
Statistics and Dynamics of Aircraft Encounters of Turbulence over Greenland

TODD P. LANE

The University of Melbourne, Melbourne, Australia

JAMES D. DOYLE

Naval Research Laboratory, Monterey, California

ROBERT D. SHARMAN

National Center for Atmospheric Research,* Boulder, Colorado

MELVYN A. SHAPIRO

University of Bergen, Bergen, Norway, and Cooperative Institute for Research in Environmental Sciences,

University of Colorado and the National Oceanographic and Atmospheric Administration, Boulder, Colorado

CAMPBELL D. WATSON

The University of Melbourne, Melbourne, Australia

(Manuscript received 20 November 2008, in final form 5 February 2009)

ABSTRACT

Historical records of aviation turbulence encounters above Greenland are examined for the period from

2000 to 2006. These data identify an important flow regime that contributes to the occurrence of aircraft

turbulence encounters, associated with the passage of surface cyclones that direct easterly or southeasterly

flow over Greenland’s imposing terrain. The result of this incident flow is the generation of mountain waves

that may become unstable through interactions with the background directional wind shear. It is shown that

this regime accounted for approximately 40% of the significant turbulent events identified in the 7-yr database.

In addition, two specific cases from the database are examined in more detail using a high-resolution mesoscale

model. The model simulations highlight the important role of three-dimensional gravity wave–critical level

interactions and demonstrate the utility of high-resolution forecasts in the prediction of such events.

1. Introduction

Mountains and mountain ranges have important in-

fluences on the incident atmospheric flow because of

the substantial lateral and vertical flow displacements

that they induce. Such flow displacements lead to the

enhancement or initiation of precipitation (e.g., Roe

2005), the generation of wakes that can control the

climatological meteorological conditions (e.g., Smith

and Grubiši�c 1993), and substantial large-amplitude

mountain waves and turbulent energy dissipation.

Mountain waves and their associated vertical flux of

horizontal momentum are significant components in the

momentum budget of the middle atmosphere (Fritts

and Alexander 2003; Kim et al. 2003) through their

modulation of the background flow in regions of mo-

mentum flux divergence. One process that causes a di-

vergence of the momentum flux is wave breaking (e.g.,

Lilly and Kennedy 1973); wave instability and breaking

initiates turbulence, which also contributes to the ver-

tical redistribution of atmospheric constituents, such

as ozone, water vapor, and aerosols (e.g., Dörnbrack

1998), and poses a hazard to aviation (e.g., Lilly 1978).
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In a survey of reported encounters between commer-

cial aircraft and turbulence over the contiguous United

States, Wolff and Sharman (2008) highlight mechanisms

contributing to turbulence generation, as well as iden-

tifying preferred locations of turbulence occurrence.

In particular, regions of complex terrain, such as the

Rocky Mountains, composed the major contribution to

the total number of turbulence reports, with the source

being attributed to mountain-wave-breaking processes.

Other regions around the world that feature frequent

air traffic passing above complex terrain also regularly

pose a hazard to aviation such as the Alps (e.g., Jiang

and Doyle 2004) and Greenland (e.g., Doyle et al.

2005; Ólafsson and Ágústsson 2009). Greenland under-

lies the preferred flight routes between North America

and Europe, and turbulence above Greenland is the fo-

cus of this study.

Turbulence derived from interactions with terrain

and mountain waves can be due to a variety of pro-

cesses, including eddy shedding (Clark et al. 1997), ro-

tors (Doyle and Durran 2002), wake effects (Lane et al.

2006), and nonlinear processes associated with large-

amplitude and breaking waves (Lilly 1978). In the upper

troposphere/lower stratosphere, where surface effects

and cloud/precipitation hazards are reduced, wave break-

ing is probably the most important individual mecha-

nism that affects aviation safety near mountains.

The causes of upper-level wave breakdown are

complex, being due to large-amplitude forcing, non-

Boussinesq effects, critical levels in the background flow

(Booker and Bretherton 1967; Wurtele et al. 1996),

wave–wave interactions (Franke and Robinson 1999),

and/or nonlinear wave resonance (Peltier and Clark

1983; Bacmeister and Schoeberl 1989; Thorpe 1975,

1987). These processes become particularly elusive when

considering the broader spectrum of waves generated

by complex topography (e.g., Jiang and Doyle 2004;

Sharman and Wurtele 2004) and evolving flow condi-

tions (e.g., Ralph et al. 1992, 1997; Clark et al. 2000). In

many cases, processes described by steady-state two-

dimensional critical level theory can be invoked to ex-

plain the underlying dynamics. In two dimensions, a

critical level for stationary mountain waves occurs when

the background wind speed equals zero in association

with flow reversals or localized minima in wind speed.

For example, the 11 January 1972 Boulder windstorm

case (Lilly 1978; Doyle et al. 2000) featured a minimum

in background zonal wind in the stratosphere, contrib-

uting to the formation of wave breaking at upper levels.

Simulations of this case by Clark and Peltier (1984) also

showed that resonance that resulted in instability and

wave breaking occurred well below the background

critical level in part due to wave reflection by that crit-

ical level. This suggests that wave instability and break-

ing may be caused indirectly by the presence of a critical

level, which acts to confine the wave energy below its

nominal height and maximizes nonlinear interactions.

Furthermore, the negative shear (in the cross-mountain

direction) associated with a critical level farther aloft

can lead to wave amplification, which may also enhance

nonlinearity.

