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ABSTRACT
On 30 September 1994 an Arctic low pressure system passed over the southern Beaufort Sea area of northern
Canada and research aircraft observations were made within and around the warm front of the storm. This study
is unique in that the warm front contained subzero centigrade temperatures across the entire frontal region. The
overall structure of the warm front and surrounding region was similar to midlatitude storms; however, the
precipitation rates, liquid water content magnitudes, horizontal and vertical winds, vertical wind shear, turbulence,
and thermal advection were very weak. In addition, a low-level jet and cloud bands were aligned parallel to
the warm front, near-neutral stability occurred within and around the front, and conditional symmetric instability
was likely occurring. A steep frontal region resulted from strong Coriolis influences that in turn limited the
amount of cloud and precipitation ahead of the system. The precipitation efficiency of the storm was high (60%)
but is believed to be highly dependent on the stage of development. The mesoscale frontogenetic forcing was
primarily controlled by the tilting of isentropic surfaces with confluence/convergence being the secondary influence. Sublimation contributions may have been large in the earlier stages of storm development. Satellite and
aircraft radiometers underestimated cloud top heights by as much as 4 km and this was mostly due to the near
transparency of the lofted ice layer in the upper portion of the storm. Maximum surface solar radiation deficits
ranged between 91 W m22 and 187 W m22 at two surface observing sites. This common type of cloud system
must have a major impact on the water and energy cycles of northern Canada in the autumn and therefore must
be well accounted for within climate models.

1. Introduction
The structure, dynamics, and precipitation patterns of
midlatitude winter storms have been the major focus of
many studies (see Hobbs 1978; Browning 1985 for a
review). The systems that have been studied usually
have produced rain at the surface and sometimes a mixture of rain and snow. The mesoscale organization of
such systems has been extensively examined with much
of the emphasis on the nature of precipitation bands,
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and a considerable amount of research has recently focused on the effects of the precipitation on frontogenesis
within them (Huang and Emanuel 1991; Parker and
Thorpe 1996; Barth and Parsons 1996; Szeto and Stewart 1997). One of the most complex situations appears
to arise when the precipitation-type transition region or
rain–snow boundary occurs within the frontal regions.
In these situations, the frontal region is typically associated with above 08C temperatures on one side and
below 08C temperatures on the other (e.g., Stewart and
Patenaude 1988; Taylor et al. 1993; Martner et al. 1993;
Hanesiak and Stewart 1995; Szeto and Stewart 1997).
In contrast, there is a relative dearth of articles in the
literature that are concerned with frontal cases characterized by temperatures all below 08C and producing
only snow, although there has been some work con-

1553
Unauthenticated | Downloaded 01/09/23 07:51 PM UTC

1554

JOURNAL OF THE ATMOSPHERIC SCIENCES

ducted on these systems by, for example, Saarikivi and
Puhakka (1990). This type of system is common during
the late fall and winter season in the Arctic, as indicated
by forecasters (E. Hudson 1995, personal communication) and the warm front of such a situation (30 September 1994) was investigated during the Beaufort and
Arctic Storms Experiment (BASE) conducted in the fall
of 1994 in the Canadian Arctic. This system was a longlived, relatively steady-state feature that produced an
extensive cloud field but very little precipitation. The
warm front of this case will be the focus of our investigation to begin to fill this gap in our understanding of
frontal cloud systems.
The primary mesoscale frontogenetic forcing mechanisms driving this type of Arctic warm front are consequently not well documented. Within the cold fronts
of extratropical cyclones, Shapiro (1984), Bond and
Fleagle (1985), and Raga et al. (1994) examined the
relative importance of the confluence/convergence, vertical tilting, and diabatic frontogenetic forcing terms.
Raga et al. (1994) also compared melting contributions
to the diabatic frontogenetic forcing term and found that
the melting term was an order of magnitude less than
the other terms in their case. The melting term, however,
is very sensitive to particle densities and precipitation
rates and can, in some cases, be comparable to the other
frontogenetic terms.
With the presence of only snow in this case study,
frontogenetic forcing contributions from the diabatic effects of melting and evaporation are obviously removed.
However, diabatic effects due to the sublimation of snow
need to be considered where subsaturated regions exist.
Clough and Franks (1991) showed that due to differences in the bulk density and terminal velocity of snow
and rain, the sublimation rate of snow and crystalline
ice can be up to 10 times more rapid than the evaporation
rate of rain. This can lead to significant diabatic cooling
within the storm. Parker and Thorpe (1995) used a numerical model to show that sublimational cooling can
substantially modify the cross-front flow in the vicinity
of the cooling. However, the effect of sublimation on
frontogenesis was found to be minimal due to the large
distance between the cooling region and the surface
front. They also showed that a mesoscale downdraft
below a frontal surface may be produced by sublimating
snow. Using our observational data, a frontogenetic
forcing analysis will subsequently be carried out to assess the primary frontogenetic forcing mechanisms including the contributions of sublimation.
In addition, Arctic frontal systems are quite common
during the cold season, with a frequency of about one
per week. Although the precipitation rate is typically
low, their frequency of occurrence suggests that they
may have a great impact on the water and energy budgets in the region. Again, there have been no articles
in the literature that address this issue, and a preliminary
attempt to assess the case study’s water budget will be
made.
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The effect of the cloud associated with this storm on
both the remote and surface radiational measurements
is also critical. An interesting problem discussed by
Smith (1992) is the inability of satellite infrared (IR)
channels to estimate cloud top temperatures and heights
in some situations. Smith (1992) indicated that the satellite-observed cloud top temperatures were much
warmer (as much as 208C) than the observed cloud tops
within two extratropical cyclones; hence the satellite
measurements underestimated cloud top heights substantially. Observations of very diffuse cloud tops within Arctic situations during BASE suggest that similar
remote sensing problems could be occurring. This issue
will also be addressed in this article.
Solar radiation measurements made at the surface
during the passage of winter cyclonic storms have not
been well documented anywhere to our knowledge. To
properly assess the full impact of frontal systems at the
surface, the determination of solar radiation impacts is
critical. Using special observations during BASE, solar
radiation was recorded at the surface to observe the
impacts of clouds on surface solar radiation during the
passage of the storm. The case study was then compared
to other cases during the entire BASE period (1 September–11 October 1994) to reveal typical and/or atypical attributes.
In summary then, the purpose of this article is to gain
a better understanding of a high-latitude warm frontal
system that occurred during BASE. The focus will be
on the system’s internal structure, precipitation organization, water budget, and radiation characteristics, using aircraft, dropsonde, satellite and surface data, and
using a nonhydrostatic numerical model.
The organization of this article is as follows. Section
2 provides background and synoptic analysis on the case
study; section 3 contains the warm frontal characteristics
including the mesoscale and microscale structure, diabatic effects of sublimation, and the frontogenetic forcing; section 4 illustrates the water and energy budget
impacts; section 5 presents a model simulation of the
warm front; and section 6 contains the summary and
conclusions.
2. Background and synoptics
In response to an upper low over the northern Beaufort Sea, a strong west-northwesterly flow aloft was
present across the Arctic Ocean north of Siberia and
across the southern Beaufort Sea. The warm front investigated in this study was associated with the last of
three disturbances embedded in the upper flow during
this period. Figure 1a shows the synoptic situation at
1800 UTC on 30 September 1994. The main low had
a central pressure of 100.6 kPa and was beginning to
occlude. The remnants of the previous disturbance with
a central pressure of 101.3 kPa was over the Canadian
Archipelago. In the previous 18 h the main low had
filled 0.6 kPa and had decelerated its eastward motion
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FIG. 1. (a) 1800 UTC 30 September 1994 85-kPa fronts, low centers, isobars (mb) (solid lines), and isotherms (8C) (dashed lines). (b)
0000 UTC 1 October 1994 85-kPa fronts, low centers, isobars (solid lines), and isotherms (dashed lines). The contour intervals are 2 mb
(isobars) and 28C (isotherms).

