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Abstract

Unique research aircraft observations were conducted within an Arctic fjord in Svalbard during three days in March 2013. Wijdefjorden is 110 km long, 5–15 km wide and has a north–south axis. Two-thirds of the fjord were covered by land-fast sea ice, but the northern part of the fjord was open. On two days the flow over the fjord was largely controlled by orographic channelling of the north-easterly wind, and on all three days a cold-air mass accumulated over the sea ice in the fjord and gradually propagated towards the open sea in the north. An ice breeze (analogous to land breeze) circulation, due to a strong temperature gradient across the sea-ice edge, was a key driver of the southerly near-surface wind over the fjord. On two days, the cold-air mass reached the open sea and the near-surface air mass warmed rapidly by several Kelvins. On one day, the channelled northerly flow pushed the cold-air mass to the south, from where it gradually propagated back to the north after the channelled flow had weakened. The results suggest that the channelling of the large-scale flow in the fjord can suppress the ice breeze to a shallow near-surface layer and even push the cold-air mass far south of ice edge. The near-surface air temperature and wind fields that were based on the Copernicus Climate Change Service Arctic Regional Reanalysis (CARRA) data set included large errors because CARRA did not have any sea ice in the fjord.
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Introduction

Human activities in the Arctic are concentrated in coastal regions at locations typically surrounded by complex orography. Under the predominant stably stratified conditions in the ABL the orography has typically a strong impact on the near-surface wind and temperature conditions as well as on the dispersion of atmospheric pollutants. However, because of the harsh environment and the remoteness of the Arctic, extensive experimental data sets on the flow dynamics in the ABL over complex terrain are rare.

Since the pioneering theoretical analyses of Queney (1948) and Scorer (1949), orographic effects on mesoscale and local meteorological processes have been considered in numerous studies, some of them addressing the Arctic (Jonassen et al. 2020; Shestakova et al. 2020; Shestakova et al. 2022). Although reasonably well understood on the basis of dynamical theory (Heinemann & Klein 2002), observations and model experiments of individual orographic effects and katabatic winds are complicated by interactions of several simultaneous processes and boundary conditions in regions of complex orography (Vihma et al. 2014; Jonassen et al. 2020).

In mountain valleys with a straight axis, winds are typically from two main directions: up-valley or down-valley (e.g., Whiteman & Doran 1993; Nawri & Stewart 2008). According to Whiteman & Doran (1993) the main driving mechanisms for the winds along the valley are: (1) thermal, causing down-valley winds in the night time and up-valley winds in daytime; and (2) mechanical, which can be partitioned into (i) forced channelling, when the geostrophic wind has a component along the fjord axis either in the up- or down-valley direction, or (ii) pressure-driven channelling, when the geostrophic wind is perpendicular to the valley wind, and the valley wind is driven by the pressure difference along the valley. In the latter case, the wind within the valley is directed to the left (in the Northern Hemisphere) from the direction of the (quasi-)geostrophic wind at the height of the mountain tops. Typical for both forced channelling and pressure-driven channelling is that the transition between down-valley and up-valley flow takes place over a very small range of geostrophic wind directions perpendicular to the valley axis (Whiteman & Doran 1993).

Over Arctic fjords, the orography resembles conditions in mountain valleys, but the dynamical processes are often complicated by various factors: (1) in mountain conditions the valley bottom is typically gently sloping but the sea surface in fjords is flat; (2) the surface boundary conditions in a fjord typically change in time because of the mobile sea surface (ocean waves, currents) as well as sea-ice formation, drift and melt; (3) in most mountain valleys studied (Flamant et al. 2002; Mayr et al. 2007; Schnitzhofer et al. 2009) solar radiation plays a larger role than in Arctic fjords; and (4) mountain valleys lack the step changes in surface temperature, generated by the ice edge in fjords. In fjords in winter, the ice/snow surface temperature can be down to −30 °C and in extreme cases even lower, while the surface of the open sea remains close to the freezing point of about −1.8 °C. In both mountain valleys and fjords, katabatic or other downslope winds are often generated on the slopes, transporting cold air downwards.