Grubiši�c and Smolarkiewicz (1997) showed that, in

three-dimensional flow, the critical level (for stationary

waves) is the height at which the wind is zero when

projected onto the same direction as the wave vector.

Thus, the concept of a critical level becomes less well

defined in common wind conditions that contain both

directional and speed shears and regions of complex

topography because the appropriate direction of the

wave vector is difficult to define and so is the altitude of

reversal of the wind in that vector direction (e.g., Shutts

1995; Doyle and Jiang 2006). It is reasonable to assume

that the low-level wind defines the predominant direc-

tion of the wave vector, and a rotation in the wind of at

least 908 will be sufficient to induce a critical level for at

least part of the wave spectrum. Thus, for realistic sce-

narios, using simple theories to forecast turbulence over

terrain becomes challenging—suggesting the impor-

tance of numerical prediction in future turbulence pre-

diction systems.

There are presently a number of approaches for

mountain-wave turbulence prediction and avoidance:

(i) ad hoc real-time avoidance facilitated through the

use of pilot reports of turbulence encounters; (ii) ex-

amination of satellite images for evidence of mountain-

wave signatures to diagnose locations of potential

mountain-wave turbulence (Uhlenbrock et al. 2007);

(iii) the use of sophisticated algorithms utilizing gridded

forecast model output (e.g., Bacmeister et al. 1994;

Sharman et al. 2006); and (iv) predictions of turbulence

directly from high-resolution regional forecast models

that explicitly resolve the wave dynamics (e.g., Doyle

et al. 2005)—such forecasts could be derived directly

from parameterized turbulent kinetic energy or diag-

nosed using spectral or structure function analysis

(Frehlich and Sharman 2004) of the model fields. As

computer capacity increases, the latter approach is

likely to be the most successful for predictions of ter-

rain-induced turbulence, because the terrain features

are known and the prediction does not rely on the

skillful representation of aspects of a source that has

lesser predictive skill, such as deep moist convection.

Of course, in addition to developing automated ap-

proaches to forecasting, there is value in improving

knowledge of flow regimes and meteorological condi-

tions that are more conducive to turbulence production.
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Turbulence in the vicinity of Greenland is chosen as the

focus of this study because of its importance to the

trans–North Atlantic flight route and the limited studies

to date of turbulence in this region. The objectives of

this paper are to (i) explore the variability of turbulence

encounters over Greenland and identify important flow

regimes contributing to that variability; and (ii) employ

a high-resolution mesoscale model to explore the gov-

erning dynamics in selected significant case studies.

The remainder of this paper is organized as follows:

section 2 describes the database of turbulence reports in

the vicinity of Greenland, the seasonal distribution, and

an important flow regime elucidated by this analysis;

two cases are examined and simulated in more detail in

section 3; the importance of these results for aviation

safety and operations are discussed in section 4; and

finally, conclusions are presented in section 5.

2. Turbulence statistics (2000–06)

Commercial aircraft routinely report occurrences of

turbulence during flight. These reports, referred to as

Pilot Reports (PIREPS) over the continental United

States and Aircraft Reports (AIREPS) over the oceans,

provide an indication of turbulence location and inten-

sity used by air traffic control in real time to monitor

turbulence in the airspace. The aircraft pilots assign a

subjective measure of the turbulence intensity (TB) that

is experienced, ranging from null or smooth to extreme

turbulence. These records can be coded on a 0–8 scale

as either 0 (null), 1 (smooth to light), 2 (light), 3 (light

to moderate), 4 (moderate), 5 (moderate to severe),

6 (severe), 7 (severe to extreme), or 8 (extreme). These

reports are issued at any time or location, but are re-

quired at least every 108 of longitude (for east–west-

oriented oceanic flight routes). With these factors in

mind, AIREPS are not without substantial uncertainties.

AIREPS are subjective; with the measure of intensity

determined by the pilots’ own personal experience.

AIREPS suffer uncertainty in the spatial location, with

recorded locations possibly representing turbulence

that was experienced tens or even hundreds of kilome-

ters prior to or after the actual location (Schwartz 1996;

Wolff and Sharman 2008). Furthermore, AIREPS usu-

ally contain single isolated reports that do not provide

information about the longevity of the turbulence en-

counter. Nevertheless, despite these uncertainties, these

turbulence records provide a useful indication of the

spatial and temporal variability of turbulence within a

given region.

A database of AIREPS was assembled to explore the

occurrence and variability of turbulence in the vicin-

ity of Greenland. This database covers the period of

January 2000 to December 2006 and is restricted to

the geographic area within latitudes of 598–808N and

longitudes of 658–258W; these coordinates surround

Greenland (see Fig. 1). Within this database, there are

more than 38 000 turbulence reports (including null

turbulence), and 1515 reports of moderate or greater

(MOG,1 TB $ 4) turbulence intensities. These MOG

reports occurred on 655 individual days during the 7-yr

period, and therefore on average every fourth day has

at least one MOG turbulence report. Severe reports

are far less frequent, with only 49 severe or greater

(TB $ 6) reports (only 3% of MOG reports) during

the 7-yr period. The most MOG reports in any single

day (i.e., 36) were reported on 11 January 2003, and on

19 February 2000 the second-most MOG reports (i.e.,

33) were reported; these two events are described in

detail in section 3.

