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ABSTRACT

Strong northeasterly wind events are infrequent over Baffin Island, but are potentially hazardous for aviation

and the local community of Iqaluit (the capital of Nunavut, Canada). Three strong northeasterly wind events

in this region are examined in this study, using the Canadian Global Environmental Multiscale-Limited Area

Model (GEM-LAM) with a horizontal grid spacing of 2.5 km; in-situ observations; and reanalysis data.

The skill of the GEM-LAM in simulating these events is examined. With the exception of one event, the

GEM-LAM was successful at predicting the large-scale flow in terms of the circulation pattern, timing of the

synoptic set-up and the low-level flow over the Hall Peninsula. The onset and cessation of strong winds and

timing of major wind shifts was typically well handled by the model to within �3 h, but with a tendency to

underestimate the peak wind speed. The skill of the surface wind forecasts at Iqaluit is critically dependent on

the predicted timing and location of the hydraulic jump and the grid point selected to represent Iqaluit.

Examination of the observed and modelled data suggest that the strong northeasterly wind events have several

features in common: (1) strong gradient-driven flow across the Hall Peninsula, (2) mean-state critical layer

(or reverse shear) over the Hall Peninsula, (3) a low-level inversion, typically above the maximum barrier

height immediately upstream of the Hall Peninsula, (4) subcritical flow, typically present upstream of the Hall

Peninsula and (5) a hydraulic jump in the vicinity of Frobisher Bay. The modelled atmospheric conditions

upwind of the Hall Peninsula immediately prior to the formation of the hydraulic jump (and acceleration of

winds over the lee slope) are largely consistent with the prediction of propagating hydraulic jumps presented in

the literature.
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1. Introduction

Strong downslope winds arising from cross-barrier flow

have been studied extensively in the literature using

observations and idealised modelling studies (e.g. Smith,

1979; Durran, 1991; Baines, 1995; Gyüre and Jánosi, 2003).

As a result, numerous theoretical and conceptual frame-

works have been proposed to describe and predict the flow

resulting from cross-barrier flow for a variety of atmo-

spheric conditions and types of terrain (e.g. Long, 1954;

Klemp and Lilly, 1975; Clark and Peltier, 1984; Smith,

1985; Durran, 1986; Sheridan and Vosper, 2006; Jiang

et al., 2007). It has, however, only recently become possi-

ble to resolve mountain waves in operational numerical

weather prediction models.

Recently, studies have been undertaken to determine the

utility of using high-resolution numerical weather predic-

tion models to study and forecast strong downslope wind

events (e.g. Gohm and Mayr, 2005; Jiang and Doyle, 2008;

Reinecke and Durran, 2009; Deacu et al., 2010). Reinecke

and Durran (2009) simulated conditions for two strong

downslope wind events observed during the Terrain-

Induced Rotor Experiment (T-REX) and noted the diffi-

culties of predicting downslope winds more than 12 h in
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advance, mostly on account of sensitivity to the initial

conditions. Deacu et al. (2010) performed a numerical

study of a November 2006 windstorm event at Iqaluit using

the Global Environmental Multiscale-Limited Area Model

(GEM-LAM). Their focus was to investigate the physical

mechanisms responsible for the formation (and interaction)

of channelled northwesterly low-level winds and north-

easterly downslope winds over Frobisher Bay. Deacu et al.

(2010) noted that forecasting northeasterly wind events is

challenging, especially given the scarcity of observations

over Baffin Island, Canada. They found that while the

model may adequately describe the large-scale and mesos-

cale flow, performance at the local scale may still be poor.

In this study, we are interested in investigating mechan-

isms responsible for the formation of strong downslope

(northeasterly) winds at a high latitude site (Iqaluit) on

Baffin Island, Canada, using the GEM-LAM. Such wind-

storms at Iqaluit are a serious concern to the community

(Hanesiak et al. 2010). For example, an incredibly strong

northeasterly event in February 2007 was associated with

wind gusts up to 150 km h�1 that caused extensive damage

in Iqaluit.

Baffin Island is the largest island of the Canadian

Archipelago and is located in the eastern Canadian Arctic,

north of Quebec across the Hudson Strait, and west of

Greenland across the Davis Strait. The Arctic Cordillera

runs along the eastern shores of the island and, as such,

there is potential for significant orographic interaction

across the peaks of the three peninsulas that comprise the

south-eastern mass of the island (Fig. 1). Baffin Island is

located to the northwest of the Labrador Sea, and hence,

the northern edges of the major North Atlantic storm

tracks can lead to synoptic situations with strong flow

across the island’s southern peninsulas. Baffin Island is

sparsely settled, so there is a paucity of in situ data.

However, Iqaluit (the capital of Nunavut and the largest

city in the eastern Canadian Arctic) is located at the head

of Frobisher Bay and is ideally situated to provide valuable

in-situ surface and sounding data. The terrain along tran-

sect X1�X3 through Iqaluit (Fig. 1) rises rapidly from

Cumberland Sound to an altitude of almost 800m; there-

after, the terrain is characterised by an undulating plateau

for about 80 km before the terrain declines from about

680m to sea level again near Iqaluit. This terrain config-

uration is unlike mountain barriers typically studied in

strong lee slope wind events. Also, the flow regime is

complicated by the presence of the Meta Incognita

Peninsula (rising to almost 670m near X3) some 40 km

west of Iqaluit.

Analysis of wind data from the weather station at Iqaluit

reveals that northwesterly and southeasterly winds are

by far the most common winds. Specifically, Nawri and

Stewart (2006) determined that northwesterly and south-

easterly surface winds collectively accounted for 80% of

Fig. 1. Study area over Baffin Island. The location of Iqaluit is indicated by the aircraft symbol. The locations X1, X2 and X3 are

discussed in the text. The cross-sections in Section 5 are along the yellow transect (X1�X3). The pressure gradients at 1 km ASL in Table 1

are calculated along the red transect along the Hall Peninsula.
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all strong surface wind (i.e. �10m s�1 or 20 kn) observa-

tions. Deacu et al. (2010) note that northwesterly high

wind events (i.e. �15m s�1 or �30 kn) have the highest

frequency of occurrence, at 2%, compared to only 0.3% for

northeasterly winds. In addition, Nadeau (2007) found that

strong wind events were most likely to occur between

October and April, with strong northwesterly wind events

dominating.

