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Abstract Atmospheric boundary layer (ABL) dynamics over glaciers mediate the response of

glacier mass balance to large-scale climate forcing. Despite this, very few ABL observations are available
over mountain glaciers in complex terrain. An intensive field campaign was conducted in June 2015

at the Athabasca Glacier outlet of Columbia Icefield in the Canadian Rockies. Observations of wind

and temperature profiles with novel kite and radio-acoustic sounding systems showed a well-defined
mesoscale circulation developed between the glacier and snow-free valley in fair weather. The typical
vertical ABL structure above the glacier differed from that expected for “glacier winds”; strong daytime
down-glacier winds extended through the lowest 200 m with no up-valley return flow aloft. This structure
suggests external forcing at mesoscale scales or greater and is provisionally termed an “icefield breeze.” A
wind speed maximum near the surface, characteristic of a “glacier wind,” was only observed during night-
time and one afternoon. Lapse rates of air temperature down the glacier centerline show the interaction
of down-glacier cooling driven by sensible heat loss into the ice, entrainment and periodic disruption

and warming. Down-glacier cooling was weaker in “icefield breeze” conditions, while in “glacier wind”
conditions, stronger down-glacier cooling enabled large increases in near-surface temperature on the
lower glacier during periods of surface boundary layer (SBL) disruption. These results raise several
questions, including the impact of Columbia Icefield on the ABL and melt of Athabasca Glacier. Future
work should use these observations as a testbed for modeling spatio-temporal variations in the ABL and
SBL within complex glaciated terrain.

Plain Language Summary Mountain glaciers are experiencing rapid change in response

to climate change. But to confidently attribute past change and predict future change, our mathematical
models need to account for how glaciers modify the climate they experience. New measurements of wind
and temperature have been made over an outlet glacier of the Columbia Icefield, Canadian Rockies using
a novel kite-based measurement system along with an extensive set of meteorological measurements on
the glacier surface and in the valley below the glacier. They show that the persistent down-glacier winds
observed at the glacier surface have a different vertical structure than expected from previous observations
and theory. Down-glacier winds typically cool the air next to the surface as it travels down-glacier. Here

it is shown that this cooling process is more limited when the wind is strong throughout the lower valley
over the glacier, compared with times when wind speed is strongest next to the glacier and weaker above.
The data set presented in this paper provides an opportunity to test the models used to link glaciers and
climate.

1. Introduction

Atmospheric dynamics over glaciers are of interest as they mediate the response of glacier mass balance
to global and regional forcing. The contrast of snow/ice surfaces with surrounding land surfaces, complex
topography and the unique geometry of valley glaciers combine to create distinctive meteorology within
the mountain atmospheric boundary layer (ABL) and the glacier surface boundary layer (SBL) immediately
above the glacier surface. Perhaps the most prominent feature of the glacier SBL is persistent and often
strong down-glacier winds termed “katabatic” or “glacier winds” (e.g., Martin, 1975; Ohata, 1989; Streten
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& Wendler, 1968). These winds can markedly alter the spatio-temporal distribution of air temperature over
glacier surfaces from the environmental lapse rate (e.g., Ayala et al., 2015; Carturan et al., 2015; Greuell
et al., 1997; Petersen et al., 2013; Shea & Moore, 2010; Troxler et al., 2020) by enabling the air next to the
glacier surface to become isolated from the ABL and to cool as it travels down-glacier to lower elevations
(herein referred to as down-glacier cooling) (Greuell & Bohm, 1998). These variations in SBL air tempera-
ture alter the surface energy balance and ultimately the distribution of melt (e.g., Greuell & Smeets, 2001;
Petersen & Pellicciotti, 2011; Shaw et al., 2017).

Persistent down-glacier winds can originate from a range of forcings. The term “glacier winds” commonly
refers to summertime winds that form when the glacier surface is melting (van den Broeke, 1997b) while
“katabatic” winds can refer to both “glacier winds” and drainage flows driven by radiative losses from the
surface, such as those prevalent during night-time and over Antarctica (e.g., Parish & Bromwich, 2007;
Poulos & Zhong, 2008). Katabatic and “glacier winds” are buoyancy-driven flows, induced by the cooling of
near-surface air by sensible heat exchange and subsequent downward transport of the dense cold air (Ho-
inkes, 1954; Poulos & Zhong, 2008). Previous observations of “glacier winds” found up-valley flow overlying
the near-surface down-glacier flow (van den Broeke, 1997b). In addition to buoyancy-driven flows, glaciers
in mountainous regions are also likely to be affected by topographic channeling of large-scale gradient
winds and/or down-slope winds that are induced by dynamical interactions of the gradient wind with the
topography (Jiang & Doyle, 2008).