Our underlying assumption is that the majority of the

(MOG) turbulence encounters are the result of inter-

actions between the background flow and the imposing

Greenland terrain. Such an assumption is justified, in

part, by the results of Wolff and Sharman (2008) who

highlight the significant localized enhancement of tur-

bulence reports over the mountainous regions of the

contiguous United States. Most of these turbulence re-

ports are probably associated with mountain-wave pro-

cesses, but some may also be due to instabilities caused

by the interactions between the jet stream and other

terrain-induced flow distortions (e.g., Clark et al. 2000).

Of course, some of these turbulence encounters may be

due to jet streams, upper-level fronts, or convective

processes that might have occurred in the absence of

terrain, but it is assumed that such encounters make

only a secondary contribution to the statistics in the

vicinity of the steep Greenland topography.

a. Monthly turbulence occurrence

The occurrence of MOG AIREPS is not uniformly

distributed throughout the year. Figure 2 shows the

monthly distribution of the MOG reports, as well as the

number of individual days with at least one MOG re-

port. This figure shows that there are more MOG re-

ports in the winter months than in the summer months.

January has the most reports (245, 16% of all MOG

reports) in the 7-yr period, and May has the least (54,

3.6% of all MOG reports). Similarly, January has the

most days with at least one MOG report (i.e., 86), and

May has the least (i.e., 32). Figure 2 does not take into

account changes in air traffic through the region of

1 The definition of MOG used here is different from that used by

Wolff and Sharman (2008), which was TB $ 3.
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interest. The number of commercial flights and their

flight tracks are extremely difficult to ascertain from the

available data. However, normalizing the number of

MOG reports by the total number of reports (including

null turbulence) is one way to reduce the influence of

spatial and temporal variations in air traffic density

(Wolff and Sharman 2008). This normalization is also

shown in Fig. 2 and the seasonal distribution is mostly

unchanged and reflects a maximum in MOG turbulence

occurrence in the winter months and a minimum tur-

bulence occurrence in the summer months. This is a

similar distribution to that found for mountain-wave

turbulence reports over the contiguous United States by

Wolff and Sharman (2008).

The seasonal distribution in turbulence reports can be

partially explained by the seasonal variation in the in-

tensity of the jet stream. In the winter months, the

meridional temperature gradient is strongest, leading to

more intense jets. While the turbulence over Greenland

[and over the Rocky Mountains in Wolff and Sharman

(2008)] is mainly caused by the presence of mountain

waves, stronger jets will lead to increased wind shears, a

lower Richardson number, and a higher likelihood of

wave instability processes. Moreover, the seasonal dis-

tribution of turbulence encounters over Greenland is

also strongly coupled to the seasonal variation in surface

cyclone occurrence as will be discussed in section 2c and

later in the paper.

b. Low-level wind direction during turbulent events

As a simple attempt to delineate the flow regimes

responsible for generating turbulence over Greenland,

the low-level wind direction is examined for every day

with at least one MOG turbulence report during the

7-yr period considered. The wind direction was obtained

from the National Centers for Environmental Prediction–

National Center for Atmospheric Research (NCEP–

NCAR) reanalysis (Kalnay et al. 1996) and to reduce

FIG. 1. Terrain elevation (contoured at 200-m intervals). The area shown is the horizontal extent of

domain 1 in the COAMPS simulations; also shown is the location of domain 2 and the innermost domain

used for the 19 Feb 2000 simulation (solid) and the 11 Jan 2003 simulation (dashed).
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the influence of low-level blocking the 850-hPa winds

were used. To further reduce the uncertainty in this

analysis associated with spatial changes in wind direc-

tion, our focus is restricted to MOG reports in the vi-

cinity of Greenland’s southern tip. In the event that a

MOG report occurred within latitudes between 598 and

708N and longitudes between 358 and 608W, the wind

direction at the approximate location of Greenland’s

southern tip (658N, 458W) was recorded.

The distribution of the 850-hPa wind direction on

turbulent days is shown in Fig. 3. Also shown in Fig. 3 for

comparison purposes is the distribution of the 850-hPa

wind direction at (658N, 458W) for every day during the

7-yr period. Therefore, while the wind at Greenland’s

southern tip is most commonly from the west or north-

west, approximately 60% of the turbulent events occur

when the low-level wind is from the southeast quadrant;

turbulence is disproportionately more likely in easterly,

southeasterly, or southerly flow regimes. Furthermore,

when the low-level wind is from the northwest quadrant,

turbulence is less frequent and only accounts for ap-

proximately 18% of the turbulence events.

To explore the flow regimes when the turbulence

is more intense or widespread, a number of significant

events were identified. The criterion for identifying

these significant events was 1) at least one report of

severe or greater turbulence, or 2) at least 10 MOG

reports during any one day. Using this criterion, 43 sig-

nificant events were identified, which corresponds to

about 6.5% of all days with at least 1 MOG report. Of

these significant events, 19 have low-level winds from the

east or southeast (44% of all significant events). Consis-

tent with the distribution shown in Fig. 2, 18 of these

significant events occurred between September and No-

vember, 17 occurred between December and February, 6

occurred between March and May, and only 2 of these

significant events occurred between June and August.

c. Interpretation of turbulence statistics

Sections 2a,b highlighted two important aspects of the

temporal variability of MOG turbulence encounters

over Greenland: (i) turbulence is more likely to occur

when the low-level wind is from the southeast quadrant;

and (ii) turbulence is more frequent during the winter

months. One potential source of low-level southeasterly

flow is the passage of cyclones across the southern

reaches of Greenland. Seasonal variations in the large-

scale circulation (viz., storm tracks) will modify the

frequency of occurrence of cyclones. Such variations

coupled with the importance of low-level southeasterly

flow likely contribute to the seasonal variations in tur-

bulence occurrence shown in Fig. 2.