Although northeasterly high wind events at Iqaluit do

not occur frequently, they are still a notable concern to the

community and aviation. Hanesiak et al. (2010) noted that

northeasterly events can have a significant, even destruc-

tive, impact on the community. In addition, northeasterly

high wind events are orientated roughly perpendicular to

the runways at the airport. Further, as we will show, the

northeasterly high wind events are frequently accompanied

by a hydraulic jump in the vicinity of Iqaluit, increasing the

potential for significant turbulence and wind shifts which

are of concern for aviation (Hudson et al., 2001). Further-

more, for wind speeds exceeding 30 kn, the likelihood of

reduced visibility from blowing snow increases significantly

(Gordon et al., 2010), thereby further increasing the impact

of the strong wind events.

The scientific literature has, until now, focused almost

exclusively on strong northwesterly and southeasterly wind

events over the study area, with little attention being paid

to northeasterly events. In this paper, we discuss the results

of simulations of three northeasterly high wind events at

Iqaluit between 2007 and 2008.

With the above discussion in mind, the goals of this

paper are three-fold:

(1) Describe the large-scale flow in which strong north-

easterly wind events occur at Iqaluit.

(2) Determine the utility of the GEM-LAM to provide

forecast guidance in advance of strong northeasterly

wind events at Iqaluit.

(3) Use the in-situ data and GEM-LAM data to

improve our understanding of the physical processes

and mechanisms that lead to strong northeasterly

wind events at Iqaluit, and provide guidelines to

forecasters.

In Section 2, we review the GEM-LAM and data sources

used in the study to validate the model output. In Section 3,

we provide an overview of the synoptic conditions asso-

ciated with the three events discussed in this paper, as

well as an assessment of the model’s ability to capture

the large-scale flow. Section 4 contains the validation of

the simulated vertical profiles and surface winds against

observations at Iqaluit. In Section 5, we discuss the vertical

cross-sections for each event near the time of maximum

observed surface winds. Section 6 provides a comparison

with the 2006 event, as well as a composite analysis and

some conclusions about the physics and mechanisms

associated with strong northeasterly surface winds in the

Iqaluit region. The conclusions are summarised in Section 7.

2. GEM-LAM configuration and observations

2.1. Model configuration

For this study, the Environment Canada GEM model has

been used with 2.5-km horizontal grid spacing (Erfani

et al., 2006). This configuration is referred to as the GEM-

LAM. The model was run over a 450�450 horizontal grid

centred over Baffin Island. There are 58 vertical terrain

following eta levels from the surface to 10mb. The model

configuration is the same used by Deacu et al. (2010),

where further details can be found. Initial and boundary

conditions were provided by the hourly output of the GEM

regional model (Mailhot et al. 2006), which in turn derives

its initial conditions from the global forecasting system of

the Canadian Meteorological Centre (CMC). More details

about the GEM-LAM can be found in Erfani et al. (2006).

The model was run for 24-h periods that captured the

development and cessation of each event. Key variables

considered were horizontal winds, vertical velocity, poten-

tial temperature and mean sea-level pressure.

2.2. In-situ observations

We validated the GEM-LAM using hourly 10-m wind

speed (including gusts) and direction observed at the

Iqaluit airport and 12-hourly sounding data released

from the same location. Vertical profiles of potential

temperature (u), wind speed and direction were generated

for all available sounding times. The model data were

averaged over nine grid points surrounding Iqaluit, but

data for individual grid points are also displayed. Given the

focus on low-level flow, profiles and cross-sections are

limited to 500mb. For the February 2007 case, there is a

sounding available only for 12 UTC on 4 February, as later

measurements were impossible given the extreme wind

speeds. However, for the remaining three cases, there are

soundings available at three synoptic times corresponding

to the beginning, middle and end of each event.

Certain caveats need to be kept in mind concerning the

radiosonde data. First, sondes were released every 12 h and

may not have captured the rapid changes that are possible

under such dynamic conditions. Second, we did not allow

for sonde drift when validating the model, and profiles may

have been affected by the presence of a hydraulic jump.

However, given that we also considered model profiles

at surrounding grid points, and that the low-level wind

maxima for all three case studies were below 1500m above
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ground level, sonde drift is not expected to be a significant

issue. Future studies would benefit from continuous wind

and temperature profiles generated by a Doppler lidar and

radiometer, respectively.

2.3. Analysis and reanalysis data

In light of the scarcity of in-situ data over Baffin Island, we

also used data from the North American Regional Reana-

lysis (NARR; Mesinger et al., 2006), and the 6-hourly

analysis fields for the GEM-LAM (00-h fields initialised

from 6-h forecasts from the GEM regional model). The

NARR data were used to generate composites of the large-

scale flow and set up for a larger set of strong northeasterly

events (see Section 6.3). To obtain an idea of how well

the model-predicted fields captured the large-scale set up

for each event, 6-hourly analysis fields were used to iden-

tify notable differences between the GEM-LAM and the

analyses (Section 3).

3. Synoptic overview

3.1. 4 February 2007

This was by far the strongest and longest-lived northeasterly

high wind event in recent years, with sustained winds re-

aching hurricane force (64 kn). The combination of a slow-

moving depression moving northwards along the Labrador

coast and an Arctic high over northern Baffin Island

produced an exceptionally strong pressure gradient force

orientated roughly along the axis of the Hall Peninsula.

We focus on the sequence of events between 12 UTC on 4

February and 12 UTC on 5 February, when the strongest

winds were observed. The strongest 10-m winds were

observed between 22 UTC and 01 UTC (Table 1). At this

time, the low (B960mb) was located just offshore midway

along the Labrador coast, with the high located over

northern Baffin Island (�1020mb). Themaximum pressure

gradient (at 1 km ASL) along the Hall Peninsula between 18

UTC and 00 UTC was �3.8mb per 100 km (Table 1).

The predicted 2-m potential temperature, sea-level pres-

sure and wind barbs at 00 UTC are plotted in Fig. 2a.