Despite the importance of correctly representing interactions between glaciers and climate within glacio-
logical, hydrological and meteorological models, few observations of the ABL in the few hundred meters
above glacier surfaces have been made. The lack of ABL observations above mountain glaciers is primarily
due to the difficulty in making measurements in these environments; the often inaccessible locations pro-
vide formidable logistical challenges, while rapid summer melt and unstable surfaces make a poor plat-
form for ground-based remote sensing and extreme climates are a challenge for sensitive instrumentation.
Observations and modeling of katabatic wind systems in Antarctica have received much attention (e.g.,
Bromwich et al., 1993; Parish & Bromwich, 1989; van Lipzig et al., 2004). The only large field campaign to
have systematically observed the ABL in the lowest few hundreds of meters above a mid-latitude mountain
glacier was the PASTEX campaign, in which multiple automatic weather stations (AWS) and a tethered
balloon system were deployed on the Pasterze Glacier (Greuell et al., 1997; van den Broeke, 1997b). Similar
campaigns have targeted icecaps in Iceland (Oerlemans et al., 1999; Reuder et al., 2012) and the melting
edge of the Greenland Ice Sheet (van den Broeke et al., 1994). Observations of wind speed and temperature
gradients within the lowest few meters of the glacier SBL have been made in various locations (e.g., Litt
et al., 2017; Munro & Davies, 1977; Sicart et al., 2014) and have shown that the validity of bulk aerodynamic
methods used to model turbulent heat fluxes depends on the proximity of a wind speed maximum to the
glacier surface and the extent to which large-scale winds influence the glacier SBL (e.g., Litt et al., 2015;
Radic et al., 2017; Smeets et al., 1998, 2000). Observations of spatial and temporal variations in surface me-
teorology, most commonly air temperature, have also been made over many glaciers (e.g., Ayala et al., 2015;
Greuell & Bohm, 1998; Petersen & Pellicciotti, 2011; Shea & Moore, 2010), with some studies showing
that spatial variability is often linked to different wind flow regimes. Owing to their strong influence on
surface energetics, many recent studies have focused on the methods to extrapolate the spatial distribution
of on-glacier air temperatures from on-glacier and/or off-glacier sites (e.g., Ayala et al., 2015; Carturan
et al., 2015; Petersen et al., 2013; Petersen & Pellicciotti, 2011; Shaw et al., 2017, 2020; Shea & Moore, 2010;
Troxler et al., 2020). Other recent studies have directly quantified the influence of wind flow regimes on
spatial variability of surface heat fluxes (Mott et al., 2020; Sauter & Galos, 2016). However, most studies of
the glacier SBL have usually lacked supporting observations of the ABL with which to help explain the at-
mospheric processes responsible for the variations observed. There are no documented observations of the
ABL over an outlet glacier of an icefield—an ice mass smaller than the icecaps of for example Iceland or ice
sheets of Greenland and Antarctica, but larger than a typical mountain glacier.

The lack of observations from the ABL over mountain glaciers and icefields limits the understanding and
prediction of the interaction of the glacier SBL with valley and large-scale circulations in regions of com-
plex terrain. This, in turn, prevents knowledgeable downscaling of atmospheric models and representation
of mountain cryosphere-atmosphere interactions in past and future simulations. Improved ABL process
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Figure 1. Map of field site and key measurement locations.

understanding and observations provide avenues to improve downscaling of near-surface meteorology from
gridded climate products through the validation of dynamical downscaling efforts (e.g., Collier et al., 2013)
and selection of predictor fields and algorithms used in empirical statistical downscaling (e.g., Hofer
et al., 2017). To address this lack of observational datasets, an intensive campaign was initiated over the
Athabasca Glacier, a mid-latitude valley glacier draining the Columbia Icefield in the Canadian Rockies
Figure 1. The campaign aimed to understand the key features of the glacier-valley circulation and how
they affect spatial and temporal variations in the structure of glacier ABL and SBL. This aim was addressed
through the following objectives:

1. Use novel kite profiling and radio-acoustic sounding systems to document ABL conditions above the
glacier and pro-glacial valley

2. Characterize the typical spatial and temporal variations in the ABL and SBL above the glacier tongue
and ice-free valley during fair weather

3. Provide the basis for meteorological modeling to (a) understand the drivers of the observed circulation
and (b) resolve the spatio-temporal variations in SBL climate in complex glaciated terrain

This study addresses objectives 1 and 2, as well as providing an initial assessment of the drivers of the
observed glacier-valley circulation. Further, it describes ABL development downwind of an icefield for the
first time. Future work should aim to test the ability of mesoscale meteorological models to simulate the
processes observed during the campaign.

CONWAY ET AL.

3of 17



NI Journal of Geophysical Research: Atmospheres 10.1029/2020JD034225

ADVANCING EARTH
AND SPACE SCIENCE

Figure 2. Photos of instrumentation deployed at (a) Ice site, (b) T/RH lapse rates sites, (c) Toe site, (d) Moraine and RASS site and (e), (f) kite profiling system.

RASS, radio-acoustic sounding system.

2. Methods
2.1. Field Setting, Campaign Timeframe

Athabasca Glacier (52.19 N, 117.25 W) is an outlet glacier draining the Columbia Icefield, a large icefield
(205.5 km? in 2009; Tennant & Menounos, 2013) astride the Continental Divide in the Canadian Rockies.
The upper part of the glacier forms part of the main ice mass of the Columbia Icefield and consists of an
extensive plateau at ~2,900 m a.s.l. and the south-western glaciated slopes of Snow Dome. After a series of
steep icefalls, a relatively flat glacier tongue extends for 3 km in a north-easterly direction, with a slope of
3°-5°in the first 2 km and 5°-10° in the last 1 km.

An intensive field campaign was undertaken between June 17 and July 1, 2015 on the lower Athabasca Gla-
cier. All instrumentation was operating over the 12-day period 18 to 29 June (inclusive), and this is herein
referred to as the study period. Note that solar noon is around 1400 h LST during the study period.

