction normal to the 
isotherms and to the direction of travel of the 
waves. Thus the wave growth took place in a 
region where the thermal gradient was being 
enhanced by the geostrophic deformation. The 
enhanced thermal gradient that is evident in the 
area to the northeast of Iceland (70"N, IOOW), is 
at least in part a consequence of this fronto- 
genetical effect. Another important contributor 
to the enhanced thermal gradient in the region of 
wave growth is the differential diabatic heating 
in the cross-flow direction. Air parcels to the 
north of the storm track followed trajectories that 
were entirely or mainly over the ice. Air parcels 

to the south had long histories over the open 
water of the Barents Sea and were warmed by the 
upward flux of sensible heat. 

A final picture of the thermal and wind struc- 
ture appears in a vertical cross section (Fig. 3) 
taken along the line AB in Figs. 2a and b. Solid 
lines depict the geostrophic wind component 
normal to the section, dashed lines potential 
temperature isotherms. The analysis is based on 
temperatures and geopotential heights extracted 
from the 1000, 850, 700 and 500 mb maps shown 
in Fig. 2 and from 300 mb and 200 mb maps 
appearing in the European Meteorological Bulle- 
tin published by the Deutschen Wetterdienstes. 
Temperatures and heights were read at intervals 
of 150 km; geostrophic winds were computed at 
the same intervals with use of centered (300 km) 
differences. 

A shallow layer of large static stability, 
horizontal temperature gradient and vertical 
wind shear is seen on the poleward side of the ice 
edge. This shallow feature is no doubt much 
stronger in reality than shown on the smoothed 
ECMWF analyses. The large temperature gradi- 
ent and wind shear extend seaward in an increas- 
ingly deep layer of much lesser static stability. 
The changing structure reflects the effect of the 
greater modification that the air on the right- 
hand side of the section has undergone than the 
air on the left-hand side. Note, however, that the 
airflow was primarily perpendicular to the plane 
of the cross section so that it is not strictly correct 
to view the air mass on the right-hand side as 
being simply a modified version of that on the 
left-hand side. A fairly abrupt edge to the low- 
level baroclinic zone exists beyond (to the south- 
east of) the position of the storm track. A rapid 
drop in wind speed occurs in the same region, 
especially near the surface, placing the storm 
track close to the core of a low level jet (and the 
point of maximum tropospheric thermal wind). 
Above 500 mb a moderate to large static stability 
prevails everywhere. A second region of en- 
hanced baroclinicity is found in the lower strato- 
sphere where it is unlikely to affect surface 
development. 

4. Model solutions 
A quasi-geostrophic baroclinic model (Duncan, 

1977) was used to investigate the structure and 
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Fig. 4. Growth rate as a function of wavelength for the 
experiment with no horizontal shear and vertical wind 
profile observed at the storm track (see Fig. 3). 

development of baroclinic waves in the flow 
shown in Fig. 3. As there are considerable 
variations in static stability across this flow, the 
air being quite stable over the ice and near the ice 
edge and becoming less stable with distance from 
the ice edge, it is not possible within the quasi- 
geostrophic assumption to comprehensively 
model the development. In order to study the 
most basic properties of the development the 
wind field was chosen to have the same vertical 
profile as that observed along the storm track (see 
Fig. 3) but no horizontal shear was included. The 
static stability used was also derived from ana- 
lyzed temperatures in the vicinity of the storm 
track. Near the surface, where the lapse rate is 
close to dry adiabatic, the likely uncertainty of 
the static stability is of the order of 50 percent. 
Details of the model parameters are given in the 
appendix. 

Solutions were obtained for the fastest growing 
mode for several wavelengths in the range lo00 
km to 300 km. The growth rates of these modes 
are shown in Fig. 4 which illustrates the 
wavelengths of about 500 km are the most un- 
stable. At 500 km wavelength the waves move 
with a phase speed of 8.7 ms-I. This speed is 
rather greater than the observed 4.9 m s-l phase 
speed. While it is not possible to make a direct 
comparison of the growth rate with observations, 
the maximum growth rate of 1.47 day-' is 
consistent with the observed rapid development 
of these polar lows. The effect of doubling or 
halving the low-level static stabilities would be an 
uncertainty of f l O O  km in wave length and 
+ 2 5 %  in growth rate. A more important factor 
in determining these parameters is the depth of 

2 0 0 ~ ~ I ~ c a l  Vcloclly 1 Ternperoture I 
300 

Perturbation Amplitude 

Fig. 5. Perturbation amplitudes for the streamfunction, 
vertical velocity and temperature, for the 500 km wave 
of Fig. 4. The magnitudes are in normalized arbitrary 
units. 

the disturbances. The depth is limited by the 
upper level static stabilities which are known 
with a high degree of confidence. 

The slower movement in nature than in the 
model may be an indication that the motion of 
the lows was retarded by the associated organized 
deep convection. From the infrared imagery (Fig. 
1) it is apparent that the convection penetrated 
the slower moving upper layers during much of 
the lifetimes of the systems. The model disturb- 
ances, on the other hand, were confined almost 
entirely to the faster moving lower layers, as 
shown by the amplitude profiles in Fig. 5 .  It is 
also possible that the disturbances developed 
more rapidly than can be accounted for by 
baroclinic instability alone. The model solutions 
neglect friction and lateral shear and use the 
maximum baroclinicity shown on Fig. 3. All of 
these factors cause the baroclinic growth rate to 
be overestimated. It seems likely that latent heat 
release in cumulus clouds is required in order to 
explain fully the very rapid growth seen in the 
satellite pictures. An important role for convec- 
tive heating or conditional instability of the sec- 
ond kind (CISK) in polar low development has 
been suggested by Okland (1977) and Rasmussen 
(1979) and verified in model experiments by 
Sardie and Warner (1983, 1985). 