The large thermal differences and the complex topography around fjords often generate non-local effects on the turbulent surface fluxes of momentum, heat and moisture. In a study of the ABL over the ice-covered Wahlenbergfjorden, in Svalbard, Mäkiranta et al. (2011) detected drainage flows transporting cold air over the sea ice, where the winds calmed down and a cold-air pool was generated. Over the sea ice, there was, however, more turbulence than the local surface-based wind shear could have generated, probably due to top-down mixing caused by the large wind shear above the cold-air pool (Mäkiranta et al. 2011).

On the basis of their analysis of tethersonde sounding data over Isfjorden and Kongsfjorden in Svalbard, Vihma et al. (2011) found that low-level temperature inversion properties were more strongly controlled by synoptic scale weather conditions above the mountain tops than by lower boundary conditions at the Earth’s surface. However, LLJs, which they detected, were related to surface-driven katabatic winds. In Kongsfjorden, which was mostly covered by sea ice, the LLJs occurred above a cold-air pool that prevailed over the fjord ice. High-resolution model experiments by Kilpeläinen et al. (2011) revealed strong spatial variability of near-surface wind, temperature and humidity, as well as of the turbulent surface fluxes of sensible and latent heat in Isfjorden, Kongsfjorden and Storfjorden. For these variables, the magnitude of spatial variability within a single fjord was often comparable to the magnitude of temporal variability on synoptic timescales. Model sensitivity experiments without any topography revealed that the topography increased the spatial variability.

Research aircraft observations have been applied to study the ABL as well as the air–sea and air–ice interaction in the Arctic (e.g., Renfrew et al. 2008; Renfrew et al. 2009; Kristjánsson et al. 2011; Tetzlaff et al. 2014; Lüpkes & Gryanik 2015; Tetzlaff et al. 2015; Suomi et al. 2016; Heinemann 2018; Wendisch et al. 2019; Michaelis et al. 2020; Michaelis et al. 2021). However, flights over fjords have been rare, and the observed flow conditions have been such that the impacts of orography have been minimal, for example, over the wide Storfjorden (Vihma et al. 2003), or the flights have only passed the fjord mouth, yielding data on the outflow from fjords (Kristjánsson et al. 2011).

In March 2013, three research flights were carried out over the long, narrow Wijdefjorden in Svalbard. We analyse these observations here to investigate mesoscale dynamics and interactions of the ABL with the open sea and sea ice. Such observations can be considered as unique and are unlikely to be repeated since more restrictive limitations have been implemented in this area for environmental protection reasons. Our objective is to better understand fjordic mesoscale and boundary layer processes, such as channelling, barrier winds, downslope winds, flow across an ice edge (where the surface temperature gradient is strong), and fronts between warm and cold airmasses, and to distinguish primary challenges for the representation of the flow in fjords and related processes in high-resolution atmospheric reanalysis. To achieve the latter objective, we use data from CARRA (Yang et al. 2020). CARRA is a high-resolution (2.5 km) reanalysis data set that complements the ERA5 global reanalyses in 31 km resolution. Because of the high resolution of CARRA, it is expected to give more realistic results over the steep Arctic landscapes. The fjord that is the subject of this study is the second largest fjord in Svalbard. Yet its width is just 5–10 km, which is too narrow to be represented by the ERA5 reanalysis.

We begin with the description of the measurements and data, including research aircraft observations and the CARRA reanalysis data set, and explain the data processing methods. We then present the results that are based on the most extensive flight mission on 19 March, followed by a comparison to the conditions during two other days, 17 and 25 March, when there was only one saw-tooth pattern flight along the fjord available per day. This is followed by an evaluation of the CARRA reanalysis. After comparing our results with previous studies, we consider future perspectives.