2.2. Instrumentation

Two long-term automatic weather stations (AWS) are situated within the study area (installed in September
2014). One is an on-glacier site on the glacier tongue at around 2,175 m (Ice) and the other is an off-glacier
site on proglacial moraine 1 km from the glacier terminus at 1,983 m (Moraine) (Figures 1 and 2). Several
temporary sites were established for the intensive field campaign (Table 1). An additional full AWS site (Toe)
was placed on-glacier 700 m from the terminus at 2,021 m. To capture along-glacier lapse rates, a series of
temperature/humidity sensors in naturally ventilated shields were attached to glacier mass balance stakes
positioned along the center line of the glacier tongue between 2,228 and 2,022 m. A radio-acoustic sounding
system (RASS) was situated close to the Moraine site to measure wind velocity and air temperature in the
ice-free valley. Additional instrumentation was deployed at the Ice AWS location, including an 8 m profile
mast. Eddy-covariance measurements of turbulent heat fluxes were also made at Ice and Toe, as well as fine-
wire thermocouple measurements of near-surface temperature gradients (0-2 m) and additional radiation
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Table 1

Instrumentation Deployed During Campaign

Site name Instruments (and heights) Nominal heights

Ice AWS Air temperature/humidity: Rotronics HC-03-XT in 9 plate shield 1.5m
Wind speed/direction: RM Young 05,103 AP 2.0 m
Barometric pressure: Viasala PTB110 (CS106) 1.5m
Solar/longwave radiation: Kipp & Zonen CNR4 1.5m
Infrared surface temperature: SI-111 1.4 m
Surface height change: SR50a 1.6 m

Ice Profile Wind speed: MetOne 014A 0.75/1.5/3/4.5/6/8 m
Air temperature/humidity: Rotronics HC2-03-XT in 9 plate shield 0.75/1.5/3/4.5/8 m

Ice Eddy-covariance 3-dimensional wind velocity, sonic air temperature: IRGASON infrared 1.5m

Toe AWS

Toe Eddy-covariance

Moraine AWS

RASS

Along glacier T/RH lapse rates
Kite profiling

gas analyzer and sonic anemometer

Air temperature/humidity: Rotronics HC2-03-XT in 9 plate shield 1.5m
Wind speed/direction: RM Young 05,103 2.0m
Solar/longwave radiation: Kipp & Zonen CNR4 1.5m
Infrared surface temperature: SI-111 14 m
Surface height change: SR50 12m
3-dimensional wind velocity, sonic air temperature: IRGASON infrared 1.5m
gas analyzer and sonic anemometer
Barometric pressure: Viasala PTB110 (CS106) 1.5m
Air temperature/humidity: Rotronics HC2-03-XT in 9 plate shield 2.80 m
Wind speed/direction: RM Young 05103-AP 3.35m
Barometric pressure: Viasala PTB110 (CS106) 1.8 m
Solar/longwave radiation: Kipp & Zonen CNR4 2.2m
Infrared surface temperature: SI-111 0.8 m
Surface height change: SR50 2m
Rainfall: TB4 0.8 m
X, y, z wind velocities and air temperature: Scintec Flat Array MFAS with 10 m resolution
windRASS™ extension returns from
40 to 500 m.
Air temperature and humidity: Onset Hobo Pro v2 in 6 plate shield 1.5m
Kestrel 4000 Weather meter Bin averaged into
Wind speed—25 mm impellor, start 'up speed 0.6 m/s, resolution 0.1 m/s, ;r(z)rnr: ]lj(l)nio
accuracy the larger of 3% of reading or 0.1 m/s. -

Air temperature—externally mounted and thermally isolated precision
thermistor, resolution 0.1 K and accuracy 0.5 K.

Barometric pressure—monolithic silicon piezoresistive sensor, resolution
0.1 hPa and accuracy 1.0 hPa

Abbreviations: AWS, automatic weather stations; RASS, radio-acoustic sounding system.

measurements at Ice. For the sake of brevity, the eddy-covariance and fine-wire thermocouple observations
will be addressed elsewhere. Further details of instrumentation at each site location are given in Table 1.

Melting of the glacier surface was substantial during the campaign, with 0.90 m of melt recorded at Ice over
12 days. On the profile mast, the lower level sensors (0.75 and 1.5 m) were lowered daily to maintain heights
close to their nominal heights, while the nominal heights for the upper level sensors are given as the aver-
age height over the 12-days study period. The Ice AWS, Toe AWS and along-glacier lapse rate sensors were
lowered every 1-2 days through the study period to maintain their nominal heights.
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Wind and temperature data from the NCEP/NCAR Reanalysis 1 700 hPa pressure level for the point 52.5°N
242.5°E was used to provide context for large-scale conditions (https://www.esrl.noaa.gov/psd/data/grid-
ded/data.ncep.reanalysis.html). The mean height of the 700 hPa level during the study period was 3,110 m.

2.3. Kite Profiling

A kite-based profiling system was used to measure wind speed and temperature profiles in the lowest 200 m
above the glacier. The system consisted of a 1.4 m” parafoil kite on single Dacron line with 60 kg breaking
strain (Figure 2c). A Kestrel 4000 weather meter was attached to the kite line 10 m below the kite with a pi-
cavet system that kept the wind impellor facing the wind (Figure 2d). Flights were made periodically when
wind conditions permitted. This was normally when the 2 m wind speed > 4 m s™'. The maximum height
obtained was limited by the wind speed and weight/drag of the system. Generally, 300 m of line was used to
reach 200 m above the surface. Before a sounding was made, the line was set out and tethered, allowing the
kite to be raised and lowered above the same location by walking the line up and down.

A sounding consisted of three ascents/descents over the space of 30 min. Wind speed, air temperature,
and barometric pressure were logged every second by the Kestrel. Height was derived from the barometric
pressure. Ascent/descent speed was reduced in the 30 m closest the surface to allow the sensors sufficient
time to respond to the rapid change in temperature. Comparison of temperature profiles during ascent and
descent confirmed the temperature sensor observations were not impacted by response times. However, the
response time of the relative humidity sensor was too slow compared to the ascent/descent rates, and these
measurements were not used.