Warming in the lee of the Hall Peninsula extends across

Frobisher Bay, consistent with adiabatic warming in asso-

ciation with the downslope flow. The strongest surface

winds are forecast to occur off Baffin Island. Colder air is

associated with an Arctic high to the north, with higher u
values southeast of Baffin Island. The GEM-LAM simula-

tion of the large-scale setup for this event was fairly good,

although comparison with the analysis 850-mb fields (not

shown) at 6-hourly intervals indicates that the GEM-LAM

was too slow in moving the low off the Labrador coast

(by about 50 km), as well as its curvature to the west.

3.2. 20 September 2008

This northeasterly high wind event was associated with

the rapid passage of a deep low (B980mb) that originated

over Hudson Bay and moved across northern Quebec and

Ungava Bay before passing over the Labrador Sea south of

Baffin Island. The low caused a tight pressure gradient

force aligned along the Hall Peninsula between approxi-

mately 18 UTC and 06 UTC, when the pressure gradient

was 3.2mb per 100 km. The strongest northeasterly winds

(�30 kn with gusts near 40 kn) were observed from 19

UTC until 00 UTC (Table 1). At this time, the centre of the

low was located south of Frobisher Bay over the Labrador

Sea. After 02 UTC, the winds moderated and shifted to

north-northwesterly as the low tracked further to the east.

Comparison between the forecast and analysis 850-mb

fields (not shown) indicate that the model placed the low

south of Baffin Island too far to the east; from 00 UTC

onwards it was forecast to be 200 km too far east.

Consequently, the 850-mb heights over southern Baffin

Island were too high, especially in the north. This probably

resulted in the north-south pressure gradient (and cross-

barrier wind speed) being overestimated (see Section 4.2).

The surface variables for the September case are plotted in

Fig. 2b. Adiabatic surface warming is observed in the

downslope flow on the western slopes of the Hall Peninsula,

with the flow remaining northeasterly across Frobisher Bay.

3.3. 17 November 2008

On this occasion, a deep low (B970mb) developed along

the Labrador/Quebec border and moved northwards;

between 15 UTC and 18 UTC the low veered north-

eastwards and moved over the Labrador Sea. The low then

continued to slowly move to the northeast while maintain-

ing its intensity, and was located southeast of Frobisher

Bay from 18 UTC to 21 UTC. At Iqaluit winds increased

Table 1. Summary of properties of key wind parameters for the

northeasterly wind events at Iqaluit discussed in the paper

20061107 20070204 20080920 20081117

Observed maximum

(kn)

15

16 UTC

65G75

00 UTC

30G38

00 UTC

45G52

15 UTC

Modelled maximum

(kn)

15

14 UTC

50.0

04 UTC

31.5

22 UTC

25.5

12 UTC

Duration (h) 0 �24 9 16

Maximum pressure

gradient

(mb/100 km)

2.2 3.8 3.2 2.9

Duration refers to the time for which northeasterly winds were

stronger than 20 kn.
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steadily from 06 UTC, with the strongest northeasterly

winds being observed from 11 UTC until 16 UTC

(sustained winds 35�45 kn, gusts up to 50 kn), when the

forecast pressure gradient along the Hall Peninsula was

almost 3.0mb per 100 km (Table 1).

Fig. 2c shows the surface variables for 12 UTC on 17

November. Unlike the other events, there is little evidence of

warming on the lee slopes of the Hall Peninsula despite the

relatively strong cross-barrier flow. Also, there is evidence

of a shallow northerly to northwesterly flow over the

western portions of Frobisher Bay. After 12 UTC, the

northwesterly flow is predicted to spread eastwards across

the bay. This is a similar situation to that observed for the 7

November event in 2006 (Deacu et al., 2010).

The GEM-LAM had some trouble simulating large-scale

forcing for this event, placing the low about 100 km too

far to the east, especially from 18 UTC until 00 UTC.

Consequently, 850-mb heights over the study region are

consistently too high, particularly in the Frobisher Bay

region, and this in turn resulted in the model underestimat-

ing the pressure gradient over southern Baffin Island, and,

therefore, the wind speeds at Iqaluit (see Section 4.2).

To summarise, the GEM-LAM was relatively successful

at predicting the large-scale flow in terms of the circula-

tion patterns, timing and the low-level flow over the Hall

Peninsula. Also evident is that a wide variety of storm con-

figurations can give rise to strong northeasterly winds in

the Iqaluit region. What they all have in common is that the

large-scale flow is such that a strong north-south pressure

gradient is produced over southern Baffin Island. This sug-

gests that the synoptic flow primarily drives these events,

while mesoscale processes (i.e. interactions with topogra-

phy) enhance the overall magnitude and impact of the

events.

4. Model output validation

4.1. Sounding validation at Iqaluit

The potential temperature (u) over Iqaluit at 12 UTC 4

February 2007 is plotted in Fig. 3a. The model and

observations are in fairly good agreement below 800mb,

although u at the lowest model level is colder than observed.

The model u is also higher between 800mb and 600mb, as is

the modelled wind speed. Both the model and sounding

show an inversion between 850mb and 900mb, and an

associated easterly wind maximum near 60 kn (Fig. 3b and

3c). The modelled wind maximum is about 5 kn stronger

than observed, while the wind speeds immediately above

the surface are about 5 kn weaker than observed. Both

modelled and observed wind directions are in broad agree-

ment. The modelled and observed profiles show reverse

wind shear between 850mb and �650mb (Fig. 3b),

Fig. 2. The predicted 2-m potential temperature, sea-level

pressure, and 10-m wind barbs near the time of maximum

observed winds for a) 4 February 2007; b) 20 September 2008;

and c) 17 November 2008. Location of Iqaluit is shown by a

black dot.
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although the rate of decrease is greater in the observed

profile. The presence of reverse vertical wind speed shear or

directional wind shear (from cross barrier at low levels to

along barrier higher in the atmosphere) above a mountain

barrier is known to create a so-called critical level (e.g. Kim

and Mahrt, 1992).

Comparison between the soundings and model for the

September case is shown in Fig. 4. The simulated profile at

12 UTC on 20 September has a similar structure to the

observations through the lower troposphere, although

the inversion present near 850mb is better defined in the

observed sounding (Fig. 4a). At 12 UTC, the model shows

a wind speed maximum of almost 30 kn near 875mb that is

not present in the observed profile (Fig. 4b). The observed

wind direction is similar to the model column direction

with easterly winds in the low levels veering to southerly

near 500mb (Fig. 4c). At 00 UTC (Fig. 4d�f) the modelled

and observed u profiles match fairly well in the lower

troposphere, but the model misses the weak inversion

present near 950mb. At this time, the wind direction has

turned easterly below 700mb, and a 48-kt wind maximum

is evident in the observed sounding near 925mb, with a 38-

kt wind maximum predicted near 875mb. Winds near 45 kn

were forecast at some of the grid points near Iqaluit. Above

900mb there is good agreement between the modelled and

observed wind speeds.