Measurements, data and methods

Aircraft measurements

Research aircraft measurements were collected as a part of the Spring-Time Atmospheric Boundary Layer Experiment (e.g., Tetzlaff et al. 2015) over the long (110 km) and narrow (5–15 km) Wijdefjorden, in the northern parts of Svalbard (Fig. 1) on three days: 17, 19 and 25 March 2013. In the archipelago, the fjord is second only to Storfjorden in length. On a large scale it has a simple V-shaped structure horizontally, with an almost straight south-to-north axis, but the fjord is bounded by complex topography varying horizontally on scales of a hundred metres to kilometres (Fig. 1). The mountains on both sides of the fjord exceed 1000 m, the peaks on the eastern side reaching somewhat higher than on the western side. Maximum terrain elevations (Fig. 1c) on each side of the fjord were determined as the maximum height of the topography in a range ±1.5° of longitude zonally from the path of the saw-tooth pattern flight (all flight days) and the flight over the glacier near noon (on 19 March). The topography was obtained from Amante & Eakins (2009).

Fig. 1The study region, Wijdefjorden, is located in (a) the European Arctic, in (b) the northern part of Svalbard. The colours in (c) show the topography around Wijdefjorden (Amante & Eakins 2009) and the height (m a.s.l.) of the flights down the glacier and along the saw-tooth pattern on 19 March 2013 (dotted lines). The location of the maximum terrain elevation in a range ±1.5° of longitude zonally from the flight path is shown as red lines, and the red dot shows the location of the reference point at the fjord head. (d) A graphic illustration of the mountains around Wijdefjorden (Norwegian Polar Institute, retrieved from https://toposvalbard.npolar.no on 2 February 2022). During the flights, the mountains were covered by snow and the fjord was ice-covered from the fjord head northward to about 72.5 km north of the fjord head, as shown in the photograph taken during the flight on 17 March 2013.
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Instrumentation and data processing

The measurements used in this study, taken onboard the Polar 5 research aircraft, included air temperature, pressure and the three orthogonal wind components at 100 Hz frequency (Table 1). During the horizontal flights, the observed aircraft ground speeds varied between about 50 and 70 m s−1, resulting in a spatial resolution of about 0.5–0.7 m. The wind components were measured using a five-hole probe and the temperature with a PT-100. These sensors were mounted on a 3-m-long nose boom. The height and the position of the aircraft were derived from GPS and Inertial Navigation System data. The Earth surface temperatures were measured with a KT-19 radiation thermometer with 10 Hz resolution. It measures in the wavelength range of 9.6 – 11.5 μm, and the measurement uncertainty is about 1 K (Tetzlaff et al. 2015). Flights consisted of horizontal and vertical profiles and saw-tooth patterns (Table 2). Profiles are considered as vertical when the flight altitude increases or decreases systematically during the flight. A saw-tooth pattern consists of multiple consecutive ascents and descents, that is, vertical profiles, along the fjord. The median flight path aspect ratio (change in flight altitude / horizontal distance) of the profiles is given in Table 2. The ratio varies from −83 to −39 m/km for descents and from +34 to +119 m/km for ascents. During horizontal flights the flight altitude also varied, up to 49 m from the mean (due to necessary flight manoeuvres). It is considered in turbulent flux calculations (see below), but in the calculation of other statistics along the horizontal flight paths we do not apply any flight altitude corrections.




Table 1Observed parameters used in this study, instrumentation and accuracy of measurements on board the Polar 5 research aircraft.


	Parameter
	Description
	Instrument
	Measurement frequency
	Accuracy (±)
	Additional remarks





	t_nm
	time, ms since midnight
	
	100 Hz
	
	



	lon
	longitude
	GPS
	1 Hz
	5 m
	



	lat
	latitude
	GPS
	1 Hz
	5 m
	



	h_a
	height
	GPS, INS
	1 Hz
	10 m
	relative accuracies can be better



	h_rad
	height
	radar altimeter
	
	1 m
	accuracy over water



	ps
	static pressure
	Rosemount pressure transducer
	100 Hz
	0.1 hPa
	



	T
	air temperature
	PT-100
	100 Hz
	0.1 K
	instrument mounted on the 3-m-long nose boom



	u, v
	wind velocity components (positive towards east and north, respectively)
	Rosemount 858 five-hole probe
	100 Hz
	0.25 m/s
	instrument mounted on the 3-m-long nose boom



	w
	wind velocity component (positive upwards)
	Rosemount 858 five-hole probe
	100 Hz
	a few cm/s
	accuracy given as a deviation from the mean; instrument mounted on the 3-m-long nose boom



	u_a, v_a, w_a
	aircraft velocity components (positive towards east, north and upwards, respectively)
	GPS, INS
	1 Hz
	0.03 m/s
	