The climatological frequency of cyclones was as-

sessed using the University of Melbourne automated

cyclone tracking scheme (Murray and Simmonds 1991).

This scheme identifies regions of surface pressure min-

ima (viz., cyclones) from gridded data and determines

a variety of relevant statistics including location, fre-

quency of occurrence, intensity, and track. The cyclone

density was determined for the 2000–06 period for the

summer [June–August (JJA)] and winter [December–

February (DJF)] months separately using the NCEP–

NCAR reanalysis database, where cyclone density is a

FIG. 3. Distribution of 850-hPa wind directions at 608N, 458W

derived from the NCEP–NCAR reanalysis between 2000 and

2006. Shown is the distribution determined from the 6-hourly data

(light bar), and those wind directions occurring during turbulent

events (dark bar).

FIG. 2. Monthly distribution of turbulence reports from 2000 to

2006. Shown are the number of MOG turbulence reports (light

bar), the number of days with at least one MOG report (dark bar),

and the number of MOG reports divided by the total number of

turbulence reports (null–extreme) in that given month (multiplied

by 2000, solid line).
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measure of the frequency of occurrence of cyclones.

Figure 4 illustrates that there are approximately 2–3 times

more cyclones in DJF than in JJA in the vicinity of

Greenland’s southern tip.

When flow is incident upon Greenland’s southern tip

mountain waves may be generated and propagate ver-

tically until they become evanescent or are dissipated at

a critical level. Such generation and propagation con-

ditions will vary significantly case by case, yet the flow

regime associated with the passage of surface cyclones

presents a simple scenario that is consistent among many

cases. Consider a surface cyclone whose center passes

over the southern tip of Greenland: this cyclone directs

low-level southeasterly flow over the terrain, which gen-

erates mountain waves that may propagate vertically.2

However, as is common, the upper-level flow maintains

a westerly component. Therefore, the presence of the

surface low suggests that a change in wind direction

of at least 908 is likely, presenting a scenario that is

conducive to the presence of a critical level, as defined

in the introduction. An example of this scenario is

shown in Fig. 5, based on one significant turbulence

event (19 February 2000) described in more detail later

in the paper.

The described scenario, relating the presence of a

surface cyclone to the generation of turbulence aloft,

requires a number of processes to be present. First, the

incident conditions must be conducive to the generation

of vertically propagating mountain waves. For example,

the parameter Nh/U, where N is the Brunt–Väisälä

frequency, U is the wind speed, and h is the terrain

height, must not be too large; in flow regimes with large

values of Nh/U, the incident flow is more likely to be

blocked and deflected. Second, for this process to in-

fluence commercial aviation the change in wind direc-

tion must exceed a significant angle, and the height of

this change must be at the appropriate altitude. These

two processes were examined for each of the 19 sig-

nificant events with easterly or southeasterly low-level

wind described in the section 2b.

To determine the presence of mountain waves, Ad-

vanced Very High Resolution Radiometer (AVHRR)

infrared (IR) satellite images were examined for evi-

dence of mountain-wave signatures in the cloud field

(e.g., a föhn gap or similar feature); Fig. 5c shows one

example for 19 February 2000 with the extent of the

föhn gap highlighted by arrows. Satellite imagery for

each of the significant events was examined, and 17 of

the 19 cases (89%) with easterly or southeasterly low-

level wind showed evidence of mountain waves. The

winds from the NCEP–NCAR reanalysis were also ex-

amined for each of these 19 significant events. Of those

19, 17 exhibited at least a 908 shift in the wind direction

below 100 hPa. Therefore, it is apparent from the cur-

sory examination of the large-scale conditions and MOG

turbulence reports, that an important regime contribut-

ing to the generation of turbulence near Greenland is

associated with the passage of cyclones. It is beyond the

scope of this study to examine each turbulence event in

any significant detail, and the remainder of this study is

FIG. 4. Cyclone density [31023/(8 latitude)2] derived from the

NCEP–NCAR reanalysis between 2000 and 2006: (a) JJA and

(b) DJF.

2 While the vertical group velocity of mountain waves varies

with background conditions, it is likely that waves would span the

depth of the troposphere within a few hours of the onset of cross-

mountain flow.

2692 M O N T H L Y W E A T H E R R E V I E W VOLUME 137



dedicated to examining two cases that are consistent with

the proposed scenario.

3. Numerical simulations

This section presents two of the significant events

selected for further examination using the atmospheric

portion of the Coupled Ocean–Atmosphere Meso-

scale Prediction System (COAMPS; Hodur 1997). The

COAMPS atmospheric model is a finite-difference ap-

proximation to the fully compressible, nonhydrostatic

equations. Physical parameterizations are used to rep-

resent surface fluxes, boundary layer, radiation, and

moist processes including microphysical quantities (see

Hodur 1997). The initial fields for the model are created

from multivariate optimum interpolation analyses of

upper-air sounding, surface, commercial aircraft, and

satellite data that are quality controlled. The lateral

boundary conditions for the outermost mesh make use

of Navy Operational Global Analysis and Prediction

System (NOGAPS) forecast fields. The model is initial-

ized at 0000 UTC on the day of interest. COAMPS has

been verified with field campaign datasets on numerous

occasions to demonstrate reasonable skill in simulating

topographically forced flows such as mountain waves

(e.g., Doyle et al. 2005; Doyle and Jiang 2006).