FIG. 2. Infrared NOAA-12 satellite image valid for 1901 UTC 30 September. The aircraft flight
track is also shown.
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FIG. 3. Vertical distribution of temperature (8C) as a function of
distance from the surface warm front. The shaded region contains
relative humidities $95% (with respect to ice). The aircraft flight
track (solid line) and dropsonde locations (dashed line) are also
shown. The warm front location (curved dashed line) was determined
using the two indicated horizontal aircraft passes through the front
(shown as 1 and 2) as well as the low-level jet location (see Fig. 5a).
The beginning of the flight track is located at 2300 km and 50 kPa
and the end is near 2300 km and 93 kPa.
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FIG. 4. Vertical distribution of equivalent potential temperature (ue)
in kelvins (solid line) and pseudo-angular momentum surfaces (M)
in meters per second2l (dashed line) as a function of distance from
the surface warm front. The position of the warm front is also shown
(heavy dotted line).

3. Warm frontal characteristics
a. Mesoscale and microscale structure

from 8 m s21 to 5 m s21. The warm front was aligned
northwest to southeast across the Amundsen Gulf southwest of Banks Island.
Figure 1b shows the situation 6 h later (0000 UTC 1
October 1994). The main low continued to fill and occlude, while the frontal wave slowly accelerated towards
the east from 5 m s21 to near 7 m s21 between 1800
UTC and 0000 UTC. Surface pressure tendencies and
wind shifts at coastal stations were primarily used to
identify frontal passages since sharp surface temperature
changes did not occur. By 0000 UTC, the upper circulation was weakening considerably and signaling the
beginning of a major realignment in the flow that would
see the Arctic airstream weaken and the Pacific airstream strengthen. A satellite IR image of the storm (Fig.
2) indicated banded clouds slightly ahead of and within
the surface front that were also parallel to the front.
The National Research Council of Canada Convair
580 research aircraft flew through the storm measuring
thermodynamic variables, horizontal and vertical winds,
as well as cloud and precipitation-sized particles [with
instrumentation similar to that described by Stewart et
al. (1996)]. The aircraft flight track (Fig. 2) was nearly
perpendicular to the alignment of the front making two
horizontal passes through the warm front at 98.5 kPa
and 90 kPa. The remainder of the flight focused on
obtaining data pertinent to the overall structure of the
storm. Seven dropsondes were released at different
stages throughout the flight to supplement the aircraft
data. This article will use virtually the entire flight to
describe the nature of the case study.

The temperature and relative humidity (with respect
to ice) fields (Fig. 3) were derived from a 2D weighted
linear interpolation gridding technique using 30-s sliced
aircraft data and dropsonde data (every 0.5 kPa). A
Delaunay triangulation was peformed on the irregularly
spaced aircraft data (see Fig. 3 for the flight track) and
was then linearly interpolated to a regular grid (defined
by the triangulation) according to the closest neighboring data points. Grid points existed every 5 km in the
horizontal and 2 kPa in the vertical. The aircraft data
were also adjusted in time to account for the warm front
propagation and to properly analyze the data relative to
the distance of the surface front by correlating the surface front position at a given time and speed (7 m s21)
with the aircraft position over time. The surface front
traveled nearly 56 km during the critical period of flight
(1926 UTC; at 170 km and 50 kPa in Fig. 3 to 2140
UTC; at 240 km and 90 kPa in Fig. 3) within and around
the warm front region.
A weak, shallow, and relatively steep frontal zone is
evident on the temperature (Fig. 3) and equivalent potential temperature (Fig. 4) fields. The equivalent potential temperature cross section also reveals weak stability (]ue/]z near 0) within the frontal zone and stable
conditions (]ue/]z . 0) elsewhere. The frontal zone was
bounded by the 248C isotherm on the warm side and
the 2108C isotherm on the cold side at the surface,
making the overall frontal zone width near 180 km. This
is considerably wider than its Canadian east coast counterparts [near 23–144 km, Taylor et al. (1993)]. The
exact frontal location shown in Figs. 3 and 4 was deduced by interpolating between two horizontal aircraft
passes through the front (shown as 1 and 2 in Fig. 3)
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FIG. 5. Vertical distribution of (a) alongfront winds (m s21) and (b) acrossfront winds (m s21) as a function of distance from the surface
warm front. Negative velocities denote easterly and northerly winds for (a) and (b), respectively.

that indicated enhanced temperature changes and turbulence [see section 3a(1)]. One of the consequences of
the steep frontal zone is that a substantial portion of the
frontal cloud and precipitation was occurring in the
warm sector (Fig. 3) instead of ahead of the surface
front as commonly observed in the midlatitudes. Therefore, leading upper-level cirrus and midlevel clouds
were less evident than in the midlatitudes.
An interesting feature in the temperature field (Fig.
3) is located at 50–100 km and between 58 kPa and 66
kPa. The isotherms dip sharply in the subsaturated region, which may imply cooling due to the sublimation
of snow. There were several different subsaturated
regions within the storm where sublimation may have
occurred, but the most pronounced one was in the above
location where a dry slot of air existed at the front edge
of the storm between about 83 kPa and 60 kPa (Fig. 3).
Snow was falling into this drier air where the aircraft
made a vertical descent (from 55 kPa to 90 kPa at 125
km in Fig. 3). Estimates of the sublimation rate of the
snow particles and diabatic cooling will be presented in
section 3b.
The lower levels of the storm were predominantly
saturated near the frontal zone; however, a subsaturated
region (having relative humidity with respect to ice of
90%–99%) about 80 km wide at the surface was centered 100 km ahead of the surface front (see Fig. 3).
The deepest portion of the subsaturated region extended
from the surface to 90 kPa, 105 km ahead of the surface
front. Although the lowest relative humidities (with respect to ice) were only 90% and precipitation rates were
low, considerable sublimational cooling may have occurred ahead of the front (see section 3b).
Saturated conditions and visible cloud tops did not
extend above 50 kPa (near 5.5 km), which is significantly lower than reported in association with several
other winter storms (e.g., Stewart and King 1987; Stewart and Patenaude 1988). The aircraft radiometer predicted cloud top temperatures to be 2108C in many

regions; however, actual cloud top temperatures were
near 2308C. The satellite IR measurements also predicted cloud top temperatures similar to that found by
the aircraft radiometer. An investigation as to why this
was the case is given in section 4b.
The largest wind speeds did not exceed 15 m s21
throughout the storm even at altitudes near 50 kPa (Figs.
5a and 5b). The strongest wind speeds below 50 kPa
were just ahead of the warm front (15 m s21) near 94
kPa producing a low-level jet that was aligned parallel
to the front (NW–SE) with a southeasterly component
(Fig. 5a). Low-level jets are a common occurrence within warm fronts; however, most Canadian east coast
storms produce jet wind maxima over 30 m s21 (e.g.,
Stewart and Patenaude 1988; Hanesiak and Stewart
1995). More southwesterly to westerly winds prevailed
behind the front and in the upper portion of the storm
(above 80 kPa). Another local wind maximum (15 m
s21) was located at 50 km near 70 kPa (Fig. 5a), which
may have been a midlevel jet aligned perpendicular to
the direction of storm motion, blowing from the northwest.
Wind shears throughout the storm were very weak
with maxima near the warm frontal zone (0.015 s21).
More typical shear magnitudes within the storm were
very near zero away from the frontal zone. This case
study’s shear magnitudes are considerably weaker than
its Canadian east coast counterparts, which can be a
factor of 10 larger (e.g., Stewart et al. 1996; Hanesiak
and Stewart 1995).
Positive horizontal thermal advection (in the crossfront direction) reached a maximum of 18C h21 near the
frontal zone and was very near zero throughout the rest
of the storm. The horizontal thermal advection was calculated using the gridded aircraft data. Horizontal confluence was also a maximum around the frontal zone
with maximum magnitudes near 21.5 3 1024 s21 on
the warm side and within the front close to the surface.
Similar maximum difluence magnitudes existed directly
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FIG. 6. Vertical distribution of particle types, 2DC (L21) and 2DP (L21) concentrations, 2DC and 2DP sizes (mm), and liquid water contents (g m23) as a function of distance from the surface warm front (see legend for the placement of each parameter).