	RH
	relative humidity
	Vaisala HMT-333 (HUMICAP and temperature)
	1 Hz
	0.4 %
	



	KT19
	Earth surface temperature
	KT-19
	10 Hz
	1 K
	Heimann radiation temperature measurement, based on IR measurements on the range 9.6–11.5 μm








Table 2Time, flight altitudes of profiles and horizontal flights and median flight aspect ratios of flight sections below 1 km a.s.l.


	Date
	Time (UTC)
	Flight altitude (m a.s.l.)a
	Flight aspect ratio (m/km)b
	Flight pattern





	17.3.2013
	15:13 – 16:02
	32 – 915
	−77 / +98
	Saw-tooth pattern along the fjord



	19.3.2013
	10:42 – 10:52
	27 – 1716
	−39
	Profile down the glacier Mittag-Lefflerbreen



	19.3.2013
	10:52 – 11:01
	28 – 2878
	+115
	Vertical profile up from the fjord head



	19.3.2013
	11:02 – 11:12
	30 – 2879
	−41
	Vertical profile down to the fjord head



	19.3.2013
	11:12 – 12:03
	39 (−7/+8)
	-
	Horizontal flight along the fjord



	19.3.2013
	12:06 – 12:14
	54 – 2898
	+96
	Vertical profile at the mouth of the fjord



	19.3.2013
	12:15 – 12:21
	1175 – 2891
	−68
	Vertical profile at the mouth of the fjord



	19.3.2013
	12:20 – 12:55
	1159 (−21/+28)
	-
	Horizontal flight along the fjord



	19.3.2013
	13:02 – 13:40
	1156 (−17/+20)
	-
	Horizontal flight on the western side of the fjord



	19.3.2013
	13:44 – 13:49
	329 – 1156
	−58
	Vertical profile at the mouth of the fjord



	19.3.2013
	13:50 – 14:24
	319 (±20)
	-
	Horizontal flight along the fjord



	19.3.2013
	14:25 – 15:10
	28 – 913
	−83 / +119
	Saw-tooth pattern along the fjord



	19.3.2013
	15:10 – 15:47
	36 (−7/+8)
	-
	Horizontal flight along the fjord



	19.3.2013
	15:48 – 15:51
	52 – 1145
	+85
	Vertical profile up from the fjord head



	19.3.2013
	15:52 – 15:58
	1158 (−10/+8)
	-
	Horizontal flight on the eastern side of the fjord



	19.3.2013
	15:59 – 16:06
	1327 (−18/+13)
	-
	Horizontal flight on the eastern side of the fjord



	19.3.2013
	16:07 – 16:12
	1318 (−13/+11)
	-
	Horizontal flight on the eastern side of the fjord



	19.3.2013
	16:12 – 16:18
	73 – 1297
	−44
	Vertical profile down to the fjord head



	19.3.2013
	16:18 – 16:26
	80 – 1436
	+34
	Profile up the glacier Mittag-Lefflerbreen



	25.3.2013
	14:15 – 15:53
	25 – 972
	−76 / +80
	Saw-tooth pattern along the fjord



	aA range (minimum–maximum) is given for profiles and the means with (minimum/maximum) deviations for horizontal flights. bMedian flight aspect ratios of flight sections below 1 km a.s.l. (negative values for descent, positive for ascent).