The model was configured with three (one way) nested

domains with horizontal grid spacing equal to 45, 15, and

5 km, and 60 vertical levels. The location of these three

domains is illustrated in Fig. 1; both simulations described

in this paper use the same configurations, with the ex-

ception of the location of the highest-resolution domain.

FIG. 5. The (a) 850- and (b) 100-hPa geopotential height (m) from the NCEP–NCAR reanalysis at 1800 UTC

19 Feb 2000, (c) AVHRR IR (11.5–12.5 mm) image valid at 1729 UTC, and (d) the horizontal location of the MOG

turbulence reports for this day (the altitude, location, and severity of these reports are listed in Table 1). Arrows in (c)

highlight signatures of mountain waves.
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a. 19 February 2000

On 19 February 2000 there were 33 MOG reports of

turbulence in the vicinity of Greenland, including one

severe report and one extreme report (Table 1). The

location of these reports is shown in Fig. 5d. As dis-

cussed in the previous section (Figs. 5a–c), this case

features an eastward-moving surface cyclone, low-level

(850 hPa) southeasterly winds, upper-level (100 hPa)

west-southwesterly winds, evidence of mountain-wave

activity from satellite imagery, and is therefore a good

candidate for turbulence formation by three-dimensional

critical level processes. Although the extreme turbu-

lence report was made at 0846 UTC, our discussion is

restricted to late afternoon when the majority of the

turbulence was reported.

The COAMPS simulation, for this situation, shows

that accompanying the eastward progression of the sur-

face cyclone is a midlevel (500 hPa) east-southeasterly

jet that moves toward the north as time continues (Fig. 6)

and contains wind speeds exceeding 40 m s21. Zonal

cross sections of the zonal velocity (Fig. 7) illustrate

that the flow maintains an easterly component until ap-

proximately 13-km altitude, where the flow reverses to a

TABLE 1. List of all MOG reports on 19 Feb 2000. (Note the

altitude of flight is determined using standard atmospheric pres-

sure levels and the physical height above sea level varies with

the conditions. Nevertheless, 30 000 ft is approximately 9.8 km,

35 000 ft is approximately 11.5 km, and 40 000 ft is approximately

13.1 km.)

Time

(UTC)

Lat

(8N)

Lon

(8W)

Flight

level (ft) Turbulence

724 68 50 33 000 4

846 61 50 37 000 8

918 61 50 37 000 5

949 67 50 37 000 6

1336 64 40 37 000 4

1354 66 42 33 000 4

1408 64 50 37 000 4

1413 65 50 29 000 5

1420 66 40 35 000 5

1449 66 50 35 000 5

1502 69 54 33 000 5

1521 65 53 33 000 5

1526 65.5 44 28 000 4

1544 66 50 27 000 4

1558 69 60 33 000 4

1616 64 50 33 000 5

1616 67 50 37 000 4

1642 67 60 35 000 4

1708 66.5 44 31 000 5

1709 66 50 35 000 4

1752 67.4 43.22 26 000 5

1752 67 60 31 000 4

1806 68 60 28 000 4

1829 69 50 35 000 5

1851 66 50 35 000 4

1851 66 50 35 000 4

1943 66 50 39 000 4

2028 67 50 34 000 4

2033 68 50 37 000 4

2039 69 50 32 000 4

2104 69 60 33 000 4

2119 67 50 35 000 5

2147 67 60 35 000 4

FIG. 6. Horizontal cross section at 500 hPa from COAMPS do-

main 3 at (a) 1800 and (b) 2100 UTC 19 Feb 2000. Wind vectors

represent the horizontal wind speed and direction, and shading de-

picts the zonal wind. Also shown are the locations of cross sections

used in Figs. 7 and 8 (lines AB and CD); these cross sections are at

different latitudes.
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westerly direction. Within the easterly flow are localized

regions of flow reversal (westerly flow) that are located

within coherent shear zones; these shear zones have

features consistent with upward-propagating mountain

waves (i.e., backward phase tilt with height). These re-

gions of tropospheric flow reversal all contain nonzero

parameterized turbulent kinetic energy (TKE), identi-

fying regions of instability. Consistent with the regions

of localized TKE are wave-induced regions of reduced

stability (Fig. 8), resembling hydraulic jump–like features.

The simulation suggests that there are two impor-

tant processes apparently at play. The first process is

the steepening of the large-scale vertically propagating

mountain wave, associated with the tilted phase struc-

ture that extends across the width of the Greenland

landmass. This steepening and eventual instability oc-

curs over a region of positive (backward) wind shear, a

few kilometers below the (zonal) flow reversal. The

second process is the steepening of small-scale gravity

waves associated with localized features in the terrain.