At 12 UTC (Fig. 4g�i), there is excellent agreement

between the forecast and observed u profiles. The model

and observations both show the low-level wind maximum

weakening to about 25 kn near 950mb. The modelled

winds between 850mb and 650mb are too weak. The

observed near-surface winds have switched to northwes-

terly, with a northeasterly wind maximum above that. The

model, however, does not show the strongly sheared flow in

the low levels.

Fig. 5 shows the comparison between the available

sounding data and model data for the November 2008

event. At 00 UTC 17 November (Fig. 5a�c), the balloon

shows a very shallow layer of northwesterly winds while the

model shows a deeper layer of northwesterly wind and a

wind maximum associated with this layer below 925mb �
this may explain why the modelled u was lower than

observed below 950mb. The balloon shows a second wind

speed maximum at 850mb, while the model has a

maximum just above this level with a comparable magni-

tude of 20 kn. At 12 UTC, the model and observations

are similar throughout the lower troposphere (Fig. 5d�f).
At this time, temperatures in the lower troposphere have

warmed and there is a northeasterly wind maximum of

49 kn at 975mb; the modelled wind maximum is weaker at

40�45 kn. Wind speeds are typically too low below the low-

level wind maximum, but are in good agreement above

that. Both the modelled and observed winds are primarily

easterly to northeasterly below 700mb, veering to south-

westerly by 500mb � indicating the presence of a critical

layer near 650mb. Finally, the comparison at 00 UTC (Fig.

5g�i) shows that, below the inversion, temperatures have

cooled and the wind maximum is now weaker and from the

northwest. The modelled flow is northwesterly throughout

the column, while the sonde data show a north-north-

westerly flow below 750mb, and northeasterly above that.

4.2. Validation of surface wind speed and direction

The wind speed plot for the February 2007 case shows an

observed wind maximum of 64 kn at 00 UTC; however, the

model predicted a much lower peak of about 34 kn at 01

UTC (Fig. 6a). The model was also too slow in predicting

the rapid increase in wind speed. There is a fair amount of

spread in the wind speeds at grid points near Iqaluit, with

the highest speed predicted to be near 45 kn at 01 UTC.

Fig. 3. Comparison of modelled versus observed vertical profiles at Iqaluit for 12 UTC on 4 February 2007. Left panel is the potential

temperature (k), middle panel is the wind speed, and right panel is the wind direction. Red traces represent the observed sounding data, blue

traces the mean of the predicted data for the nine GEM-LAM grid points surrounding Iqaluit airport, and the grey traces the data for the

individual nine data points. Only data below 500mb are shown.
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This spread is associated with the model predicting a shift

in wind direction from northerly to northeasterly. The

observations show a secondary wind speed maximum of

41 kn at 05 UTC, and the model does a better job of

capturing this secondary wind speed maximum, with

forecast wind speeds approaching 50 kn between 04 UTC

and 05 UTC.

The observed wind directions on 4 February 2007 (Fig.

6b) were mostly east-northeasterly with temporary fluctua-

tions to westerly at 19 UTC and 07 UTC. The modelled

winds showed some fluctuation from northeasterly to

northwesterly at some grid points during the first 12 h of

the simulation, as indicated by the large scatter in the grey

traces, especially from 18 UTC to 00 UTC. After that,

the forecast winds were in excellent agreement, with the

modelled and observed winds blowing steadily from the

northeast.

Shifting the modelled wind traces about 4 h earlier

produces a much better match, suggesting that there was

an issue with timing. As will be discussed in Section 5.1,

the above discrepancies in the timing and magnitude

of the wind speed are attributable to the predicted position

of the hydraulic jump in the vicinity of Frobisher Bay.

Comparison of forecast versus model analysis winds speeds

along transect X1�X3 at 00 UTC (not shown) indicates

that the predicted winds at 850mb at that time across the

500
P

re
ss

ur
e 

(m
b)

600

700

800

900

1000
250 260 270 280

Theta (Kelvin)

290 300 310

500

P
re

ss
ur

e 
(m

b)

600

700

800

900

1000
0 10 20 30

Wind Speed (Knots)

40 50

500

P
re

ss
ur

e 
(m

b)

600

700

800

900

1000
0 9045 135 180

Wind Direction (Degrees)

225 270 315 360

d)500

P
re

ss
ur

e 
(m

b)

600

700

800

900

1000
250 260 270 280

Theta (Kelvin)

290 300 310

e)500

P
re

ss
ur

e 
(m

b)
600

700

800

900

1000
0 10 20 30

Wind Speed (Knots)

40 50

f)500

P
re

ss
ur

e 
(m

b)

600

700

800

900

1000
0 9045 135 180

Wind Direction (Degrees)

225 270 315 360

g)500

P
re

ss
ur

e 
(m

b)

600

700

800

900

1000
250 260 270 280

Theta (Kelvin)

290 300 310

h)500

P
re

ss
ur

e 
(m

b)

600

700

800

900

1000
0 10 20 30

Wind Speed (Knots)

40 50

i)500

P
re

ss
ur

e 
(m

b)
600

700

800

900

1000
0 9045 135 180

Wind Direction (Degrees)

225 270 315 360

a) b) c)

Fig. 4. Comparison of modelled versus observed vertical profiles at Iqaluit for the 20 September 2008 event. Top panel is for 12 UTC 20

September, middle panel for 00 UTC 21 September and bottom panel is for 12 UTC 21 September.
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peninsula were 5�20 kn too low southwest of X2, and 15�
20 kn too low between X1 and X2. This is consistent with

the predicted 10-m winds at Iqaluit being up to 25 kn too

weak at the time when the first peak winds were observed.