2.4. Data Processing

Temperature measurements made in the passively ventilated RM Young Gill shields on Ice and Toe AWS
were corrected for solar heating using the expression of (Huwald et al., 2009; Figure 8b) with coefficients
(a = 1.9, b = 0.4) determined locally with comparison to a humidity-corrected sonic temperature from a
co-located sonic anemometer, as recommend. Sensor malfunction resulted in the intermittent loss of wind
speed data from 1.5 m on the profile mast. Data from these periods (81.5 h) were replaced by wind speed
measured at 1.5 m by the sonic anemometer on the co-located eddy-covariance system. Rapid ice surface
melting caused the sensor arm at Toe AWS to rotate during the study period so wind direction from the sonic
anemometer at Toe is used.

The RASS data were processed into 30-min averages to align with the AWS data using the APrun software
package (version 1.46, Scintec AG, Germany). Diurnal mean wind velocities presented in Figures 5a and 5b
were rotated so the Ux wind was aligned with the glacial valley (35°East of North), so that positive Ux repre-
sents down-glacier flow and Uy represents cross-glacier flow from right to left when looking down-glacier.
Virtual air temperature profiles were not retrieved from RASS measurements during the afternoons of 27
and 28 June, so diurnal averages presented in Figure 5c are for 22 to 26 June.

Kite profile data were post-processed into 10 m altitude bins, averaging all data + 5 m from 10 to 200 m
altitudes.

Horizontal pressure gradient perturbations between Ice, Toe and Moraine were calculated by first removing
the mean barometric pressure difference between each site, then dividing the remaining differences by the
horizontal distance between each site (Ice to Toe: 1,730 m, Toe to Moraine: 1,410 m).

3. Results
3.1. Temporal Evolution of Meteorological Conditions

The temporal evolution of meteorology at key locations is detailed in Figure 3. After an unsettled period
(18-20 June) with a subdued diurnal cycle in air temperature, a general warming trend was observed over
the study period. A strong diurnal cycle of air temperature at off-glacier sites (Moraine and RASS at 50 m)
was dampened at on-glacier sites (Ice and Toe). On-ice air temperatures at Ice and Toe are similar except
for 20 and 21 June, where temperature is warmer at Toe, and 26 to 28 June where Toe was cooler in the late
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Figure 3. Air temperature, wind speed and direction at selected sites over the study period, 18 to 29 June, 2015. The shaded region (22-28 June) is defined as
an IOP. The gray dots in panel (c) are the wind direction at 700 hPa. IOP, intensive observation period.

afternoon and evening by a few degrees. The period 22 to 28 June was a period of fair weather, exhibiting
clear diurnal cycles in wind speed and air temperature along with persistent down-glacier winds and is
termed the intensive observation period (IOP). During the IOP, the glacier surface temperature at Ice was at
melting point, except for the early morning periods of 22-24 June. The predominately down-glacier winds
at Ice and Toe show large diurnal variations in strength early in the IOP, then transition to moderate wind
speed during the night-time from June 25 onwards. This transition is associated with an increase in noc-
turnal air temperature in the ice-free valley ABL greater than 10°C and a melting surface at Ice. The two
off-glacier sites (Moraine and RASS) show a coherent and clear diurnal cycle in wind speed and direction
throughout the IOP: weak winds from the east were observed during the early morning hours while strong
south-westerly winds (down-glacier) dominated from mid-morning till midnight. Early in the IOP, wind
speed during the afternoon is weaker at 2 m at on-glacier sites compared to the 50 m RASS measurements,
while later in the IOP afternoon, wind speeds are similar between these sites and elevations. Reanalysis data
at 700 hPa (Figures 3b and 3c) show a generally light westerly flow around 5-10 m s™" throughout the study
period, except for period of stronger winds on 25 and 26 June.

3.2. Near-Surface Profiles of Wind Speed and Temperature in the Glacier SBL

The typical diurnal cycle of wind speed and temperature profiles at the Ice site during the IOP (Figures 4a
and 4c) displayed weaker gradients in the early morning hours, as expected from the colder temperatures
observed. However, by 1200 h, stronger wind speeds and warmer air temperatures created strong gradi-
ents in wind speed and temperature close to the glacier surface. Strong gradients in temperature remained
through the afternoon till 2400 h despite wind speed decreasing from late afternoon. Though no low-lev-
el wind speed maximum was observed in the average profiles, a wind speed maximum below 8 m (the
highest measurement level) was observed during 25% of all 30-min periods during the IOP. Periods with a
wind speed maximum at the lower measurement levels (0.75-3 m) were associated with markedly colder
temperatures and lighter wind speeds than average (Figures 4b and 4d) and typically occurred during the
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Figure 4. Mean wind speed and temperature profiles (left) for diurnal cycle and (right) during periods with wind
speed maximum observed at different levels of mast during the IOP. Profiles are 30-min averages and the number of
periods contributing to means in (b) and (d) are given above profiles in (b). IOP, intensive observation period.

early morning during the first part of the IOP. Periods where wind speed maximums were observed at
higher measurement levels (4.5 to >8 m) were associated with progressively stronger winds and warmer
air temperatures. The warmest average temperature profile was associated with a wind speed maximum at
around 6 m, with cooler temperatures and weaker temperature gradients during periods with a wind speed
maximum at or above 8 m. The dominance of periods with no observable wind speed maximum below 8 m
contrasts with Stenning et al. (1981) who found 75% of profiles on Peyto Glacier had a wind speed maxi-
mum below 6 m, and van den Broeke (1997b) who found 75% of profiles had a wind speed maximum below
13 m on Pasterze during a period of abnormally warm weather. Note that the lack of an observed wind
speed maximum in the profile data does not discount the possibility of one occurring at or above the highest
measurement level. This should be kept in mind when comparing to the results of van den Broeke (1997b),
which had a higher maximum profile observation height than the present study. A positive relationship
between the strength of wind speed and the height of the wind speed maximum is expected from katabatic
theory (Denby & Greuell, 2000) and for the typical wind speed at the Ice site during mid-afternoon, a wind
speed maximum would be expected around or slightly above 8 m (Denby & Greuell, 2000; Figure 7, slope
of 5° and maximum wind speed of 9 m s™*). This underlines the need for measurements of wind speed and
temperature above 8 m made using the kite profiling system that are presented later.