Both the southern (line AB) and northern (line CD)

cross sections highlight localized regions of instability

above Greenland’s western slopes. Figure 8a illustrates

enhanced low-level TKE above the multiple (small)

peaks, with additional instability at around 11 km, which

is highlighted by an arrow on the figure. Furthermore,

Fig. 8b identifies the localized steepening and instability

at 11 km, directly linked to the flow down the relatively

FIG. 7. Zonal cross section at (a) 1800 (line AB from Fig. 6a) and

(b) 2100 UTC (line CD from Fig. 6b) 19 Feb 2000 from the

COAMPS simulation. Contours show zonal wind at 10 m s21 in-

tervals, with negative contours dashed, and regions of positive

wind hatched. Also shown is subgrid TKE (m2 s22; shaded).

FIG. 8. As in Fig. 7, but for potential temperature contoured at

6-K intervals. A region of turbulence discussed in the text is

highlighted in (a) with an arrow.
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steep lee slope of the isolated peak at the western edge

of Greenland. Both regions of wave breakdown occur

about two kilometers below the reversal in the zonal

flow at 13 km, likely because of nonlinearity associated

with wave reflection at the mean critical level and the

subsequent resonance. Moreover, the wind shear is rel-

atively weak in the lower stratosphere, allowing non-

linear effects to induce local regions of wave-induced

criticality some distance below the critical level defined

by the background flow. The altitude of the simulated

TKE is consistent with those reports detailed in Table 1

and, notwithstanding the uncertainties in horizontal

location, consistent with the preference for reports at

508W. Specifically, three moderate turbulence reports

were recorded within 1 h and 18 latitude or longitude

of the region of turbulence highlighted in Fig. 8a (see

Table 1). Furthermore, the northward movement of the

midlevel easterly jet is consistent with the northward

progression of MOG turbulence reports as time con-

tinues throughout 19 February 2000: ranging from the

extreme report at 0846 UTC at 618N to the numerous

reports between 678 and 698N around 2100 UTC.

b. 11 January 2003

The 11 January 2003 case shows many similarities to

the 19 February 2000 case. The 11 January 2003 tur-

bulence reports are listed in Table 2. There are 36 MOG

reports in total, making it the leading significant case

in the 7-yr database. Of these 36 MOG reports, 4 were

in the moderate-to-severe category and 3 were severe

reports. The large-scale conditions for this event are

depicted in Fig. 9, along with an AVHRR satellite im-

age, and the spatial locations of all of the MOG turbu-

lence reports. In a similar fashion to 19 February 2000,

the 11 January 2003 case is characterized by low-level

(850 hPa) southeasterly flow directed over the southern

tip of Greenland. However, in this case, the low pres-

sure system is larger and the minimum surface pressure

resides to the west of Greenland. The wind rotates with

altitude, and by 100 hPa the wind at Greenland’s south-

ern tip is westerly. The satellite image shows a well-

defined mountain-wave signature (Fig. 9c), highlighted

in the figure by arrows. Thus, this case fits within the

previously discussed archetype, with the possibility of

mountain-wave–critical level interactions due to direc-

tional wind shear.

The turbulence reports on 11 January (Table 2) are

generally situated farther south than on 19 February

2000 and for this reason, the COAMPS simulation of

11 January (Figs. 10–12) uses a 5-km domain that is

28 latitude farther to the south in comparison to the

previous case. The 500-hPa wind is easterly over a sig-

nificant area above Greenland (Fig. 10). At 1200 UTC

(Fig. 10a), the 500-hPa wind exhibits significant meso-

scale structure, with strong horizontal shear evident at

approximately 618N, 458W to the south of a strong

easterly jet with strength exceeding 40 m s21. Also,

there is a south–north-oriented band of horizontal shear

at 488W that extends from 618 to 658N. As time con-

tinues (Fig. 10b), this easterly jet moves poleward, and

the mesoscale detail in the horizontal flow is still present

but less striking.

Zonal cross sections of the zonal velocity (Fig. 11),

illustrate that the (zonal) flow reversal resides at higher

altitudes than the previous case, with the background

critical level at about 15 km. Nonetheless, localized

regions of enhanced TKE exist at around 11 km. While

at both times the wind shows evidence of large-scale

phase tilt in the zonal wind, it is unlike the 19 February

case that showed descent of the westerly flow in the large-

scale mountain-wave signatures. In this case, localized

TABLE 2. List of all MOG reports for 11 Jan 2003.

Time

(UTC)

Lat

(8N)

Lon

(8W)

Flight

level (ft) Turbulence

0525 60 50 32 000 5

1203 61 50 36 000 4

1209 61 50 36 000 4

1326 63 50 35 000 4

1330 61 50 37 000 4

1356 63 46 32 000 5

1401 62 50 33 000 4

1406 63 50 35 000 5

1407 64 50 36 000 4

1409 63 50 34 000 4

1412 61 50 32 000 4

1425 62 50 32 000 5

1429 63 50 37 000 4

1445 62 45 33 000 4

1505 62 50 33 000 4

1535 63 50 35 000 4

1542 65 50 39 000 4

1559 62 50 33 000 4

1559 62 50 33 000 4

1635 63 50 37 000 4

1635 61 48 30 000 4

1637 61 48 30 000 4

1653 63 50 37 000 4

1657 63 50 30 000 4

1701 63 50 31 000 4

1712 63.85 52 35 000 6

1828 64 50 32 000 4

1909 65 50 34 000 4

1926 63 50 35 000 4

1946 64 50 35 000 6

1947 62 50 32 000 4

2052 65 50 36 000 4

2107 63 50 33 000 4

2116 63 50 33 000 6

2148 65 30 34 000 4

2250 63 50 34 000 4
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regions of wave-induced flow reversal occur at low levels

near the lee slope and at a region of apparent wave

breaking at 10–11 km directly above that lee slope; this

region of localized flow reversal is particularly evident

at 1800 UTC (Fig. 11b).