ahead of the frontal zone. More typical confluence values were near 20.4 3 1024 s21 in other regions of the
storm. The locations and magnitudes of confluence and
difluence are similar to those reported by Saarikivi
(1990), who examined several occluded extratropical
cyclones in the vicinity of Finland. The magnitudes are
also very similar to those found by Stewart et al. (1996),
who compared numerous horizontal aircraft passes
through warm fronts within Canadian Atlantic winter
storms.
Since weak stability existed where the cloud bands
were observed (see Figs. 2 and 4) and the cloud bands
were parallel to the low-level shear (using the dropsonde
data), conditional symmetric instability (CSI) may have
played a role in the formation of the bands (Bennetts
and Hoskins 1979). The necessary conditions for classical conditional instability (CI) were not observed in
any of the dropsonde soundings; however, in order to
assess whether the phenomena of CSI could have occurred, constant pseudo-angular momentum surfaces
(M) were calculated using the gridded data (as in Fig.
3). It should be mentioned that the increased buoyancy
due to the latent heat of fusion would have had little
effect on the potential for CI, since this case study had
very weak vertical motions and weak precipitation rates
during the observation period.
The cross section of the gridded data was very nearly
perpendicular to the geostrophic shear (required for the
analysis; see Emanuel 1983) and soundings were gen-

erated along selected constant pseudo-angular momentum surfaces (see Fig. 4) to observe whether the CSI
phenomena may have been possible (Emanuel 1983).
The ue surfaces are parallel to and in some regions decreasing along the 30–60 m s21 M surfaces (Fig. 4) at
varying low levels (below 80 kPa). Several skew-T diagrams within and around the frontal zone (from 250
km to 50 km in Fig. 4) along constant pseudo-angular
momentum surfaces indicated conditional instability.
The banded clouds (seen in Fig. 2) could have then been
a result of the CSI phenomena. The likelihood of CSI
is not uncommon within these types of storms. Saarikivi
(1990) showed that conditions favourable for CSI were
very common in 150 extratropical cyclones (in all seasons) near Finland and it was postulated to be the main
cause for their observed frontal precipitation bands.
Liquid water contents (LWC) were generally quite
small and regions of significant values were scattered
throughout the storm (Fig. 6). The highest LWCs were
0.25 g m23 at the front edge of the storm near the surface
(350 m) and about 150 km from the surface front. Most
of the liquid water was observed within and near the
frontal zone and most of the cloud was completely glaciated.
The 2DP (2D Optical Array Precipitation Imaging
Probe) and 2DC (2D Optical Array Cloud Droplet Imaging Probe) instrumentation provided images of the
precipitation particles in the size ranges between 200–
6400 mm and 50–1600 mm, respectively. Snow aggre-
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gates were indicated by the 2DP and 2DC images in
several regions of the storm but not always in the immediate vicinity of liquid water (Fig. 6). This was most
likely due to the aggregates originating from a nonzero
LWC location and their trajectories being coincidental
to the aircraft’s location at a particular time. In some
regions where LWC was present, the snow particles
were rimed, making their appearance more rounded
around the edges.
Dendritic crystals were the dominant particle type
within the storm, although needles were present in several regions (Fig. 6). Needles were normally present
with liquid water, although this was not always the case.
Needles were at the top of the storm near 55 kPa at
temperatures close to 2308C with no liquid water present and behind the front with temperatures ranging from
26.58C to 2108C with nonzero LWCs. A 4-min period
(or about 22 km) of predominantly needles occurred
150 km behind the surface front during a horizontal
aircraft pass at 98.5 kPa with temperatures near 22.58C.
The maximum 2DP concentrations were near the top
of the storm (58 kPa) at 1.5 L21 with 2DC concentrations
near 30 L21 (Fig. 6). Typically, 2DC concentrations are
larger than 2DP concentrations since the 2DC probe
includes the smaller particles. Other regions of enhanced
2DP concentrations were near the frontal zone with
maximum values of 0.75 L21. Enhanced 2DC concentrations were mainly located in the lower to midlevels
of the storm, behind the frontal zone with maximum
concentrations just above the surface front (108 L21).
Maximum 2DP and 2DC diameters were around the
frontal zone with maxima near 3.5 and 6.7 mm, respectively. The highest average 2DP and 2DC diameters
were within the frontal region near 2 and 5 mm, respectively, with other regions of the storm typically being ,1 mm for 2DP and near 2 mm for 2DC sizes.
HORIZONTAL PASSES THROUGH THE FRONT
Two horizontal aircraft passes were made through the
warm front, one at 90 kPa and the other near 98.5 kPa.
Information from each pass was very similar and therefore only the time series of data from the lower pass
(at 98.5 kPa) is shown (Fig. 7). The air was saturated
with respect to water during both passes; hence the dewpoint and relative humidity are not shown.
The overall horizontal temperature gradient across the
frontal region (222.5 km to 22.5 km) is about 38C (100
km)21 (Fig. 7a). Although local fluctuations in the temperature field are large, an interesting finescale frontal
structure can be readily identified in the time series. Two
enhanced small-scale (about 5.5 km) baroclinic zones
having horizontal temperature gradients near 158C (100
km)21 are separated by a 8-km wide barotropic region
between 28 km and 0 km (Fig. 7a). The baroclinic zones
temperature gradients are weak; however, these types of
observations were a common occurrence during the
BASE experiment. Similar but wider finescale frontal
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structures have also been observed in rain–snow zone
type warm fronts (Stewart et al. 1996). Since such finescale structures were very often found near 08C in the
rain–snow zone type frontal systems, both Stewart et
al. (1996) and Szeto and Stewart (1997) have attributed
the effects of cooling by melting to be the cause of such
finescale frontal structures. However, since the temperature within the frontal zone is below 08C everywhere,
melting could not have produced the finescale frontal
structure in this case.
If one assumes homogeneity of the frontal properties
in the alongfront direction, then the vertical component
of relative vorticity (z) is given by the horizontal gradient of the alongfront wind. The average across the
frontal zone is about 2 3 1024 s21 (Fig. 7b), which is
consistent with the concept that synoptic frontal zones
are also regions of enhanced positive relative vorticity.
Although the average z across the frontal zone is positive, there is a narrow region of negative z found near
the finescale frontal structure discussed above. The Coriolis parameter at the latitude of this study (728N) is
near 1.4 3 1024 s21.
Corresponding finescale modulations within the frontal zone can also be identified in the cross sections of
the cross-front wind and the vertical velocity (Figs.
7c,d). Enhanced confluence is observed both upwind
and downwind of the barotropic region, with a region
of difluence inside the barotropic zone. Weak sinking
motion may have been occurring in the region of the
low-level divergent flow (Fig. 7d), and this descent may
have contributed to the finescale baroclinic structures.
However, the dynamic origin of these small flow perturbations is not clear. One possible explanation would
be earlier sublimation processes remaining above the
aircraft pass causing cooling and hence the sinking of
air and the observed divergent flow.
The vertical velocity had a maximum near 1 m s21
and showed consistent positive values fluctuating between 0 m s21 and 0.3 m s21 throughout the entire
13-min leg (Fig. 7d). Stewart et al. (1996a) also examined horizontal aircraft warm frontal passes that contained all positive vertical velocities but pointed out that
this was not always the case. Vertical velocity maxima
were also generally larger in Stewart et al. (1996) compared to this storm. However, the vertical velocities in
this case were on the same order as those reported by
Saarikivi (1990), who sampled more than 70 similar
winter storms. It is of interest to note that the occurrence
of the warm frontal zone within a field of generally
ascending motion is consistent with the results of warmfrontogenesis model simulations (Keyser and Pienick
1987).
Liquid water contents reached a maximum of 0.12 g
m23 on the cold side of the front (Fig. 7e) where turbulence increased as well (see Fig. 7d). Stewart et al.
(1996) and Raga et al. (1994) also indicated greater than
zero LWCs and increased turbulence on the cold side
of the fronts with similar LWC maxima. Furthermore,
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FIG. 7. Time series of (a) temperature (8C), (b) alongfront winds (m s21), (c) acrossfront winds (m s21), (d) vertical
winds (m s21), (e) liquid water content (g m23), (f ) 2DC concentrations (L21), (g) 2DP concentrations (L21), and (h)
sea ice cover (%) for the lowest aircraft pass through the warm front (98.5 kPa). The time series is valid from 2006:
40 UTC to 2020:30 UTC 30 September.