3.3. Diurnal Variation of Within-Valley ABL

A down-glacier breeze at the RASS site (indicated by positive Ux wind velocity and Uy close to zero) typical-
ly began at 0800 h and built in strength through to 1300 h LST (Figure 5a). During its onset, the breeze was
consistent with height, though through the afternoon, stronger wind speeds were observed below 100 m
above ground level. The period of strongest wind speeds lasted from 1300 to 1600 h, after which moderate
wind speeds lingered into the evening, often associated with moderate winds from the west (indicated by
negative Uy) above 50 m (Figure 5b). After midnight, down-glacier winds rapidly disappeared, and a light
easterly was often observed (positive Uy). During the onset of the daytime breeze at 0800 h, the air temper-
ature in the lowest 200 m increased rapidly, presumably associated with the transition from the nocturnal
boundary layer (Figure 5c). From 0900 h warming was strongest at lower levels and the ABL continued to
warm through to late afternoon. Increased temperature at higher levels (>100 m) around 2,000 h is perhaps
associated with the weakening of down-glacier south-westerly breezes and change to moderate wester-
lies. Air temperature rapidly decreased around 2100 and 2400 h after which air temperature decreased
slowly until a stable ABL developed in the early morning hours. The Ice profile mast (Figure 4) and RASS
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3.4. Kite Profiling of Glacier ABL

Kite flights were used to profile the glacier ABL during most afternoons,
with flights alternating between the Ice and Toe sites (Figure 6). Light
and/or variable winds on June 20 and 21 did not allow deep ABL profiles
and revealed the flight limit of the kite profiling system to be around 4 m
s™" at 2-m height. There was good correspondence between the kite data
2 at 10 m (averaged from 5 to 15 m) and the profile mast measurements
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overlying a shallow surface layer around 20-30 m deep that was influ-
enced by the glacier surface (e.g. June 24 1429 h Toe). In most flights,

" wind speeds from 20 to 200 m were constant or slightly increasing with
12 0 height and exceeded that measured by the profile mast in the lowest 8 m.

QE The most obvious exception to this was the afternoon of June 28 in which
10 E a maximum wind speed occurred at 6 m height, with much lighter winds
. g above. This, along with strong temperature gradients, is characteristic of

a “glacier wind”. Enhanced near-surface wind speeds were also observed

Figure 5. Mean diurnal cycle of (a) down-glacier (Ux) and (b) cross-
glacier (Uy) wind velocity, and (c) air temperature above ice-free valley

9 12
Hour

15

18 21 24 during two morning flights (23 and 24 June) above Toe. The June 27 1623
h profile included a possible wind speed maximum between 10 to 20 m,
along with large fluctuations in wind speed, compared to other afternoon
flights. The June 27 1623 h profile was characterized by strongly fluc-

from RASS during IOP. Note that Ux and Uy have different z scales. IOP, tuating air temperature between 40 and 80 m and an extremely stable
intensive observation period; RASS, radio-acoustic sounding system. profile up to 90 m. During this flight time, strong down-glacier cooling

was also observed, with Toe markedly cooler than Ice (Figure 3a). The

dissimilarity of glacier ABL profiles suggests multiple mechanisms play a
role in forcing the observed diurnal circulation. The availability of multiple kite ABL profiles on 24 and 28
June permitted in depth case studies of these two days to explore diurnal variations in glacier ABL, valley
circulation and glacier SBL in more detail.

3.5. Case Studies: “Icefield Breeze” Versus “Glacier Wind”

3.5.1. 24 June: “Icefield Breeze”

During the morning of June 24, wind speed profiles indicated a light down-glacier nocturnal flow with a
low wind speed maximum at 1.5 m (Figure 7c). This nocturnal flow persisted at Toe during the 1013 h flight
(Figure 7a). At this time, calm or light easterly winds (2-3 ms™") were observed above the ice-free valley by
the RASS (Figure 7b). Down-glacier lapse rates in the morning showed moderate cooling from the icefall
to mid-glacier and warming on the lower glacier tongue that slightly exceed the dry adiabatic lapse rate
(Figure 7d).

The 1210 h Ice kite profile coincided with initiation of strong daytime down-glacier winds at the off-glacier
sites (Figure 3b) and transition from nocturnal flow, as evidenced by large standard deviations of wind
speed (Figure 6) and an isothermal temperature profile in the lowest 60 m (Figure 7a). Afternoon kite
profiles at Toe and Ice displayed near-constant wind speeds from 20 to 200 m and a temperature profile
indicating a well-mixed ABL above 20 m. Wind speed at 1.5 m strengthened down-glacier from Ice to Toe
(Figure 3b), but 50 m RASS wind speed was much greater and a little stronger than wind speeds from
similar heights in the glacier ABL kite profiles. The RASS velocities were aligned along the glacier tongue.
The consistent wind speeds with height and extension of the strong winds into the ice-free valley suggest
the mechanism responsible for the observed down-glacier winds was operating at a scale larger than the
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Figure 6. Profiles of wind speed (in blue) and temperature (in red) from all kite flights above Ice and Toe stations.
Lines show mean and error bars show standard deviation of all kite measurements +5 m from measurement height.
Dots give mean values from Ice profile mast and Toe AWS during kite flights. AWS, automatic weather stations.

outlet glacier and can be thus thought of as having external forcing. While the mechanisms responsible for
the observed circulation are discussed later, the term “icefield breeze” is used herein to describe the strong
down-glacier winds that lack a wind speed maximum close to the surface, to distinguish these conditions
from more typical “glacier wind” conditions and reflect their presumed origin in the Columbia Icefield.