The potential temperature distribution (Fig. 12) eluci-

dates the important differences between 11 January 2003

and the 19 February 2000 case. On 11 January, at both

cross sections (and times) the mountain-wave response

above the lee slope is highly nonlinear. The wave re-

sponse is dramatic, appearing similar to a deep hydraulic

jump, with peak-to-peak amplitude of approximately

5 km. This large-amplitude response induces enhanced

TKE at low altitudes, as well as highly localized over-

turning just below the tropopause. At the southernmost

cross section (Fig. 12a, line GH) the TKE is strongest at

lower altitudes, while in the northernmost cross section

(Fig. 12b, line EF) the TKE is largest in the localized

overturning region just below the tropopause, which is

highlighted by an arrow in the figure. [Note that one

severe and two moderate turbulence reports were re-

corded within 1 h and approximately 18 latitude or

longitude of this location (see Table 2).] This high-

lighted region of upper-level turbulence is likely asso-

ciated with resonance linked to wave reflection by the

mean critical level farther aloft and partial wave re-

flection at the tropopause, which both act to amplify the

wave signal to the point that a wave-induced critical

level is produced many kilometers below the mean

critical level. This mechanism is similar in concept to

that described by Clark and Peltier (1984).

The two cases show many similarities, but certainly

differ in detail. In particular, the 11 January case shows

a large-amplitude wave response in the lower tropo-

sphere, whereas the 19 February wave response is rel-

atively modest. Comparison of Figs. 7 and 8 with Figs. 11

FIG. 9. As in Fig. 5, but for 11 Jan 2003 and (c) is valid at 1320 UTC. The altitude, location, and severity of the reports

shown in (d) are listed in Table 2.
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and 12 show that the two events have similar upstream

stability structure, with the mean tropospheric Brunt–

Väisälä frequency approximately 0.008 s21. The prin-

cipal difference, however, is in the low-level wind

speed: the 19 February case has a low-level upstream

zonal wind of approximately 240 m s21, whereas the

11 January case has a low-level zonal wind of approxi-

mately 220 m s21. Using h 5 3000 m, the Nh/U pa-

rameter is equal to 0.6 on 19 February and 1.2 on

11 January. As originally shown mathematically in two

dimensions by Miles in a series of papers (e.g., Miles and

Huppert 1968) and in three dimensions using numerical

simulation (e.g., Smolarkiewicz and Rotunno 1989),

Nh/U can be interpreted as a measure of nonlinearity of

the flow. The increased amplitude in the low-level wave

response on 11 January is consistent with an increase in

Nh/U and also consistent with the idealized results of

Smolarkiewicz and Rotunno (see their Figs. 3a,b).

4. Discussion relevant to aviation safety

The two turbulence events and associated mountain-

wave structures described in section 3 represent the two

FIG. 10. Horizontal cross section at 500 hPa from COAMPS

domain 3 at (a) 1200 and (b) 1800 UTC 11 Jan 2003. Wind vectors

represent the horizontal wind speed and direction, and shading

depicts the zonal wind. Also shown are the locations of cross

sections used in Figs. 11 and 12 (lines EF and GH; these cross

sections are at different latitudes).

FIG. 11. As in Fig. 7, but at (a) 1200 UTC (line EF from Fig. 10a)

and (b) 1800 UTC (line GH from Fig. 10b) 11 Jan 2003.
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most significant days in our 7-yr database, with ‘‘sig-

nificance’’ quantified in terms of the number of MOG

turbulence reports. This measure is, however, somewhat

subjective and related to a variety of factors including

the volume of air traffic, the altitude of flight, the loca-

tion of the flight path, and some element of randomness.

The location of the flight route in the north–south di-

rection seems particularly important; these flight routes

will change throughout the day, presumably based on

optimum wind conditions, and prior locations of turbu-

lence occurrence (and null occurrence). For example,

consider the latitude of all turbulence reports (including

null) versus time on 19 February 2000 and 11 January

2003 (Fig. 13). Both days show a tendency for more re-

ports farther to the north later in the day. Moreover,

19 February (Fig. 13a) shows a distinct bimodal distri-

bution, implying two distinct flight routes, with the

southernmost route being ‘‘closed’’ at around 1700 UTC.

Both days also show a similar northward trend in

the number of MOG reports as the day progresses

(see Tables 1 and 2). This northward progression of

the MOG reports may simply be indicating a northward

movement of the flight tracks during the day and

may not be related to meteorological processes. How-

ever, both COAMPS simulations indicate enhanced

turbulence farther to the north during the northward

progression of the midlevel (500 hPa) easterly jet.

Therefore, the model results suggest that on these days

a northward movement of flight tracks would likely

place aircraft in the least favorable location.