in conjunction with the enhanced LWC regions and
frontal zone, there were localized maxima of 2DC and
2DP particle concentrations (Figs. 7f and 7g). Maximum
2DP and 2DC concentrations reached 0.75 L21 and 45
L21 respectively in the lower aircraft pass and were
slightly smaller in the upper pass. The bimodal distri-

bution in the 2DC and 2DP concentrations might also
be related to the finescale frontal structure mentioned
earlier, but it is difficult to be certain.
The underlying surface below the aircraft pass was
identified by an examination of the video footage produced by a downward looking camera on the belly of
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FIG. 7. (Continued)

the aircraft. The results of this analysis showed that the
surface was mainly sea ice in concentrations near 100%
behind the warm front (Fig. 7h). Ice concentrations
ranged between 20% and 60% at locations .15 km
ahead of the front. Therefore, surface heat and moisture
fluxes could have been greater where ice fractions were
smallest, ahead of the surface front. However, it is not

clear whether the change in ice fractions had an impact
on the overall frontal structure.
b. Diabatic effects from sublimation
It was pointed out in section 3a that sublimation may
have occurred in several regions of the storm. A detailed
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inspection of the diabatic cooling effects from sublimation as well as sublimation rates are presented in this
section.
Two specific regions of the storm with sublimation
were near 50–150 km between 60 and 70 kPa and near
100 km between the surface and 90 kPa (see Fig. 3).
The sublimation regions were identified by the aircraft
observations, knowing that the regions were subsaturated and also contained precipitation. The aircraft made
a vertical descent at 150 km from 54 kPa to 90 kPa,
measuring 2DC and 2DP data every 10 s (50 m), allowing precipitation rate estimates as the aircraft descended, along with temperature and relative humidities
(every second). This information allowed sublimation
rate and diabatic cooling (from sublimation) estimates
as the aircraft descended through the sublimation region.
The relative humidity (with respect to ice) was highly
variable but reached a minimum of 60% where snow
was sublimating. The snow mixing ratio decreased from
0.025 g kg21 to zero over a depth of 700 m (from 4.4
km to 3.7 km). This converts to an average sublimation
rate of 3.6 3 1025 g kg21 s21 using a terminal velocity
of 1 m s21. The resulting diabatic cooling over the 700-m
depth can be estimated using the energy relationship
between sensible and latent heat in clouds given by
MLs 5 racpHADT,

2

DT
L Rr
ø s w,
Dt
Hc pr a

beyond the 105-km distance due to unavailable precipitation data.
The surface temperatures and relative humidities
ranged from about 25.58C and 96% (at 65 km) to
26.58C and 90% (at 105 km). The depth of subsaturation changed from 100 m (at 65 km) to 1 km (at 105
km). The 2DC and 2DP data from an aircraft pass above
this cross section were used to estimate the precipitation
rates associated with each sounding (ranging from 0.04
mm h21 to 0.16 mm h21) to estimate the diabatic cooling
for each sounding. The sublimation scheme indicated
that the maximum diabatic cooling was fairly weak near
20.068C h21 at 85 km close to the surface (Fig. 8).
Maximum cooling took place in this region due to a
combination of a slight increase in precipitation rates
and dry enough conditions to induce enhanced cooling.
c. Frontogenetic forcing
Assuming homogeneity along the front, the mesoscale frontogenetic forcing was calculated for this storm
following an approach similar to Bond and Fleagle
(1985) and Raga et al. (1994). The forcing F can be
expressed as

]

(1)

where M is the mass of snow, Ls is the latent heat of
sublimation, ra is the air density, cp is the specific heat
of air at constant pressure, H is the depth over which
sublimation occurs, A is the cross-sectional area of the
column of air, and DT is the sensible heat change in the
air. Equation (1) can be altered and solved to find the
diabatic cooling rate due to sublimation given by
(2)

where Dt is the time interval during sublimation, rw/ra
is taken to be 1000, and R is the precipitation rate (mm
h21). The precipitation rate just above the subsaturated
region was 0.1 mm h21, H was 700 m, and the temperature was 2258C (making Ls 5 2839 J g21). Using
these values, the estimated sublimational cooling rate
within the 700-m layer would have been 20.48C h21.
This rather large rate of cooling may have produced the
wavelike pattern in the temperature field (seen in Fig.
3) in the region of interest.
Diabatic cooling from sublimation was also estimated
ahead of the front and near the surface using two dropsondes, an aircraft pass at 90 kPa between 65 km and
105 km, and a bulk microphysical scheme (adapted from
Szeto and Cho 1994) to model the sublimation process.
Temperature and humidity soundings were generated
every 5 km between 65 km and 105 km (between dropsondes) up to the saturation height by linearly interpolating in the distance and vertical directions to simulate a 2D cross section. The analysis did not extend
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where x is positive toward colder air and perpendicular
to the front. The first term on the right-hand side of the
equation represents diabatic influences from turbulent
mixing, phase changes of water substances as well as
radiation. Radiation influences were neglected for these
calculations under the overcast condition since no surface radiation measurements were possible over the
ocean. Thus, only turbulent mixing and sublimation
contributions to diabatic forcing were calculated. The
second term represents confluence and convergence, and
the third term is the vertical tilting of isentropic surfaces.
The 2D assumption in this case should not have posed
a problem since the observations were made at a significant distance away from the low center and the
alongfront thermodynamic gradients were much less
than the acrossfront gradients.
The forcing terms were calculated using the gridded
data shown in section 3, with a horizontal resolution of
approximately 5 km and a vertical resolution of 2 kPa.
The effects from confluence and tilting are shown in
Figs. 9a and 9b, respectively. The maximum confluence
term (up to 0.05 3 1026 K m21 s21) occurred at the low
levels on the warm side of the front and within the front
(Fig. 9a). The tilting term (Fig. 9b) also had maximum
values in the lower levels (up to 0.1 3 1026 K m21 s21).
The diabatic influences from turbulent mixing were
also calculated following the procedure of Bond and
Fleagle (1985) and were found to be negligible compared to the confluence and tilting terms. The largest
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FIG. 8. Sublimational cooling (8C h21) derived from the bulk microphysical scheme for the simulated 2D temperature
and relative humidity cross section ahead of the surface warm front. Precipitation rates associated with each 5-km sounding
are indicated above the figure. The darkest shading represents relative humidities (with respect to ice) between 90% and
92% and increases in 2% increments up to the lightest shade depicting 100% relative humidities.