The aircraft measurements presented here illustrate both the potential of small-scale airborne measurement techniques as well as their limits in the vicinity of topographic features and due to simultaneous changes in time and location. We therefore try to provide information on both the time and the location (height/distance/coordinates) of the measurements whenever possible. All research aircraft data were first divided into bins 500 m in length (vertical profiles, profiles along the glacier and the profiles along the saw-tooth patterns) or 2500 m in length (horizontal flights) along the flight path. We used a shorter bin width for the vertical profiles to reduce the effect of flight altitude changes in the statistics. With the aspect ratios given in Table 2, the layer thickness corresponding to a horizontal flight distance of 500 m amounts to about 60 m during ascent or descent. All statistics were calculated using a moving window with 1 s time step (instead of the original 0.01 s, corresponding to 100 Hz resolution) along the flight path. Turbulent fluxes of sensible heat were calculated from the low-level horizontal flights. First, the wind components in each 2500-m bin were aligned to components along the mean wind and perpendicular to it (cross-wind, vertical wind) using the double-rotation method. Then, a linear trend was removed from the potential temperature and wind components, and a linear vertical gradient from the potential temperature, caused by flight altitude variations, was also removed. The turbulent sensible heat fluxes were calculated from the covariance of the potential temperature fluctuation and vertical wind component. Finally, mean quantities from all flights, such as mean wind speed (and direction), mean temperature and mean potential temperature, mean specific humidity, as well as turbulent statistics, that is, variances of wind velocity components and the TKE were calculated. Additionally, the Froude number was calculated as U/(NH), where U is the mean wind speed, N is the Brunt-Väisälä frequency and H is the vertical distance to the top of the mountain.

Measurements along each saw-tooth pattern were transformed into a two-dimensional (distance, height) cross-section along the fjord axis with a horizontal resolution of 100 m and a vertical resolution of 10 m. This was done by vertical filtering and then linear interpolation of the saw-tooth data in a horizontal direction. After the interpolation the lowest level data were extrapolated to the lowest available measurement altitude at about 40 m above the surface. Finally, the surface radiation temperature measurements were added as the surface boundary conditions for the temperature. We only used radiation temperature measurements collected from flight altitudes below 100 m to reduce the influence of atmospheric temperature. All aircraft measurements can be accessed at the PANGAEA data repository (Michaelis et al. 2023).

High-resolution atmospheric reanalysis products

The synoptic-scale weather conditions and the flow structures around Wijdefjorden were evaluated by applying the CARRA data set (Schyberg et al. 2020). CARRA was selected because of its small grid spacing—2.5 km—compared to 31 km in the ERA5 reanalysis. In a study focusing on a Norwegian fjord, Køltzow et al. (2022) found that CARRA outperforms the ERA5 reanalysis. The data set consists of 3-hourly analyses of atmospheric and surface meteorological variables on two different domains, the West domain and the East domain. Although both domains cover the study area (Wijdefjorden), we used the East domain, because it covers the entire Svalbard archipelago and its surrounding waters. We analysed the large-scale synoptic weather conditions based on pressure-level data of geopotential height, temperature and wind. The small-scale flow structures were analysed using wind and temperature data from the second-lowest model level (level 64), which is approximately 34 m above the surface. Model-level data from levels 40 to 65 were used to analyse the flow features within the fjord. The lowest 20 levels (levels 46–65) are within the lowest 1 km above the sea surface of the fjord. In addition, reanalysis output for SIC, SST, snow on land, orography and the land–sea mask was used.

Sea-ice conditions in CARRA are described by the simple thermodynamic sea-ice scheme (Batrak et al. 2018), in which SIC or ice depth do not evolve in time. Initial conditions for SIC are obtained from two distinct products, as described in Yang et al. (2020). They are SICCI (Toudal Pedersen et al. 2017) and OSI-450 (Tonboe et al. 2016). The SICCI product is prioritized whenever available within a range of ±5 days and the OSI-450 product is used to fill data gaps. Both SICCI and OSI-450 data sets have a spatial resolution of 25 km, which is insufficient to capture ice conditions within narrow fjords, but in CARRA these SIC data are extrapolated along the coasts to provide data for fjords such as Wijdefjorden. For the SST input, the OSTIA (Donlon et al. 2012) data set is employed in CARRA. OSTIA offers a higher resolution of 0.05° so that SST fields exhibit fewer coastal issues compared to SIC data because of the utilization of higher resolution infrared observations. In CARRA, SST is used to correct SIC data. Namely, sea ice is removed where the SST exceeds a given threshold in either the ESA CCI’s SST product or the Canadian Meteorological Centre’s global SST products. This selection criterion is only applied to remove sea ice from locations where SST is above the freezing point and does not add SIC in the opposite scenario.