The uncertainties associated with the AIREP data

lead to limitations in the assessment of cases where this

specific flow regime does not generate turbulence. For

instance, it is possible to identify other days that have

the same flow regime, but do not have turbulence re-

ports; 26 August 2001 is one such day and the large-

scale synoptic wind conditions represent what appears

to be the quintessential example of this flow regime

(Figs. 14a,b). While not as well defined as the previous

two cases, the satellite image shows a weak signature

of mountain-wave activity in the cloud field (Fig. 14c,

FIG. 12. As in Fig. 11, but for potential temperature contoured at

6-K intervals. (b) A region of turbulence discussed in the text is

highlighted with an arrow.

FIG. 13. The latitude of all turbulence reports in our area of

interest vs time (UTC) for (a) 19 Feb 2000 and (b) 11 Jan 2003.
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marked by an arrow). This day, however, featured only

null turbulence reports (a total of 39) in our area of in-

terest. Nevertheless, of these 39 null reports, 29 of them

were over the ocean just to the south of Greenland

(#608N), and fell outside the region of expected mountain-

wave activity. The mountain waves may have been too

weak on this (summer) day to generate widespread tur-

bulence, consistent with the seasonal distribution in tur-

bulence encounters depicted in Fig. 2. However, this day

may simply be one example of the choice of flight tracks

being beneficial in avoiding turbulence, whether by luck

or design.

5. Summary

This study examined commercial aircraft turbulence

reports, meteorological analyses, and numerical simu-

lations in the vicinity of Greenland, identifying processes

that contribute to the variability of turbulence encoun-

ters. It was shown that turbulence is more common over

Greenland during the winter months and more likely

to occur when the low-level wind near Greenland’s

southern tip is from the southeast quadrant. The passage

of extratropical cyclones to the south of the turbulent

regions is one source of low-level southeasterly flow,

and as illustrated using an automated cyclone-tracking

scheme, these also influence Greenland’s southern tip

more commonly in winter than summer.

These results show that a flow regime conducive to

wave breaking and turbulence near the southern tip

of Greenland occurs during the eastward passage of

surface low pressure systems. The resultant incident

southeasterly low-level flow may result in the generation

of vertically propagating mountain waves. Commonly,

FIG. 14. Geopotential height (m) at (a) 850 and (b) 100 hPa from the NCEP–NCAR reanalysis at 1200 UTC 26 Aug

2001. (c) AVHRR IR image valid at 1519 UTC. The arrow in (c) highlights signatures of mountain waves.
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the wind will rotate toward the east with height and

these mountain waves can interact with this directional

wind shear and break because of three-dimensional

critical level interactions. While each case will differ in

detail and notwithstanding the contributions from other

turbulence sources (e.g., jets, fronts, convection, etc.),

the long-term turbulence statistics and the two specific

cases examined in more detail herein imply the impor-

tance of this mechanism in contributing to the occur-

rence of enhanced levels of turbulence encounters near

Greenland.

Two specific events were examined in more detail

using a mesoscale numerical prediction model (i.e.,

COAMPS). The COAMPS simulations provided real-

istic simulations of mountain-wave breaking and (pa-

rameterized) turbulence at locations consistent with the

aircraft turbulence reports. Turbulence was shown to be

tied to large-amplitude mountain-wave breaking that

occurred a few kilometers below the background critical

level. This instability is most likely related to nonlinear

processes and wave resonance associated with wave

reflection at the background critical level. In these two

cases, the wave response associated with the western lee

slope of Greenland was the most influential. The sim-

ulations also identified the importance of transient wind

structures [viz., northward-progressing midtropospheric

(500 hPa) jets], which contributed to the temporal var-

iability of turbulence occurrence and intensity. Thus,

identifying the presence of these jets may be useful for

turbulence avoidance strategies.

This study focused on the flow regime characterized

by low-level southeasterly flow and critical-level in-

teractions associated with directional wind shear. This

focus arose out of the apparently disproportionate

occurrence of turbulence in southeasterly (low level)

flow regimes. Somewhat surprisingly, the westerly and

northwesterly wind directions were less likely to pro-

duce turbulence (reports) than climatology would dic-

tate. The westerly flow regime might be expected to

produce the largest wave response (e.g., Doyle et al.

2005), and was shown by Wolff and Sharman (2008) to

be the most common scenario over the Rocky Moun-

tains. Doyle et al. did identify wave breaking in the

lower stratosphere, but the absence of a critical level in

such cases means that the altitude of the upper-level

wave breaking is heavily dependent on the wave am-

plitude, which was shown to be sensitive to a variety

of upstream conditions. Thus, it seems reasonable to

assume that in many cases of west or northwesterly

flow the upper-level wave breaking may occur above

the usual flight level of most commercial air carriers

(;10 km), leaving lower altitudes relatively free of tur-

bulence. Therefore, the results elucidated by the turbu-

lence statistics herein can only be applied to turbulence

near 10 km (i.e., the part of the atmosphere sampled by

commercial air travel).

Of course, turbulence is not only important for com-

mercial aviation, it also makes a fundamental con-

tribution to the mixing of momentum and constituent

species. The processes described here and the model

simulations highlight the detailed spatial and temporal

variability of this turbulent mixing. Despite the uncer-

tainties in the representation of small-scale processes in

numerical models, this study illustrates the potential

value of mesoscale models in representing this turbu-

lence for both fundamental and aviation applications.

Moreover, although the small-scale and transient nature

of turbulence implies that it has inherently low pre-

dictability, the results presented herein illustrate that

turbulence is intimately tied to larger-scale resolved pro-

cesses and characteristics of the basic unperturbed back-

ground flow that are more predictable.
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