magnitudes of the diabatic term from turbulent mixing
were 0.01 3 1026 K m21 s21.
In section 3b, the diabatic cooling effects from sublimation were estimated for a cross section ahead of the
surface front between 65 and 105 km. The resulting
frontogenetic forcing term [](du/dt)s/]x, where the
subscript s refers to sublimation] was calculated using
the data in section 3b. Maximum positive frontogenetic
forcing due to sublimation was 2.5 3 1026 K m21 s21,
located in the midsection of the subsaturated region on
either side of the negative frontogenetic forcing area
(Fig. 9c). The only region containing negative frontogenetic forcing (maxima near 24 3 1026 K m21 s21)
was between 85 and 90 km, resulting from a decrease
in sublimational cooling across the horizontal domain
(see Fig. 8). Despite this case having very weak precipitation rates and high relative humidities ($90%),
the sublimation term is much larger than the melting
term (60.5 3 1026 K m21 s21) found in Raga et al.
(1994).
Since frontogenetic forcing due to sublimation was
occurring so far ahead of the front during the aircraft
flight, it is unlikely that it played a key role in frontal
development at that time and was not included in the
total frontogenetic forcing term (F). However, subli-

mation may have been important in the earlier stages
of frontal development (see section 5). It should also
be pointed out that drier conditions in the earlier stages
of storm development in conjunction with higher precipitation rates near the surface front would have also
increased sublimational frontogenetic forcing.
The total frontogenetic forcing (Fig. 9d) was primarily dominated by tilting of isentropic surfaces at all
levels with confluence/convergence being the secondary
influence. The largest positive magnitudes are relatively
small (0.15 3 1026 K m21 s21); however, this is not a
surprising result due to the nature and type of this storm.
Saarikivi and Puhakka (1990) examined a similar wintertime occluded front and pointed out that occluded
systems often exhibit relatively weak frontal intensities
compared to mature extratropical cyclones existing in
the midlatitudes.
4. Storm-scale water budget and radiation impacts
a. Precipitation efficiency
The precipitation efficiency (PE) of the case study
was estimated using the gridded wind and humidity data
and near-surface precipitation rates. The precipitation
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efficiency is defined to be the ratio of the total surface
precipitation over the total amount of moisture entering
the system. The calculation of precipitation efficiency
assumes the system is in a steady state; therefore some
error may be inherent in the calculations due to the 4-h
aircraft flight period. The total amount of moisture flux
into the storm system was calculated using winds parallel to the cross section (Fig. 5b) along with humidities
at the rear and front of the storm. The total amount of
precipitation exiting the storm was estimated using aircraft derived near-surface (300 m) precipitation rates.
The aircraft covered approximately 85% of the entire
storm’s horizontal extent (or region of interest) where
precipitation was occurring along the cross section while
flying at 300 m above the ground. The influx of moisture
was calculated with a vertical resolution of 4 kPa and
the precipitation rates were available every 10 s (or
about 1 km).
The results indicated a PE of about 0.6, or 60% of
the total incoming moisture, was released to the surface.
This indicates that 40% of the incoming moisture was
available for other processes such as cloud and condensate generation and moistening of the storm region.
To investigate this further, the convergence field was
analyzed in conjunction with the humidity field to determine where the water vapor was entering and exiting
the storm. The entire leading edge and top of the storm
were associated with convergence and the rear of the
storm was characterized by convergence between the
surface and 70 kPa. The only location of divergence
was between 70 and 40 kPa at the rear of the storm.
Furthermore, only half of the divergent region had relative humidities $95% (with respect to ice). This indicates that very little vapor (about 5%–10% of the total
incoming moisture) was being ejected out of the region
where the measurements were taken.
A low PE would of course have large impacts on the
regional water budget by reducing the available amount
of precipitation reaching the surface. This case study
provides a relatively high PE and is consistent with the
fact that the storm had very little precipitation since
very little moisture was available to begin with, and the
moisture that was available was mostly converted to
snow. It is suspected, however, that the PE would have
been much smaller in the earlier stages of development
due to enhanced sublimation during that time (see section 5).
There are very few articles in the literature that can
be used for comparison of these PE results. McBean
and Stewart (1991) estimated that the PE was also very
high (near 70%) within an occluded system over the
north Pacific Ocean. Houze et al. (1976) estimated the
PE of a warm frontal precipitation band to be even
higher (60%–90%) over the state of Washington, but
Ryan et al. (1989) showed that PE could be zero over
parts of Australia. The degree of saturation of the nearsurface region is a key parameter governing PE; over
Australia there are very dry subcloud regions, while
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FIG. 9. Frontogenical effect of (a) horizontal confluence/convergence (]u/]x)(]u/]x), (b) tilting of isentropic surfaces (]w/]x)(]u/]z),
(c) sublimation ](du/dt)s/]x, and (d) the net frontogenic forcing. The
units are in 1026 K m21 s21. The solid lines indicate positive values,
and the dashed lines negative values. The zero contours are not shown,
except in (c). The warm front is indicated by the heavy dashed line.

over the other regions there is a much higher moisture
content. The occurrence of near saturation at the low
levels in our case near the front is then quite consistent
with the limited analyses conducted elsewhere.
b. Satellite-predicted cloud top temperatures
The NOAA-12 satellite IR temperatures (channel 4)
predicted cloud top temperatures to be 208C warmer
than were observed by the aircraft in many regions between 0 and 100 km (in Fig. 3). The satellite and aircraft
radiometers predicted cloud top temperatures to be
2108C, whereas the aircraft-observed cloud tops were
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FIG. 9. (Continued)

near 52 kPa where temperatures were close to 2308C.
This temperature difference resulted in a height deficit
of approximately 4 km between the actual cloud top
height (near 5.5 km) and the satellite radiometer estimated cloud top (1.5 km). A possible explanation for
this is provided in this section.
Smith (1992) showed two winter storms where the
satellite-derived cloud top temperatures were dramatically warmer than observed. We have used his procedure
to estimate an expected height deficit between the actual
cloud top and satellite observed cloud top, z*. Smith
(1992) considered the opacity of the cloud to IR radiation to estimate a z* for both of his winter storms where
the cloud particle concentration was represented by
n(z) 5 Cz*m,

(4)

where z* is the distance below cloud top and C and m
are fitting parameters. Here, C was calculated as in
Smith (1992) using the water droplet size spectral information from a vertical ascent through the region of
interest [0.6 3 10210 cm25 using m 5 2, or a quadratic
fit to the Forward Scattering Spectrometer Probe (FSSP)
data]. FSSP concentrations increased from zero to 600
L21 from actual cloud top to 2 km below cloud top.
Then z* was calculated as in Smith (1992) using
z* 5

1

3t cosf
AC

2

1/3

,

(5)

where t, the optical depth, is taken to be equal to 1 for
radiation reaching the satellite (Smith 1992); f is the
satellite zenith angle (418 in this case); and A is the
geometric scattering approximation (0.79 3 1026 cm2
in this case). Using the above values, z* was 3628 m,