Results: environmental and synoptic-scale weather conditions during the flight missions

The ground surfaces were snow-covered on 17 March and the fjord’s ice cover extended from the head of the fjord to about 72.5 km north of the fjord head, that is, the innermost (southernmost) part of the fjord, farthest from the open sea (Fig. 1d). The flights were performed during the daylight period, which lasted for approximately 11 hours. The low solar elevation angle (about 10°) and high albedo of the snow-covered surfaces made the effect of solar radiation on the surface energy balance small.

Synoptic conditions according to CARRA during the flights are shown in Fig. 2. On 19 March, when the main flight mission took place, there was a large low-pressure area south-west of Svalbard and a high-pressure area in the north-west. At 12:00 UTC (all times are UTC), the large-scale winds above the mountain tops (at 850 hPa pressure level) were east–north-easterly (Fig. 2b). Near the surface, winds north of the fjord were from the north-east and they channelled to northerly over the fjord (Fig. 3, Supplementary Fig. S1b, f). During the day, a ridge of high pressure strengthened from the north-west to the eastern parts of Svalbard. Therefore, winds above Wijdefjorden were easterly at 15:00 but changed to east–south-east by 18:00 (Supplementary Fig. S1c). This small change in the large-scale wind direction caused a weakening of the northerly channelled flow near the surface over the fjord by 18:00 (Supplementary Fig. S1g) The changes in near-surface wind field will be further discussed later in this article.

Fig. 2CARRA 850 hPa pressure level geopotential height, temperature and wind on (a) 17 March 2013 at 15:00 UTC, (b) 19 March at 12:00 and (c) 25 March at 15:00. The Wijdefjorden region is highlighted by a red box.
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Fig. 3Wind barbs from horizontal flights on 19 March 2013. The colour scale shows the speed of the horizontal wind. The sea-ice edge is marked by a dashed black line and the start and end points of flight legs are indicated by triangles and circles, respectively. The time (UTC) of the flight is given in a box next to each flight path. In (a) and (b), the distance (km) from the fjord head is shown next to the flight path, at intervals of 2 minutes of flight time. Topography is shown with 100 m contour intervals; bold contours represent isohypses of 500 m and 1000 m (Amante & Eakins 2009). The mean flight height is given above each panel. For (d), the value in parentheses is the height of the flight during 15:59–16:11; all other flights in (d) had a mean flight height close to 1159 m a.s.l. (see also Table 2).
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On 17 March, there was also a large low-pressure system south-west of Svalbard (Fig. 2a). A ridge of high pressure coming from the north-east to Svalbard moved during the day towards the north-west, over the archipelago, thereby turning the wind to easterly over Wijdefjorden by 15:00, when the saw-tooth pattern was flown (15:13–16:02). The near-surface winds were also easterly over the eastern side mountain ridge, but within Wijdefjorden the channelling of the wind was not as clear as on 19 March. On the western side of Wijdefjorden, the near-surface winds were weak and their direction was variable (Supplementary Fig. S1a, e).

The weather pattern on 25 March was very different compared to the other two days (Fig. 2c). There was a small low-pressure system with two centres, one east of Svalbard, the other one south-west of Svalbard. Wijdefjorden was located in the cold sector of the low-pressure system and the prevailing winds at 850 hPa level were mainly easterly or east–south-easterly at the time of the saw-tooth pattern flight (14:15–15:53). The near-surface winds were easterly north of Wijdefjorden and above the mountains east of the fjord, but it was almost calm near the surface over the fjord (Supplementary Fig. S1d, h).