During the afternoon period of “icefield breeze” conditions, air temperatures changed very little down the
glacier tongue, indicating moderate down-glacier cooling was balanced by adiabatic warming, entrainment
and/or advection of warm air into the SBL (Figure 7d).

3.5.2. June 28: “Glacier Wind”

During the morning of 28 June, RASS measurements indicated very similar conditions in the ice-free valley
as the 24 June example just described, with calm or weak easterly winds (Figure 8b). However, on-glacier
conditions contrasted sharply, with moderate wind speeds (~4-9 m s™*) and no wind speed maximum < 8 m
observable in the profile mast data (Figure 8c). Down-glacier lapse rates indicate much warmer tempera-
tures than 24 June (10°C compared to 4°C at 2,230 m below the icefall), but a similar pattern of cooling from
the icefall to mid-glacier and warming on the lower glacier tongue (Figure 8d).
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Figure 7. Case study on 24 June showing diurnal progression of (a) air temperature (in red) and wind speed (in blue)
from periodic kite, mast and AWS observations above Ice (solid lines) and Toe (dashed lines), respectively, (b) wind
speed and direction above RASS, (c) near-surface wind speed from profile mast at Ice, and (d) air temperature along the
centerline of the glacier tongue, with the dry adiabatic lapse rate (DALR) for reference. Note 10 m bin is removed from
Kite profiles at Ice for clarity. In panel (b) a northward wind vector is aligned up the page. AWS, automatic weather
stations.

The onset of a daytime breeze at RASS at 0930 h (Figure 8b) was accompanied by increased wind speed at
Ice and Toe (Figure 3b). After the morning transition, a strong down-glacier cooling developed from 0800
to 1200 h (Figure 8d). From 1200 to 1700 h strong down-glacier cooling was observed in the lapse rate data
and a wind speed maximum at 6 m was observed at Ice. Kite flights at Toe and Ice indicate wind speed
diminishes strongly with height, with this pattern becoming stronger during the afternoon in conjunction
with warming in the ABL (Figure 8a). WindRASS data during afternoon kite flights show moderate winds
coming from the glacier extending to 200 m (Figure 8b). In all kite flights, air temperature increased up to
the maximum heights reached (80-120 m), indicating a very stable ABL. Similar to June 24, down-glacier
wind speed increased from Ice to Toe (Figure 3b), but in contrast, wind speed in RASS profiles are similar
to these on-glacier surface wind speeds (Figure 8b). These observations suggest a “glacier wind” driven by
intense sensible heat exchange at the glacier surface (as confirmed by eddy covariance measurements [work
in progress]) was the dominant mechanism on 28 June.

Between 1600 and 2000 h the strong down-glacier cooling was disrupted at the lowest site (Figure 8d).
This disruption began at 1800 h (not shown) and propagated up-glacier over the next 2 h, resulting in a
marked rise in air temperature at Toe from 8°C to > 15°C (Figure 3a). The intense down-glacier cooling and
late-afternoon disruption extended to the Moraine site (Figure 3a). The wind direction at Toe (Figure 3c)
indicates a shift to more westerly winds during the disruption, suggesting that advection of warmer air from
surrounding terrain into the “glacier wind” may have been responsible. Wind direction from RASS did not
show any large deviation during this period.
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Figure 8. Same as Figure 7 but for June 28 case study.

3.6. Lapse Rate of Air Temperature Within Glacier SBL

The mean diurnal evolution of air temperature along the glacier tongue during the IOP was characterized a
v shape with elevation with down-glacier cooling on the upper portion and a warming on the lower portion
(Figure 9a). The site closest to the glacier terminus was consistently warmer than other sites, indicating the
glacier SBL is more frequently disturbed by entrainment or advection. The magnitude of cooling on the
upper and warming on the lower tongue intensified during the night. During the day, down-glacier cooling
weakened but extended further down-glacier.