The September event (Fig. 7a) was associated with a

maximum observed wind speed of 30 kn at 19 UTC. Both

the model and observations showed a marked decrease in

the wind speed after their respective peaks, although the

model predicted this to occur 2�3 h sooner than was

observed. This decrease in wind speed was associated with

a shift in wind direction from northeasterly to north-

northwesterly (Fig. 7b). Despite small discrepancies be-

tween the magnitudes of the observed and modelled wind

speeds, the overall evolution of the wind speed on this day

was handled well by the model. This is consistent with the

comparison of forecast versus model analysis winds speeds

along transect X1�X3 at 18 UTC (close to the time of

strongest winds), which shows that that the predicted winds

at 850mb at that time across the peninsula were typically

only about 5 kn too high. Likewise at 00 UTC, the predicted

winds along the transect were typically 5�10 kn too high.

The observed and forecast surface wind directions for the

September event (Fig. 7b) show winds backing steadily to

northeasterly by 00 UTC, after which the modelled and

observed winds shifted to north-northwesterly. This shift

from the northeast coincides with the observed drop in
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Fig. 5. Comparison of modelled versus observed vertical profiles at Iqaluit for the 17 November 2008 event. Top panel is for 00 UTC 17

November, middle panel for 12 UTC 17 November and bottom panel is for 00 UTC 18 November.
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wind speed at 00 UTC (Fig. 7a). Despite the various grid

points showing a wind shift at slightly different times, there

was excellent agreement between the modelled and ob-

served evolution in wind direction for this case.

For the November event shown in Fig. 8a, the observed

wind speed increased steadily after 06 UTC, with winds

plateauing near 35 kn from 11 UTC until 14 UTC, and

reaching a maximum of �40 kn (gusts over 50 kn) at 15

UTC. The increase in wind speed after 06 UTC coincided

with a shift in winds from northwesterly to northeasterly

(Fig. 8b). The modelled winds reached a maximum of only

20 kn at 11 UTC, and stayed below the observed surface

wind speeds for the remainder of the simulation. There

is markedly more spread evident at the nine grid points

surrounding Iqaluit from 06 UTC until 18 UTC.

The sounding released at 12 UTC on 17 November

(just before the peak wind speed) shows a low-level wind

maximum near 950mb, which is consistent with the gusts

near 50 kn. The modelled low-level winds were, however,

about 10 kn lower than observed at 40 kn. A possible

reason for this is that a mechanism was not present in the

model simulation to transport energy from the low-level

wind maximum downwards towards the surface. That is,

Fig. 6. Comparison of modelled and observed hourly 10-m wind

speeds at Iqaluit for the 4 February 2007 event. Top panel is for

wind speed and bottom panel is for wind direction. Red traces

represent the observed data, blue traces the mean of the predicted

data for nine GEM-LAM grid points surrounding Iqaluit airport,

and grey traces the data for the individual nine data points. Green

dots represent observed wind gusts. 360 has been subtracted from

wind directions between 180 and 360 degrees.

Fig. 7. Comparison of modelled and observed hourly 10-m wind

speeds at Iqaluit for the 20 September 2008 event.
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the descending (upwind) arm of the hydraulic jump was not

moved far enough across Frobisher Bay, although this does

seem to have happened at some of the grid points near

Iqaluit.

The forecast and analysed winds speeds along the

transect at 06 UTC (not shown) are in close agreement

(within 10 kn) � consistent with the forecast winds at

Iqaluit at this time being in good agreement with observa-

tions. At 12 UTC (close to time of strongest winds at

Iqaluit), the predicted 850-mb winds across the Peninsula

were within 10 kn. By 18 UTC, the forecast winds were

typically 10 kn too weak east of X2, but up to 20 kn too

low near X1. This is consistent with the model under-

estimating the wind speeds at Iqaluit from 12 UTC until

18 UTC.

The surface observations for the November case (Fig.

8b) show northwesterly winds up to 06 UTC, shifting to

the northeast quadrant until 19 UTC, before backing to the

northwest. The wind shift to the northeast corresponds to

the observed wind speed increase (Fig. 8a) discussed above.

The modelled wind directions shift from the northwest

to the northeast and back to the northwest; however, the

timing of each shift is different depending on the position

of the grid point. The model shifts the wind to the north

sooner than observed � this is associated with a decrease in

wind speed, with winds again increasing from the north-

west after 18 UTC.

5. Cross-sections

Fig. 9�11 show the cross-sections between X1 and X3 for

each event near the time of maximum observed surface

winds. We discuss the evolution of the flow, vertical

velocity and u fields, vertical profiles at key locations and

Froude (Fr) number at X1 and X2. In doing so, we hope

to gain insight to the processes at work during strong

northeasterly wind events. Likewise, we wish to determine

whether or not the simulated response of the atmosphere

above the lee slopes of the Hall Peninsula during cross-

barrier flow events is consistent with the theory.

The Fr numbers for modelled soundings were calculated

using the method of Gohm et al. (2008). Here H is defined

as the depth of the impinging upstream flow between sea

level and the centre height of the inversion (Z). The depth

of the inversion layer is DZ. We used the method of Kahl

(1990) for identifying the base and top of inversion layers.

U is defined as the mean wind speed averaged over H, Du
the difference in potential temperature through DZ, and �h
the mean potential temperature through depth H. These

variables are used to calculate the reduced gravitational

acceleration, g� ¼ gDh=�h and in turn Froude number,

Fr ¼ U=
ffiffiffiffiffiffiffiffiffiffiffiffi

g �H
p

. The critical mountain height was also

calculated, which is the minimum barrier height required

for the occurrence of critical flow at the crest (Gohm et al.,

2008). If the mountain height is greater than the critical

height, conditions are favourable for the transition from

subcritical to supercritical flow as the air passes over the

mountain (Gohm et al., 2008), with an associated accel-

eration above the lee slope. The key variables are presented

in Tables 2 and 3.

5.1. 4 February 2007

From 18 UTC through 21 UTC, a low-level wind

maximum develops and advances down the lee slope of

the Hall Peninsula, with speeds of 70�75 kn located about

50�60mb above the surface. A hydraulic jump develops

near Frobisher Bay around 20 UTC. A mean-state critical

Fig. 8. Comparison of modelled and observed hourly 10-m wind

speeds at Iqaluit for the 17 November 2008 event.

10 J. M. HANESIAK ET AL.



layer is evident over the lee slope near 700mb at 20 UTC,

immediately prior to formation of the jump.