Examination of the energetics of the disturb- 
ances reveals that the conversion of eddy avail- 
able potential energy to eddy kinetic energy 
occurs entirely within the 1000 to 800 mb layer. A 
small eddy kinetic energy flux divergence results 
in some evidence of the perturbation above the 
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Fig. 6. Perturbation phases corresponding to the 
amplitudes in Fig. 5 .  Solid line, streamfunction; short 
dashed line, temperature; long dashed line, vertical 
velocity. 

800 mb level but its amplitude is almost 
insignificant above 700 mb, as is seen in Fig. 5 .  
The phase relationship between the stream- 
function and vertical velocity perturbations is 
particularly interesting in the reversed shear case 
since the upward motion is located behind the 
trough. However, the warm part of the thermal 
perturbation is also behind the trough as a result 
of the thermal wind direction being directed 
opposite to the direction of motion, and the usual 
baroclinic signature with warm air rising and 
cold air descending is evident (Fig. 6). 

Experiments carried out to determine what 
effect horizontal shear had on the development 
show the inadequacy of linear, quasi-geostrophic 
models in cases such as this where horizontal 
gradients in static stability are also present. The 
effect of horizontal shear on baroclinic waves is 
to reduce their energy conversion efficiency, 
resulting in a reduced growth rate in regions of 
strong horizontal shear. When the model was 
used with the realistic velocity field shown in Fig. 
3 the disturbance developed most strongly in the 
area of weak horizontal wind shear just off the ice 
edge. The observed polar lows were unable to 
develop in this area because the static stabilty 
was much greater than in the model. 

An experiment to include horizontal shear was 
performed by restricting the width of the channel 
to 525 km centred on the observed storm track. 
This was the region in which the static stability 

profile given in the appendix was valid. The 
results of this experiment were not very different 
from that in which no horizontal shear was 
included except that growth rates were somewhat 
reduced (0.92 day-' for the 500 km wave com- 
pared with 1.47 day-' in the no-shear case). The 
structure of the wave in this experiment reveals 
the reduced development in regions of large 
horizontal shear. Fig. 7 shows the stream func- 
tion perturbation amplitude for the two cases 
with and without horizontal shear. Another 
feature of the case with horizontal shear is that 
the vertical extent of the perturbation is some- 
what less. This highlights the need for high 
resolution in the vertical in models which simu- 
late polar low development. 

5. Summary and conclusions 

We have presented a series of satellite images 
depicting the development of a train of four, 
more or less evenly spaced, polar lows over the 
Norwegian Sea and documented, with the help of 
ECMWF analyses, the large-scale flow pattern 
associated with their development. The disturb- 
ances formed in a shallow baroclinic zone of 
small static stability that extended outward from 
the boundary of the arctic ice pack through a 
layer of increasing depth. The track of the 
disturbances was situated close to the zone of 
strongest baroclinicity in the layer between the 
surface and 500 mb. It appeared that the tem- 
perature contrast'was produced in large part by 
differential diabatic heating in the cross stream 
direction and that the contrast was enhanced by a 
confluence of the wind in the direction normal to 
the isotherms. 

The flow was of the reversed shear type 
described earlier by Duncan (1978). The strongest 
(west-southwestward) flow was near the surface; 
the 500 mb flow was nearly stagnant. Accord- 
ingly, the disturbances were steered west-south- 
westward by the low-level winds in the direction 
opposite to the 1000-500 mb thermal wind. 

The observed characteristics of the disturb- 
ances were compared with those obtained from a 
quasi-geostrophic, dry baroclinic model (Duncan, 
1977) with use of basic state parameters taken 
from ECMWF operational analyses. The 
wavelength of maximum instability in the model 
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Fig. 7. Perturbation streamfunction magnitude (arbitrary normalized units) as a function of height and channel 
width for (a) no horizontal shear, (b) observed wind field with width of 525 km centred on the storm track. Both 
diagrams refer to the 500 km wave. 

of about 500 km compared favourably with the 
observed wavelength of 570 km. The calculated 
phase speed for the 500 km wave of 8.7 m s-' was 
considerably faster than the observed speed of 4.9 
ms-I. It is suggested that the slower movement 
in nature resulted from the presence of organized 
deep convection. An effect of the convection was 
to extend the domain of the disturbances into the 
nearly stagnant upper layers. 

The rapid growth rate (1.47 d-I) of the 500 km 
wave is qualitatively consistent with the observed 
rapid growth. Satellite imagery revealed that only 
2436 hours were required for the disturbances to 
reach full maturity. However, in view of the 
neglect of friction and lateral shear in the model 
and the use of the largest observed vertical shear, 
it seems unlikely that the observed rapid growth, 
estimated to be of the order 1-3 d-l, can be fully 
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explained by baroclinic instability. Convective 
heating may also have contributed importantly to 
the amplification. 

In summary, from the available evidence it 
appears that baroclinic instability can explain the 
initial growth of the disturbances and the 
observed wavelength of 5 0 0 4 0 0  km but that 
some other mechanism, presumably deep 
convection, is required in order to account for the 
observed speed of travel and for the extremely 
fast growth rate. 
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7. Appendix 

Model parameters 
Unless otherwise stated in the text the 

parameters used by the model for the experi- 
ments described in Section 4 were as follows: 
number of pressure levels = 33 
increment between pressure levels = 25 mb 
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