Periods with a wind speed maximum at or below 6 m, indicative of “glacier wind” or katabatic conditions
display a stronger v shape than periods with no observable wind speed maximum, which are likely to be
dominated by external forcing (including icefield breezes) (Figure 9b; compare gray and blue lines showing
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Figure 9. Evolution of air temperature down the centerline of the glacier tongue during the IOP: (a) mean diurnal
cycle (b) during periods with wind speed maximum at different levels of profile mast at Ice. The light blue line in (b)
shows mean evolution during periods where a wind speed maximum cannot be identified in the profile mast data (i.e.
maximum recorded wind speed is at 8 m height). For the number of observation periods in panel (b) refer to Figure 4b.
IOP, intensive observation period.
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periods with wind speed max < 8 m and >8 m, respectively). The cooling between the first and third
along-glacier T/RH sites is 1.4°C for periods with an identifiable near-surface wind speed maximum, and
only 0.6 for periods with no observed wind speed maximum, despite similar average air temperature. This
suggests the SBL on the upper tongue is more disrupted during periods of external forcing compared to “gla-
cier wind” situations. The disruption inhibits down-glacier cooling of the SBL, which in turn also limits the
potential for warming by entrainment on the lower tongue. A comparison of down-glacier cooling from the
first to third sites on the case study days supports this idea, with less than 1°C cooling on the afternoon of
the “icefield breeze” day (Figure 7d) but up to 2.5°C on the afternoon of the “glacier wind” day (Figure 8d).
The stronger down-glacier cooling on the 28th is likely also a function of the warmer air temperatures in the
valley core, which act to increase temperature deficit and drive increased sensible heat flux losses and buoy-
ancy driven flow. The stronger down-glacier cooling appears to inhibit warming on the lower tongue till late
in the day and produce very large increases in air temperature when the SBL was disrupted. In general, the
observed down-glacier temperature profiles do not fit the concept of linear lapse rates, and further studies
should consider the influence of advection and entrainment along with katabatic cooling cf. (Greuell &
Bohm, 1998; Petersen et al., 2013; Petersen & Pellicciotti, 2011) for different wind regimes.

4. Discussion

While a full explanation of the mechanisms driving the observed “icefield breeze” warrants a thorough
investigation using high-resolution meteorological modeling (e.g., Ma et al., 2013), some of the features of
the observed circulation are discussed here to generate hypotheses.

Previous observations of the ABL in “glacier wind” conditions show that during the daytime, wind speed
decreases to a minimum between 50 and 120 m above surface and becomes up-glacier above (van den
Broeke, 1997b). The data collected during this campaign give no evidence for up-glacier flow above the gla-
cier, nor the anabatic day-time winds expected at sites in the ice-free valley. A clear limitation of the kite pro-
filing system is that it cannot fly when down-glacier winds are overlain by up-glacier return-flow. However,
during periods of “glacier winds” in which wind speeds decreased toward the top of the kite profiles (i.e.,
28 June), moderate down-glacier winds were observed through the whole RASS profile to 200 m. Therefore,
it seems unlikely that an up-glacier return-flow overlaid the “glacier wind,” at least in the lowest 200 m.

Strong daytime down-valley winds have been observed well beyond the glacierized extent down-valley from
Mt Everest (Zhu et al., 2006). These winds develop from midday to midnight and extend through the entire
valley ABL to 1000 m above the ground. Numerical modeling has suggested the primary mechanism for
these winds is the development of along-valley potential temperature gradients as ice-free valley surface
heats during the daytime (Song et al., 2007). The strong potential temperature gradients give rise to hori-
zontal pressure gradients that drive the observed down-valley winds. Over glacier surfaces, wind speed is
further increased by sensible-heat exchange at the glacier surface. The down-valley wind is balanced by an
overall downward movement of air from higher levels of the atmosphere that plays an important role in the
transport of ozone-rich air into the valley (Cai et al., 2007). This contrasts with the observed up-slope flow
over Pasterze Glacier (van den Broeke, 1997b). The observations near and over the Athabasca Glacier are
more congruent with the Everest case, where down-valley flow extends throughout the ABL both above and
down-valley from the glacier.

The development of along-valley pressure gradients by heating in the ice-free valley is supported by obser-
vations during the IOP. First, a clear diurnal cycle in horizontal pressure gradient perturbations occurred
between AWS sites during the IOP (Figure 10a). These gradients are an order of magnitude larger (0.1 hPa
km™") than typical synoptic pressure gradients (0.01 hPa km™"). The horizontal pressure gradients also ex-
tended from the Toe to the Moraine site, though they weaken during the evening. The diurnal cycle of
pressure gradients corresponds with the diurnal cycle of on-glacier wind speed, which increased from 0900
to 1300 h and slowly weakened during the afternoon and evening (Figure 10b).

The on-glacier horizontal pressure gradients are also related very strongly (r = —0.83) to air temperature in
valley ABL (Figure 11a) which is, in turn, related strongly to on-glacier wind speed (Figure 11b; r = 0.69).
Horizontal pressure gradient perturbations are related more strongly to wind speed at Toe (r = 0.74) than
Ice (r = 0.60), perhaps indicating a stronger influence of “glacier wind” at the Ice site.
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Figure 10. Mean diurnal cycle of (a) perturbations from average horizontal pressure gradient between AWS sites
and (b) wind speed during the IOP. Pressure gradient perturbations are calculated with respect to the mean pressure
gradient between AWS sites. Negative pressure perturbations indicate lower pressure at the site further down-valley.
AWS, automatic weather stations; IOP, intensive observation period.

Other mechanisms beyond sensible heat exchange and mesoscale thermal contrasts may also play a role in
forcing the observed icefield breezes. The Athabasca Glacier drains the Columbia Icefield (Figure 1) and
this large glaciated surface is likely to cool the near-surface air and generate subsidence aloft, perhaps fur-
ther enhancing the surface pressure gradients between icefield and the surrounding ice-free terrain by mod-
ifying the airmass upstream of the Athabasca Glacier. The Columbia Icefield also sits on the continental di-
vide, exposed to the prevailing westerly geostrophic airflow. Thus, it is possible that topographic channeling
or down-slope flow forced by large-scale westerly winds play a role in generating the observed circulation.
Down-slope winds are associated with subsidence which produces warming and drying (Whiteman, 2000),
which would help enhance the thermal contrast between the well-mixed valley ABL and the glacier SBL.