From 22 UTC until 03 UTC, the strong hydraulic jump

remains nearly stationary on the eastern shore of Frobisher

Bay. Figure 9 shows the cross-section along at 00 UTC,

with strong easterly to northeasterly flow across the Hall

Peninsula at all levels below 500mb. A hydraulic jump is

evidenced by the strong vertical velocity couplet on the

eastern shore of Frobisher Bay, and the sharp dip in

isentropes over the lee slope rising rapidly over Frobisher

Fig. 9. Vertical cross-section between points X1 (right-hand side) and X3 (left-hand side; see Fig. 1) for 00 UTC on 5 February 2007.

Potential temperature is contoured, winds barbs are in knots, and vertical velocity (Pa s�1) is shaded (warm hues ascent; cool hues descent).

Red arrow indicates the approximate location of Iqaluit.

Fig. 10. Vertical cross-section between points X1 (right-hand side) and X3 (left-hand side) for 23 UTC on 20 September 2008.
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Bay. Only weak waves are present over the upslope peaks

near X1 and over the plateau.

By 03 UTC, the low-level wind maximum increased to

over 80 kn. Low-level winds over Frobisher Bay turned

to northeasterly from about 01 UTC. The impact of the

hydraulic jump on the wind field is evident up to about

600mb before 00 UTC, extending to near 500mb by 03

UTC; a self-induced critical layer also develops above the

hydraulic jump.

Between 03 UTC and 06 UTC, the hydraulic jump

migrates across Frobisher Bay and pushes up against the

eastern slopes of the Meta Incognita Peninsula. From 07

UTC until 11 UTC, the hydraulic jump migrates eastwards

back across Frobisher Bay. The strongest near-surface

winds over eastern Frobisher Bay are predicted between 05

UTC and 07 UTC, which is close to the time the model

forecast the maximum winds at Iqaluit. Low u air is present

over Frobisher Bay until 20 UTC, but is flushed out when

the flow becomes northeasterly from about 02 UTC

onwards. The Fr number at X1 was less than 0.80 from

12 UTC until 00 UTC (Table 2). At X2 the Fr number was

near 0.80 from 12 UTC until 21 UTC, increasing to 1.2 at

00 UTC. This indicates that the transition from subcritical

to supercritical flow occurred near 00 UTC. The base of the

inversion at X1 at 20 UTC is located near 1160m, with a

peak wind of 57 kn. The barrier height is greater than the

critical height until 06 UTC.

5.2. 20 September 2008

From 16 UTC to 20 UTC, a strong east-northeasterly

(�50 kt) wind maximum develops approximately 50mb

above the lee slope (Fig. 10). West of X2, winds near

680mb decrease from 19 UTC onwards � indicating the

presence of a mean-state critical layer. Near the same time,

a strong velocity couplet develops on upwind of Frobisher

Bay, indicating the presence of a hydraulic jump.

Fig. 11. Vertical cross-section between points X1 (right-hand side) and X3 (left-hand side) for 15 UTC on 17 November 2008.

Table 2. Parameters derived from forecast profiles at points X1 and X2 around the time a hydraulic jump (or strong wave) was predicted

to develop over the lee slope

20061107 20070204 20080920 20081107

Base of inversion or stable layer at X1 (m) 400 1160 830 810

Mean-state critical

layer (mb) 650 700 680 650

Froude number at X1 2.5 0.6 2.1 0.8

Froude number at X2 N/A 0.8 1.2 1.0

HJ present? Yes (20�22 UTC) Yes (20 UTC� ) Yes (19�23 UTC) Yes (09�18 UTC)
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Figure 10 shows that at 23 UTC, close to the time when

the modelled and observed wind maxima were observed at

Iqaluit, the east-northeasterly wind maximum (�50 kn)

was located about 60mb above the lee slope. A vertical

velocity couplet over Frobisher Bay is at peak strength,

with the isentropes dipping sharply over the lee slope,

before rising steeply in association with the jump. Strong

descent is predicted over Frobisher Bay from 19 UTC to 23

UTC, coinciding with the time when the hydraulic jump

was at its strongest and deepest (up to �600mb). After

23 UTC, although the northeasterly low-level wind max-

imum is still present, the hydraulic jump weakens. This is

associated with a weakening and backing of winds at

Iqaluit and over Frobisher Bay. After 01 UTC the north-

easterly low-level wind maximum weakens slightly, and the

velocity couplet near Frobisher Bay weakens further. The

couplet is present on the leeward slope of the Hall

Peninsula at 04 UTC, but the ascending arm no longer

reaches the surface. The flow over Frobisher Bay becomes

north-northwesterly at 10�20 kn at this time.

The Fr number at X1 was near 2.0 around the time the

jump was forecast to develop over the lee slope. The Fr

number at X2 was 1.2 just prior to formation of the jump

(Table 2). A transient stable layer was predicted at X1 near

21 UTC with a base near 830m; no clear inversions were

present in the 3-hourly data. At X2 an inversion was

predicted only at 15 UTC, with stable layers at 18 UTC, 00

UTC and 12 UTC. The predicted peak low-level wind at 09

UTC was 36 kn. The barrier height was greater than the

critical height for all times when Fr numbers could be

calculated.

5.3. 17 November 2008

A mean-state critical layer is present for most of the period

above the Hall Peninsula. The critical layer is located

between 700mb and 580mb between 04 UTC and 15 UTC.

A northeasterly wind maximum (45 kn) develops 50�60mb

above the lee slopes of the Hall Peninsula between 09 UTC

and 16 UTC and reaches its peak strength near 13 UTC.

The formation of the low-level wind maximum is followed

by the development of a hydraulic jump around 09 UTC,

which peaks near 12 UTC. This coincides with the timing

of the peak northeasterly surface wind speeds at Iqaluit.

Signs of the jump affecting the flow above the lee slope are

evident up to 680mb. The jump dissipates around 18 UTC.