which is reasonably close to the actual height deficit of
4000 m.
The value of z* and hence the low IR cloud top height
result from the low particle density (Smith 1992). Therefore, the satellite and aircraft radiometer were unable to
detect the lofted ice layer in the upper region of the
storm. Liao et al. (1995) also indicated that clouds with
very diffuse upper boundaries (which was the case in
this study) will result in underestimated cloud tops
(greater brightness temperatures than cloud top temperatures) due to the detected radiation originating from
deeper within the cloud.
c. Solar radiation measurements
Solar radiation measurements were made at the surface in Inuvik and Tuktoyaktuk, Northwest Territories,
during the warm frontal passage between 1200 UTC 30
September and 0000 UTC 1 October (see Fig. 1). Unfortunately, the warm front passed through the area during the early morning hours when there was no sunlight
(1200 UTC 30 September); however, good measurements were available during the passage of clouds linked
with the warm sector of the storm. Measurements were
available every hour by standard pyranometers pointing
upward and measuring total surface solar radiation (direct and diffuse) in hourly averages.
Since there were no clear sky solar radiation measurements available in Inuvik or Tuktoyaktuk to quantify the effects of the clouds, a two-stream solar radiation model (Schmetz 1984; Schmetz and Raschke
1981) was used to estimate the expected clear sky solar
irradiance for both sites. The 1200 UTC 30 September
Inuvik sounding was used to provide the water vapor
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profile for the clear-air radiation calculations. Other calculations that used the 0000 UTC 1 October Inuvik
sounding differed by only 2–3 W m22. The ozone profile
was taken from the subarctic summer standard atmosphere of McClatchey et al. (1972), and in the absence
of aerosol data, a moderately absorbing aerosol with
optical depth 0.084 at 0.5 mm was included in the model
calculations.
Figures 10a and 10b show the measured solar irradiance and clear sky irradiance for both Inuvik and Tuktoyaktuk, respectively, during the storm’s passage. The
difference between the clear-sky solar radiation and
measured solar radiation (reduction difference) also appears in the figures. Standard surface cloud observations
from Inuvik and Tuktoyaktuk were then used to correlate
the cloud types and amounts with the solar radiation
measurements. It is recognized, however, that surfacebased cloud layer determination can vary from observer
to observer due to subjective cloud height estimations
(Poore et al. 1995). All solar radiation data corresponding to solar hours 0630–0730 and 1630–1730 were
omitted from the analysis due to the very low sun elevation angles at those times.
The Inuvik measurements (Fig. 10a) were associated
with low stratocumulus amounts mostly near one-tenth
covered except between solar hours 1100 and 1200
(three-tenths and two-tenths covered, respectively). Altocumulus amounts changed from four-tenths to onetenth over the day and the cirrus clouds ranged between
one- and three-tenths of varying types. Due to the variable solar zenith angle throughout the day, it was difficult to attribute hourly changes in reduction differences
to hourly changes in cloud type or amount in most situations as seen in Fig. 10a. However, some quantitative
estimates of cloud impacts on surface solar radiation
can be made. The reduction differences ranged between
20 and 91 W m22 for the above cloud observations with
an average reduction difference of 45 W m22. No precipitation was observed at the surface during the entire
period.
The Tuktoyaktuk measurements (Fig. 10b) were associated with conditions considerably different from
those found in Inuvik. Tuktoyaktuk was influenced more
by low-level stratocumulus cloud (mostly eight- to tentenths covered) that made mid- to upper-level cloud observations difficult. The more abundant low cloud and
possibly more mid- and upper-level cloud in Tuktoyaktuk resulted in higher reduction differences than those
in Inuvik, ranging between 88 and 187 W m22 (Fig.
10b). The relative decrease in the reduction difference
at solar hour 1030 (88 W m22) may have been due to
the decrease in low-level cloud amounts between solar
hour 1000 (eight-tenths) and 1100 (four-tenths). The
reduction difference increased once again at solar hour
1130 (156 W m22) once the low-level cloud amounts
increased (seven-tenths at solar hour 1200). The average
reduction difference in Tuktoyaktuk was 130 W m22
during the day. The larger low-level cloud amounts in
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Tuktoyaktuk compared to Inuvik resulted in Tuktoyaktuk having a 85 W m22 greater average reduction
difference.
Five other storms with their warm fronts/sectors passing over Inuvik and Tuktoyaktuk during the BASE period were compared to the 30 September case study to
observe any similarities (Table 1). Three of the five
storms exhibited similar warm frontal/sector clouds as
the September 30 storm and the other two storms possessed greater amounts of warm sector cloud layers at
Inuvik (Table 1a). This was most likely due to the low
center being very close to Inuvik in the two latter cases.
Storms 2, 3, and 6 (in Table 1a) had reduction differences ranging between 34 and 46 W m22, 5 and 32 W
m22, and 14 and 45 W m22, respectively, during the
warm frontal and warm sector passages through Inuvik.
All three of the storms had very similar cloud layers
and amounts (see Table 1a for the corresponding cloud
types).
The other two storms (4 and 5) having the warm
fronts/sectors pass over Inuvik exhibited greater cloud
amounts and reduction differences (Table 1a). The reduction difference changed from 73–116 W m22 (threeto four-tenths stratocumulus, four- to five-tenths altocumulus, and one-tenth regular cirrus) to 169–196 W
m22 (four- to six-tenths stratocumulus, three- to fourtenths altocumulus, and one-tenth regular cirrus) over
the day during storm 4 (Table 1a). The reduction difference again increased in storm 5 during the day from
132–189 W m22 (one-tenth stratocumulus and five- to
six-tenths cirrostratus) to 188–246 W m22 (three- to
four-tenths altostratus and six- to seven-tenths altocumulus). Storm 5 had higher reduction differences compared to storm 4, possibly due to larger mid- and upperlevel cloud amounts.
The cloud types and reduction differences were very
different in Tuktoyaktuk compared to Inuvik during the
same warm frontal/sector passages for each of the
storms (Table 1b). The reduction differences were generally larger in Tuktoyaktuk and appear to be mostly
due to variations in the amount of low-level cloud cover.
The more abundant low-level cloud in Tuktoyaktuk may
have been due to the low centers of each storm being
closer to Tuktoyaktuk and/or coastal influences. There
were only two storms (2 and 5) that had small low-level
cloud amounts initially (two- to four-tenths stratocumulus in storm 2 and one-tenth stratocumulus in storm
5) with similar mid- and upper-level cloud as Inuvik
resulting in lower reduction differences (20–138 W m22
in storm 2 and 55–113 W m22 in storm 5) (Table 1b).
The absence of low cloud did not last long, however;
in both cases stratocumulus clouds increased in a matter
of a few hours (six- to seven-tenths for storm 2 and
nine-tenths for storm 5), increasing the reduction differences to 150–250 W m22 (storm 2) and 148–158 W
m22 (storm 5). The remainder of the storms (1, 3, 4,
and 6) all had larger reduction differences in Tuktoyaktuk compared to Inuvik (Table 1b).
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To put the radiation results for the case study into
perspective, an examination of surface radiation perturbations (at Inuvik and Tuktoyaktuk) linked with cyclonic systems for the season (1 September to 6 October
1994) was carried out (Table 2). All cloud types were
categorized into low-, mid-, and high-level classes. The
average reduction difference, standard deviation and reduction difference range associated with each cloud
class were calculated using all of the hourly solar radiation measurements (Table 2). Other possible cloud
observation combinations that do not appear in Table 2
were not observed at either site. An increase in reduction
differences (26–268 W m22 for Inuvik and 25–281 W
m22 for Tuktoyaktuk) occurs when low cloud amounts
increase (one- to three-tenths to ten-tenths) (Table 2).
Also, the reduction difference range would increase as
the low-level cloud amounts increased. Many factors
would cause this; however, when low cloud amounts
are high, the effects of the mid- and upper-level clouds
would not be taken into account since observations of
the mid- and upper-level cloud would be impossible to
estimate. Furthermore, Tuktoyaktuk spent 60% of the
time under large low cloud amounts (eight- to ten-tenths
covered) with reduction differences between 134 and
483 W m22 during BASE (including ten-tenths fog),
whereas Inuvik only spent about 44% of the time under
similar conditions with reduction differences between
110 and 385 W m22. Of those percentages (44% for
Inuvik and 60% for Tuktoyaktuk), organized cyclonic
systems contributed to nearly 75% of the large low cloud
amounts for both locations. If one were to include all
of the combinations of cloud layers that totaled eightto ten-tenths sky covered, the percentages of time spent
by each site under such conditions would further increase to 78% (119–483 W m22) for Tuktoyaktuk and
60% (97–385 W m22) for Inuvik. Of these percentages
(60% for Inuvik and 78% for Tuktoyaktuk), organized
cyclonic systems contributed to nearly 80% of the cloud
layers that totalled eight- to ten-tenths sky covered.
In summary then, one can now appreciate that events
such as the case study are critically responsible for much
of the cloud fields and associated surface solar radiation
perturbations in the autumn period.
5. Numerical simulations of the warm front
The observations presented in the previous sections
revealed several important characteristics of the warm
occluded frontal system. However, it is of interest to
investigate some of these characteristics further and to
examine how they may have developed during the life
cycle of the storm. In particular, we are interested in
knowing the role of the high Coriolis parameter in the
nature of the system and the system’s water budget,
including an investigation of sublimational effects during the early stage of storm development. Unfortunately,
observations of the storm in its earlier development
stage are not available. Therefore, to gain insight into
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the nature of the system, a numerical cloud model was
used to examine some of the underlying processes operating in these situations.
The numerical model used to perform the simulations
is a 2D nonlinear nonhydrostatic cloud model described
in Szeto and Stewart (1997). A bulk water type cloud
scheme including ice-phase microphysics (Szeto and
Cho 1994) is used in the simulations. The horizontal
and vertical grid spacings of the model are 7500 and
250 m, respectively. The model warm-frontal system is
forced by both weak alongfront temperature advection
[background alongfront temperature gradient ; 0.6 K
(100 km)21] and weak large-scale confluence (background confluence ; 4 3 1021 s21). These forcings were
estimated from the results of a 3D nowcasting simulation of the system by using the MC2 mesoscale model
(Tanguay et al. 1990) during the BASE period. The
initial relative humidity was specified to be constant at
90% in the lowest 2 km, decreasing linearly to 50% at
5 km, and then to 30% at top of the domain (10 km).
The simulations were performed on an f plane at 738N.
Figure 11 shows that the model frontal system has a
structure quite similar to that of the observed storm. The
similarities of the model frontal system and the observations include (i) horizontal scales of both frontal circulation and the associated cloud and precipitation field
(Figs. 11a,b); (ii) the maximum surface frontal contrast
near the 248C isotherm (Fig. 11a); (iii) an enhanced
low-level baroclinic zone approximately bounded by the
248C and 2108C isotherms with a 140-km width (see
Figs. 11a and 3); (iv) surface alongfront jet near 20 m
s21 (Fig. 11f) that is stronger than the observed system
since surface drag was not parameterized in the simulations; (v) envelope of the saturated region (Fig. 11a);
(vi) cloud top near 2308C (Fig. 11a); (vii) surface precipitation rates , 0.2 mm h21 (Fig. 11c); (viii) the steep
vertical structure of the system with an almost symmetric distribution of cloud and precipitation about the
surface front (Figs. 11a,b); and (ix) the system relative
cross-front flow at the midlevels advecting dry air from
ahead of the system and creating the midlevel dry slot
ahead of the front. The similar characteristics of the
modeled and observed frontal structures suggest that the
evolution of the modeled system might also resemble
that of the observed system.
The modeled cross-frontal circulation is typical of
warm-frontal systems forced by background alongfront
warm temperature advection (e.g., Keyser and Pecnick
1987). One of the characteristics of this kind of model
warm front is the occurrence of upward motion throughout the low-level frontal zone (Figs. 11e and d). The
midlevel (system-relative) inflow from ahead of the system brought drier air into the system and caused ‘‘erosion’’ in both the observed and modeled cloud fields.
Several sensitivity experiments were performed to examine the effects of the Arctic environment on storm
development. The effects of variations in ambient stratification, the Coriolis parameter, initial humidity con-
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TABLES 1a,b. Other BASE period storms having their warm fronts/sectors pass over Inuvik (a) and Tuktoyaktuk (b). The cloud types,
amounts (tenths), and reduction difference ranges (W m22) associated with each storm are shown. Cases where significant cloud amounts
and reduction ratios changed during the warm front/sector passage in each case include the conditions before and after the change.
(a) Inuvik