During the IOP, large-scale winds at 700 hPa were generally weaker than valley/glacier wind speeds during
the afternoon, but channeling of large-scale winds and/or dynamically forced downslope wind associated
with descending air in lee of icefield cannot be excluded. It is likely that the large-scale gradient wind had
an influence on the morning of 25 and 26 June as the usual temperature inversion did not form between
the Moraine surface-level site and RASS at 50 m (Figure 3) and the RASS vectors show that strong winds
propagate downward toward the surface during the morning (not shown). On 27 and 28 June, RASS ob-
servations show that the strong daytime winds propagate upward during their onset (Figure 8b) and the
kite profiles on 28 show wind speed decreasing with height, making it unlikely that the gradient wind is
the primary mechanism on these days. The predominant westerly flow over the icefield may play a role
in removing the pressure gradients that cause the elevated up-valley return flow in classical glacier wind
theory and as observed over Pasterze. Mesoscale meteorological simulations may help to understand the
extent to which each of these processes contributes to the observed diurnal wind system, and future work
should explore this avenue. Mesoscale simulations may also help understand to what extent the presence of
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Figure 11. Relationship between air temperature at 40 m above RASS and (a) perturbation from average pressure
gradient between Toe and Ice sites and (b) wind speed at on-glacier sites during the IOP. IOP, intensive observation
period; RASS, radio-acoustic sounding system.
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the icefield upwind alters melt rates and contributes to the survival of low-lying areas of the outlet glaciers
under climate change.

While the balance of different forcing is currently uncertain, the observed daytime “icefield breezes” are
likely to be driven by a mix of sensible heat driven cooling at the glacier surface and external forcing op-
erating at a mesoscale or greater. Thus, budgets of momentum, heat and moisture with the ABL are likely
to differ from those in classical “glacier wind” situations (cf. van den Broeke, 1997a). This also implies
that care should be taken when using purely katabatic “glacier wind” frameworks to model SBL climates
(e.g., Greuell & Bohm, 1998) and turbulent heat fluxes at mountain glacier surfaces (e.g., Oerlemans &
Grisogono, 2002).

The patterns of glacier centerline temperature observed on Athabasca Glacier display a similar pattern to
that observed on other mountain glaciers, with predominately down-glacier cooling on the upper sections
and decreased cooling or warming on the lower glacier (e.g., Petersen et al., 2013; Troxler et al., 2020). The
observed down-glacier warming on the lower tongue during periods of disruption is in excess of DALR, in-
dicating non-adiabatic processes are at work (i.e. entrainment of warmer air from the ABL and/or horizon-
tal advection from areas surrounding the glacier). This is consistent with recent studies show that external
influences on the SBL are a common feature of many mountain glaciers, especially in the lower ablation
areas where the near-surface climate is more distinct from that in non-glaciated areas (e.g., Mott et al., 2020;
Shaw et al., 2020). However, the areas influenced by down-glacier cooling and/or disruption through en-
trainment or advection are not constant in space or time and appear to vary with the mechanism driving
the down-glacier winds. Future work should use detailed atmospheric models (e.g., Sauter et al., 2016) to
resolve the influence of different processes on near-surface climate to provide guidance on methods to
extrapolate. This would include exploring the spatial and temporal scales associated with different mecha-
nisms, optimum methods to extrapolate on and off-glacier AWS records, and relevant processes to include
in statistical downscaling of gridded climate products. Along with this, work to examine the spatial and
temporal variations in turbulent fluxes of energy and momentum associated with different wind regimes is
needed to determine the effect of changes in SBL climate on the surface energy balance and melt.

5. Conclusions

An intensive campaign to profile the ABL near and on the Athabasca Glacier outlet of the Columbia Icefield
with novel kite and radio-acoustic systems showed a distinct diurnal circulation develops during fair weath-
er. Despite the typical on-glacier meteorology—strong down-glacier winds and minimal diurnal tempera-
ture range—the glacier ABL structure was significantly different from that expected for “glacier winds”
driven solely by sensible heat exchange at the glacier surface. During the afternoon, strong down-valley
winds extended throughout the ABL above the glacier and extended well beyond into the ice-free terrain.
While the mechanisms responsible for the observed circulation are uncertain, a well-defined mesoscale cir-
culation developed between the icefield and valley in the absence of strong synoptic forcing. This previously
undocumented circulation is likely to be driven by horizontal pressure gradients that arise from the thermal
contrast between valley ABL and ice surfaces and is loosely termed an “icefield breeze.” Cooling driven by
sensible-heat losses at the glacier surface likely enhanced this mesoscale flow, with a near-surface wind
speed maximum typical of “glacier wind” conditions being observed during the night and on some days.

Regardless of mechanism driving the observed down-glacier winds, a stable SBL formed over the glacier,
resulting in lapse rates of air temperature along the centerline of the glacier tongue that differ markedly
from the environmental lapse rate. The lapse rates are extremely variable in space and time and do not
follow easy linear relationships with elevation due to interaction of katabatic down-glacier cooling and
warming due to entrainment and/or advection into the glacier SBL. In conditions dominated by “glacier
winds” with a wind speed maximum close to the surface, down-glacier cooling of SBL on the upper glacier
tongue is greater and temperature increases during periods that the SBL on the lower glacier tongue are
disrupted are much larger than during “icefield breeze” condition. During periods dominated by “icefield
breezes,” down-glacier cooling is weaker, and temperature varies little along the glacier flowline, despite
similar mean wind speed at 1.5 m within the glacier SBL. These results raise a number of outstanding
questions that have implications for our understanding of how surface meteorology and melting of outlet
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glaciers will be altered by climate change. Future work should use the observational datasets as a testbed
for modeling the mechanisms for and spatio-temporal variations in ABL/SBL climate and surface energy
balance in complex glaciated terrain.
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