The cross-section at the time of the strongest observed

winds at Iqaluit (15 UTC) is shown in Fig. 11. A north-

northeasterly low-level wind maximum (�40kn) is evident,

with a vertical velocity couplet and sharply undulating

isentropes in the lee of the Hall Peninsula reflecting the

hydraulic jump. Also evident is the mean-state critical layer

near 680mb. At this time, the predicted winds were too

low, possibly because the jump was located upslope of

Iqaluit. The maximum predicted winds were expected at

12 UTC when the jump was located closer to Iqaluit.

Other than a brief period of northeasterly flow along

the eastern shore of Frobisher Bay from 10 UTC to 12

UTC, the near-surface flow over the bay is predominantly

northwesterly to northerly. Flow above that and below

mean-state critical layer is east-northeasterly to east-

southeasterly. Low u air is present near surface over

Frobisher Bay before 06 UTC and after 09 UTC. Between

these times, the low u air was flushed out by a northeasterly

flow. At the time of the modelled hydraulic jump, the

Fr number at X1 was near 0.8, and 1.0 at X2 (Table 2).

The barrier height was greater than the critical height for

all times for which the Fr number was calculated.

6. Discussion

6.1. Comparison with the 7 November 2006 event

Deacu et al. (2010) studied the transition from northeasterly

flow to strong northwesterly flow at Iqaluit on 7 November

2006. The strongest sustained northeasterly surface winds

were 15 kn from 11 UTC until 16 UTC, becoming north-

westerly at 30 kn after 18 UTC. The predicted critical layer

over the Hall Peninsula was between 650mb and 550mb. A

hydraulic jump was predicted over the eastern shore of

Frobisher Bay from 19UTC through 22UTC. The strongest

downslope winds (�30 kn) were predicted from 21 UTC to

00 UTC. The Fr number at X1 near the time of the predicted

hydraulic jump was 2.5. Deacu et al. (2010) suggested that

the hydraulic jump was initiated by the less dense downslope

northeasterly flow encountering a denser northwesterly flow

over the bay, which had an impact similar to that of a

topographic barrier.

Table 3. Summary of the impact of cross-barrier flow on modelled low-level winds near the time when the maximum northeasterly winds

were forecast at Iqaluit and when maximum winds were predicted over the lee slope

20061107 20070204 20080920 20081107

Low-level speed maximum (kn) and direction at X1 0658@35 (21 UTC) 0688 @74 (06 UTC) 0798 @36 (21 UTC) 0528@35 (12 UTC)

Maximum 850-mb wind over lee slope (kn) 33 kn (22 UTC) 77 kn (06 UTC) 51 kn (00 UTC) 45 kn (12 UTC)

Height of wind maximum above lee slope (mb) �50 �60 50�60 50�60
Acceleration of wind @ 850mb N/A 31% 63% 27%
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Unlike Deacu et al. (2010), we find that for the cases

studied here, Froude numbers upstream of the Hall

Peninsula around the time of the simulated hydraulic

jump are typically less than 1.0, suggesting subcritical

flow (e.g. Durran, 1991). The presence of subcritical flow

upstream does, however, not guarantee the formation of a

hydraulic jump. Additionally, the transition to super-

critical flow does not necessarily occur over the higher

upstream ridge near X1 or X2, but rather at the point when

the plateau starts to descend down to Frobisher Bay as

evidenced by the sharp decline of the isentropes in the

cross-sections. Our analysis suggests that the formation of

the hydraulic jump for the 17 November 2008 case may

have been initiated in a similar manner to that of 7

November 2006, with the downslope northeasterly flow

encountering denser northwesterly flow above the western

portions of Frobisher Bay. In all three strong northeasterly

high wind events, a mean-state critical layer was evident

above the Hall Peninsula near the time at which a hydraulic

jump (or strong lee wave) formed.

6.2. Low-level acceleration of winds

Of note in the cross-sections is the acceleration of the low-

level winds as they traversed the Hall Peninsula. The

acceleration over the lee slope calculated for the cases in

this study was 30�60%, with a mean acceleration of about

40% (Table 3). In contrast, Mobbs et al. (2005) calculated

an acceleration of low-level flow over a mountain barrier in

the Falkland Islands of over 100%.

Possible reasons for the lower accelerations observed in

our study are the table-top nature of the Hall Peninsula and

the fact that the slope of the Hall Peninsula upwind of

Iqaluit is not as steep as that of the mountains in the

Falklands. Additionally, the GEM-LAM tends to under-

estimate low-level winds, which could be due to the model’s

configuration. Sensitivity tests conducted by Deacu et al.

(2010) found that using a different surface drag scheme (i.e.

Beljaars et al., 2004) produced more realistic (and higher)

surface wind speeds. Increasing the vertical resolution in

the low levels and changing the mixing length further

increased wind speeds.

6.3. Composites for strong wind events

Fig. 12 shows the NARR fields for 13 strong northeasterly

(or easterly) wind events at Iqaluit between late 2005 and

early 2012 (between 1 September and 30 April) that had

winds of 30 kn lasting at least 3 h. All 13 events were

associated with a deep low (typically 960�990mb) just

south or west of southern Baffin Island, reflected in the

mean sea-level pressure map (Fig. 12a). The lows followed

one of two preferred tracks � they either moved eastwards

from Hudson Bay to south of Baffin Island over the

Labrador Sea, or northwards in the vicinity of the

Labrador coast before either curving to the west (more

Fig. 12. NARR composite fields for 13 strong northeasterly (or

easterly) wind events at Iqaluit between late 2005 and early 2012

(i.e. 1 September and 30 April) with winds of ] 30 kn for ] 3 h.

(a) Top panel mean sea-level pressure (Pa), (b) middle panel 850-

mb vertical velocity (Pa s�1) and (c) bottom panel 900-mb wind

speed (m s�1) and direction. Iqaluit is shown by a black dot.

14 J. M. HANESIAK ET AL.



common) or east. Oftentimes there was an Arctic high-

pressure cell present over northern Baffin Island and the

Davis Straight. The result was a very tight north-south

pressure gradient on the northern flank of the low, with the

strongest gradient over southern Baffin Island. The reason

the gradient is not directed along the Hall Peninsula is

because the composites included easterly events. This

strong pressure gradient suggests that the wind events are

primarily pressure-gradient driven.

The 850-mb vertical velocity composite is shown in Fig.