Storm

Date

1

30 Sep

2

Cloud

Amount
(tenths)

Stratocumulus
Altocumulus
Regular cirrus

1–3
1–3
1–2

5

6

Storm

Date

1

30 Sep

20–72
2

1
1
1

3
1–3
1–2
1

4
Stratocumulus
Altocumulus
Regular cirrus
Stratocumulus
Altocumulus
Regular cirrus

3–4
4–5
1
4–5
3–4
1

Stratocumulus
Cirrostratus
Altostratus
Altocumulus

1
3–6
3–4
6–7

4–10
1–3
1

88–187

Stratocumulus
Altocumulus
Stratocumulus
Stratocumulus
Cumulus

2–4
1–4
6–7
6–7
1

150–250

Stratocumulus
Altocumulus
Regular cirrus

1–8
2–6
1

3–147

Stratocumulus
Altocumulus
Regular cirrus

7–10
1
1

Stratocumulus
Altocumulus
Altostratus
Stratocumulus
Altostratus
Altocumulus

1
1–7
1
1–9
1–6
7

148–158

Stratocumulus
Stratus

10
8–10

105–162

20–138

107–235

169–196
5

28 Sep

132–189
188–246

3 Oct

6
1–2
1–4
1

Stratocumulus
Altocumulus
Regular cirrus

27 Sep

73–116

28 Sep

Stratocumulus
Altocumulus
Regular cirrus

Reduction
diff
(W m22)

23 Sep

5–32

27 Sep

Cloud

Amout
(tenths)

3 Sep

34–46

23 Sep
Stratocumulus
Altocumulus
Regular cirrus

4

Reduction
diff
(W m22)

3 Sep
Stratocumulus
Altocumulus
Regular cirrus

3

(b) Tuktoyaktuk

55–113

3 Oct

14–45

ditions, and model cloud physics on the development
of the model storm were examined (Szeto et al. 1996).
Comparisons of the model results showed that the steep
vertical frontal structure in the present case is largely a
consequence of the strong planetary rotation and stable
conditions in the high Arctic. The high Coriolis parameter (and the associated strong inertial stability) limits
the development of the cross-frontal vertical circulation
and thus the horizontal development of the system, resulting in the steep vertical structure of both the modeled
and observed system. One of the consequences of the
steep frontal structure, as observed, is that a large portion of the cloud and precipitation occurs in the warm
sector and the region of strongest precipitation is close
to the surface frontal zone (see Fig. 11b). This is contrary to many of the observed midlatitude warm-frontal

systems where the heaviest precipitation usually occurs
ahead of the surface warm fronts and the cloud base
typically rises quite sharply following the frontal passages (e.g., Stewart et al. 1995b). Since the lower levels
are initially subsaturated, the region of strongest sublimational cooling would be located near the surface
frontal zone and substantial cooling would have occurred in the warm sector. It is also of interest to note
that this configuration of sublimational cooling is quite
different from those assumed in the numerical studies
of sublimational cooling on frontogenesis (e.g., Parker
and Thorpe 1995).
The model results illustrate that sublimation had a
significant impact on the water budget of the system.
Figure 12 shows the time series of the PE of the model
storm. The quasi-steady PE (;70%) of the model storm

←
FIG. 10. 30 September 1994 diurnal clear sky and measured surface solar radiation (W m22) for (a) Inuvik and (b) Tuktoyaktuk. The
reduction difference (W m22) is shown below the horizontal axis every hour to quantify the cloud effects. Hourly cloud observations are
also included (on the hour) with the single digit indicating the cloud amount (in tenths).
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TABLE 2. Reduction difference averages, standard deviations, and ranges for different cloud classes and amounts, including cases with
simultaneous cloud layers during the entire BASE period (1 September to 6 October 1994) for Inuvik (left set) and Tuktoyaktuk (right set).
Cloud types were categorized according to low-, mid-, and high-level cloud as well as amounts (tenths). A cloud layer containing the largest
amount out of the three must have at least one other indicated cloud layer at all times. If two layers contain equal amounts, the third layer
does not necessarily have to be present. The total number of hours that each cloud class/amount occurred is also shown for each set.
Inuvik

Cloud type/amount
(tenths)

Total
hours

Average
reduction Standard
difference deviation
(W m22) (W m22)

Tuktoyaktuk
Reduction
difference
range (W m22)
Min

Max

Average
reduction Standard
Total difference deviation
hours (W m22) (W m22)