12b. Strong ascent along the upwind slopes of the Hall

Peninsula in association with the strong northeasterly

upslope flow is evident. Subsidence occurred over the lee

slopes of the Hall Peninsula, with weak ascent over

portions of Frobisher Bay. Ascent also occurred on the

upwind slopes of the Meta Incognita Peninsula. The

composite of 900-mb winds (Fig. 12c) shows strong cross-

barrier flow (�35 kn) over southern Baffin Island. The

composite map shows the strongest northeasterly winds at

900mb over the far southern portions of the Hall Peninsu-

la, with evidence of tip jets off the Hall and Cumberland

peninsulas. Mean winds at 900mb above Iqaluit were near

30 kn, which is consistent with the observed wind speeds

there. The aforementioned conditions associated with the

13 high wind events are consistent with those observed

during the three cases investigated earlier.

Another noteworthy observation from inspecting the

hourly weather data at Iqaluit between late 2005 and early

2012 is the fact that most high wind events are relatively

short-lived (i.e. 3�10 h). The February 2007 event was the

exception both in term of strength and duration, lasting

about 30 h. Also, most high wind events occurred within

the period of September through November. This suggests

that the timing of such events may be related to the increase

in baroclinic activity in the fall and the position of the

preferred storm track during that time.

6.4. Forecast criteria and guidelines

While no single synoptic situation and atmospheric struc-

ture adequately describes the evolution of events for all the

cases considered, the following features are consistent for

cases when strong northeasterly winds were observed at

Iqaluit in association with a hydraulic jump:

� The passage of a deep low south of Baffin Island in

concert with an Arctic high to the north generates a

strong pressure gradient (typically 2�4mb per

100 km) that is more or less aligned along the axis

of the Hall Peninsula.

� There is strong cross-barrier flow (508 to 808), with
winds near the upstream ridge height (750�800m
ASL) typically at least 35 kn.

� A mean-state critical layer (or reverse shear layer) is

present over the Hall Peninsula between 650mb and

700mb.

� A low-level inversion is typically present between

800m ASL and 1100m ASL (i.e. above the max-

imum barrier height) immediately upstream of the

Hall Peninsula.

� Froude numbers upstream of the Hall Peninsula

around the time of the predicted formation of a

hydraulic jump are typically less than 1.0, suggest-

ing subcritical flow.

� The barrier height is greater than the critical

mountain height, facilitating the acceleration of

the downslope flow.

We propose that the above conditions can be expected to

be associated with the following:

� A wind maximum develops about 50mb above the

downwind slope of the Hall Peninsula, the strength

of which is typically 45�50 kn.
� The flow above the lee slope at 850mb is predicted

to accelerate by approximately 30�60% compared

to the upstream flow.

� A non-stationary hydraulic jump is predicted in the

vicinity of Iqaluit; the strength and persistence of

the jump vary from case to case.

7. Conclusions

GEM-LAM, in-situ observations and reanalysis data were

used to study three strong northeasterly wind events over

the southern Baffin Island region of Canada, with a focus

on Iqaluit, the capital of Nunavut. We have shown that a

variety of synoptic configurations can give rise to strong

northeasterly wind events at Iqaluit; however, they all have

certain features in common. First, the large-scale flow pro-

duces a strong north-south pressure gradient over southern

Baffin Island. The topography and upwind subcritical

cross-barrier flow, together with stable stratification and

presence of a mean-state critical level may generate waves.

Consequently, instead of Iqaluit being sheltered in the lee

of the Hall Peninsula, it can experience strong winds under

these conditions. It appears that wind energy from the wind

maximum over the lee slope of the Hall Peninsula is

transported downwards towards the surface (from the

low-level wind maximum) as air descends, before rising

rapidly in the ascending portion of the hydraulic jump. The

specifics of this process are beyond the scope of this paper

and will be the subject of future research.

With the exception of the 17 November 2008 case, the

GEM-LAM was successful at predicting the large-scale

flow in terms of the circulation pattern, timing of the large-
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scale pattern and the low-level flow over the Hall Peninsula

in the 00- to 24-h forecast window. The onset and cessation

of strong winds and timing of major wind shifts at Iqaluit

were typically well handled by the GEM-LAM (i.e.

predicted within 3 h of observed), but the model tended

to underestimate the peak wind speed. The skill of the

surface wind forecasts at Iqaluit is critically dependent on

the timing and location of the hydraulic jump as predicted

by the model. Unfortunately, it is difficult to determine in

advance whether or not the model will accurately predict

the timing and location of the jump. An ensemble predic-

tion system may provide some guidance in this regard.

Several factors, which may (or may not) be operating at

the same time, appear to be responsible for the acceleration

of the low level flow over the Hall Peninsula and formation

of the hydraulic jump, namely: (1) the transition from

subcritical to supercritical flow above the lee slope, (2) the

interaction of a downslope flow (or wave) with the cooler

(and denser) northwesterly flow over the bay, and (3) the

downward reflection of wind energy in vertically propagat-

ing mountain waves by a mean-state critical layer. With

regards to (3), numerical simulations by Durran (1991)

indicated that the reflection of vertically propagating waves

by a critical layer was not a major player in the generation

of strong downslope winds. Also, simulations by Klemp

and Durran (1987) suggested that the development of

strong downslope winds was not inhibited by the absence

of a critical layer. The simulated flow for the cases

presented here is consistent with the hydrostatic wave

theory, in which the acceleration of wind over a mountain

barrier occurs over the lee slope, followed by a hydraulic

jump (e.g. Durran, 1991). The modelled atmospheric

conditions upwind of the Hall Peninsula immediately prior

to the formation of the jump are largely consistent with the

prediction of propagating hydraulic jumps with Froude

numbers near 1. We note that the calculation of the Froude

number for a single upstream sounding may not adequately

reflect the real-world processes in this region of complex

topography and strong low-level stability for the current

configuration of the GEM-LAM. Our findings are not

consistent with the flow regime diagram of Sheridan and

Vosper (2006). This may be because the mountain barrier

in the Falklands is much narrower and steeper than is that

of the Hall Peninsula.

The criteria identified in previous studies for strong

downslope winds and hydraulic jumps are typically evident

in this study; however, no single synoptic situation and

atmospheric structure adequately describes the evolution of

events for all of the cases considered here. Nevertheless, the

proposed guidelines should be useful in alerting forecasters

to the risk of strong northeasterly wind events and the

possibility of hydraulic jumps near Iqaluit. We recommend

that the guidelines should be further tested using an

independent data set.
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