Reduction
difference
range (W m22)
Min

Max

Low 1–3
Low 4–5
Low 6
Low 7
Low 8
Low 9
Low 10
Fog 10

11
5
5
6
20
20
60
6

26
42
70
107
159
204
268
189

8
10
17
6
26
21
43
74

11
30
46
96
110
163
209
68

40
52
90
113
198
240
385
258

10
8
5
6
17
25
104
2

25
74
107
130
159
192
281
243

11
22
18
27
20
26
52
24

6
45
80
94
134
119
190
226

42
111
130
177
192
232
483
260

Mid 8–9
Mid 10

0
2

N/A
164

N/A
34

N/A
140

N/A
188

2
6

165
176

11
26

157
130

173
193

52
10
24
5
7
4
6
2
3
1
0
1

47
125
176
290
100
149
149
109
143
195
N/A
139

29
20
46
41
57
38
38
30
29
N/A
N/A
N/A

20
97
105
250
50
114
97
87
111
195
N/A
139

150
157
290
350
220
200
196
130
166
195
N/A
139

16
11
20
22
5
11
10
1
2
0
2
1

35
110
168
207
118
155
176
127
178
N/A
222
147

33
16
19
16
19
17
15
N/A
9
N/A
5
N/A

9
88
142
174
90
132
150
127
171
N/A
218
147

113
135
203
244
138
194
200
127
184
N/A
225
147

Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low
Low

1–3/Mid
4–5/Mid
6–7/Mid
8–9/Mid
1–3/Mid
1–3/Mid
1–3/Mid
1–3/Mid
1–3/Mid
4–5/Mid
6–7/Mid
4–5/Mid

1–3/High 1–3
1–3/High 1–3
1–3/High 1–3
1–3/High 1–3
4–5/High 1–3
6–7/High 1–3
8–9/High 1–3
1–3/High 4–5
1–3/High 6–7
4–5/High 1–3
4–5/High 1–3
6–7/High 1–3

compares very well to that obtained from the observations (60%). The time series also shows that sublimational loss of snow mass was very significant during
the earlier stage of the model storm. The sublimation
of snow cooled and moistened the lower levels, and
saturation (with respect to ice) was achieved by about
43 h. The PE of the model storm then increased rapidly
following the saturation of the lower level air. Analysis
of the model results shows that surface frontogenesis
was also enhanced following the development of saturation at low levels, suggesting that sublimational cooling should have had a detrimental effect on frontogenesis in the earlier stages of frontal development (Szeto
et al. 1996).
6. Summary and conclusions
Between 1200 UTC 30 September 1994 and 1200
UTC 1 October 1994, a warm occluded system passed
over the Inuvik and Tuktoyaktuk region, tracking northeastward. Detailed observations of this below 08C system were made and the analysis resulted in a number
of critical observations and conclusions.
The overall structure of the warm front and surrounding region was very similar to midlatitude storms; however, the magnitudes of some of the dynamic and kinematic variables were much smaller. The largest wind

speeds did not exceed 15 m s21 even at altitudes near
cloud top and vertical wind shears were almost nonexistent. Vertical winds, turbulence, and thermal advection were also very weak in all regions of the storm.
Some features in the case study were quite similar to
midlatitude storms, including cloud bands and a lowlevel jet aligned parallel to the surface front, confluence
magnitudes with maxima near the frontal region, weak
to neutral stability near the frontal region, and most
liquid water and highest average precipitation concentrations within and ahead of the front. It was also shown
that the likelihood of CSI may have created favorable
conditions for the production of the cloud bands observed by the satellite, similar to some bands observed
in the midlatitudes.
The frontal slope was relatively steep compared to
midlatitude storms and this may arise from the high
Coriolis parameter. The steep frontal slope confined the
region of high relative humidities, which limited the
amount of mid- to upper-level clouds ahead of the surface warm front and which led to precipitation mainly
occurring very near the front. Furthermore, cloud tops
were significantly lower than their midlatitude counterparts due to the limited amount of upper-level moisture
in the Arctic region.
Diabatic effects from sublimation may have played a
role in the system’s thermal structure and evolution. Two
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FIG. 12. Time series of the precipitation efficiency (%) modeled
by the 2D nonlinear nonhydrostatic cloud model. The initial surface
relative humidity was 90%.

FIG. 11. Two-dimensional cross sections of the nonlinear nonhydrostatic cloud model simulated storm at 70 h. The cross sections
are (a) temperature (8C), (b) snow mixing ratio (g kg21), (c) diabatic
heating rate (K h21), (d) vertical velocity (m s21), (e) acrossfront wind
speed (m s21), and (f ) alongfront wind speed (m s21). The contour
intervals are (a) 28C, (b) 0.01 g kg21, (c) 0.025 K h21, (d) 0.0025 m
s21, (e) 1 m s21, and (f ) 5 m s21. The shaded area represents the net
cloud water (ice) mixing ratios $2.0 g kg21.

regions of the storm contained enhanced sublimation,
one within the top portion of a dry slot at the leading
edge of the storm; the other was 100 km ahead of the
surface front near the surface. The former region of
sublimation may have caused a wavelike pattern in the
temperature structure where the snow was sublimating.
The latter region of enhanced sublimation had much
weaker diabatic cooling rates due to high relative humidities and very weak precipitation rates.
The enhanced region of sublimational cooling near
the surface, 100 km ahead of the surface front, may

have been the remnant of what the near-surface conditions were like in the early stages of the storm’s development, as indicated by the 2D cloud model and
observations made during low-level horizontal aircraft
passes through the front. Finescale analysis of a horizontal aircraft pass through the front suggested that earlier sublimational processes may have caused the sinking of air and divergent flow over a thin region. This
in turn suggested that in the earlier stages of the storm’s
development, sublimational processes were very active
and drier conditions may have existed at the surface.
The frontogenetic forcing analysis indicated that the
total forcing was primarily controlled by the tilting of
isentropic surfaces at all levels with confluence/convergence being the secondary influence. Turbulent mixing contributions were negligible, and, although sublimation magnitudes were substantial, it is felt that sublimation contributions to frontogenesis were very small
since the region of sublimation was so far removed from
the front.
Observational and modeling analyses both suggested
that the precipitation efficiency of the system was quite
high (60%–70%). This arises in part because the precipitation was mainly near the surface frontal zone and
this precipitation would in fact lead to the near-saturation of this region through sublimation. Model results
suggested that this process of saturating the low levels
could take nearly 43 h and the precipitation efficiency
of the storm would increase significantly once saturation
of the low levels near the frontal surface was achieved.
Therefore, it appears that the water budget of the system
is highly dependent on the stage of development with
low values expected early on until precipitation has led
to the saturation of the low levels near the frontal surface.
The radiational features of the storm were also investigated. Satellite and aircraft radiometers drastically
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underestimated cloud top heights, by as much as 4 km.
Calculations showed that the height deficit between the
actual cloud tops and remotely sensed cloud tops may
be partially due to the apparently undetected lofted ice
layer in the upper regime of the storm. It is believed
from other observations during BASE that this situation
commonly arises.
Solar radiation measurements were made in Inuvik
and Tuktoyaktuk during the warm frontal passage of the
case study and five other storms. Periods with low cloud
amounts (one- to three-tenths) at any level (low, mid,
or high) exhibited solar reductions from expected clear
sky estimates between 5 and 70 W m22. All cloud levels
with high cloud amounts (six- to ten-tenths) indicated
relatively high solar radiation reduction differences
(100–250 W m22). Tuktoyaktuk generally had more
low-level cloud than Inuvik during warm frontal passages and consequently exhibited higher solar radiation
reductions.
To place the surface solar radiation results of this
study in some context, the climatology of cloud effects
on surface solar radiation for the entire BASE period
in Inuvik and Tuktoyaktuk was also investigated. Inuvik
and Tuktoyaktuk spent 60% and 78% of the time (during
BASE) with total cloud cover between eight- and tentenths. This meant that Inuvik spent 60% of the time
with reduction differences between 97 and 385 W m22
and Tuktoyaktuk spent 78% of the time with reduction
differences between 119 and 483 W m22. Tuktoyaktuk
generally had more low-level cloud than Inuvik, most
likely due to coastal effects and/or Tuktoyaktuk being
closer to the vicinity of the low centers of most storms.
It is apparent then that accounting for clouds within
organized systems represents an important task to overcome in connection with the energy cycles of the region.
In summary, the first study of the uniquely coupled
structure, water budget, and radiational features of a
cold season high-latitude warm front has been conducted. Such systems are a common feature of the Canadian Arctic and they consequently have a major impact on the regional water and energy cycles; they therefore must be a critical component of any study aimed
at improving the prediction of the Arctic climate.
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