In the following we focus on the results of the most extensive flight mission of 19 March, complemented by some comparisons with the conditions on 17 and 25 March.

Results: mesoscale and boundary-layer processes over the fjord

Channelling of the flow

On 19 March, the wind flow north of Wijdefjorden was east–north-easterly at all measurement heights (Fig. 3). But while the wind direction ranged from north-east to east–north-east along the whole horizontal tracks at 1159 and 1323 m a.s.l., the impact of topography is seen in the lower flight sections. Near the mouth of the fjord, in the wake region of the mountains on the eastern side, between 79.8 and 80°N, a relative minimum occurred in the wind speed near the surface and at the altitude of 319 m. Farther south, where the western side mountains are higher, the flow turned gradually to northerly, along the fjord axis, at 319 m a.s.l. and below, clearly showing channelling. The same pattern can be seen from the distance–height cross-section of wind shown in Fig. 4a. North of the fjord, the profile of wind at about 150 km distance from the fjord head shows that the ABL reached about 500 m a.s.l. and the speed of the north-easterly wind within the ABL was approximately 10 m s−1. Above the ABL the wind turned to a more east–north-easterly direction and accelerated. The cross-section of wind also confirms that east–north-easterly winds occurred between the surface and 1200 m a.s.l. close to the mouth region of the fjord, located some 100–130 km from the fjord head. But channelling occurred further south (Fig. 4a). Additional details and profiles can be found in Supplementary Fig. S2d–f.

Fig. 4(a) Potential temperature and wind vectors based on the saw-tooth pattern flight on 19 March 2013 (pale grey saw-tooth line superimposed on the colour scale, 14:25–15:10 UTC) along the fjord, two horizontal flights at about 1200–1300 m a.s.l. (12:20–12:55, 15:58–16:11; see Table 2) and a profile north of the fjord during 12:05–12:14 on 19 March. Upward/downward directions of the wind barbs indicate easterly/westerly wind directions, and southerly/northerly winds are from left/right; location of the ice edge (defined on the basis of horizontal low-level flights) is shown by a red line at a distance of 72.5 km. The time axis of the saw-tooth pattern flight is shown by the horizontal line above the flight pattern, where bins are shown at 1-minute intervals starting from the beginning of the flight at the fjord head. In (b), TKE is shown on a black/white scale and horizontal wind speed as coloured contours. (c) The Brunt-Väisälä frequency squared (N2) and (d) the Froude number relative to the height of the mountains on the western side. Panels (c) and (d) also include the wind barbs and the speed of the horizontal wind as coloured contours. In all panels, the location of the front of the cold-air mass is indicated by a red vertical dashed line, and the maximum terrain elevations of the mountains on the eastern/western side of the fjord are shown by white dashed/solid lines. The minimum, median and maximum height of the mountains south of the fjord are shown in white at negative distances. The vertical dashed red line marks the position of the front of the cold-air mass with southerly flow. Different flow regimes, i–iv, are indicated at the top of each panel.
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On both sides of Wijdefjorden, the mountain height increases from the mouth region towards the south. The highest peaks on both sides exceed 1 km in height; on the eastern side they reach a bit higher than on the western side. The gradual turning of the wind to a northerly direction, along the fjord axis, followed the profile of the mountains on the fjord’s western side up to an altitude of about 600 m. Above this level, the flow remained easterly from the mouth region to about 70 km north of the fjord head. The turning of the wind in the mouth region at 80–110 km from the fjord head coincided with a large TKE at all heights (Fig. 4b). Elevated values of TKE were observed also because of the unstable stratification over the open water in the northern parts of the fjord. The presence of a capping inversion layer at about 400–600 m a.s.l. between 30 and 85 km from the fjord head (Fig. 4c, d) resulted in high Brunt-Väisälä frequencies (N2) and low Froude numbers (<1) in this area above 400 m. Apparently, the inversion layer acted as a barrier, preventing the well-mixed air mass near the surface from flowing over the western side mountain range. The mountains, supported by the stratification of the air mass, created a barrier wind, seen as flow channelling and formation of an LLJ over the fjord.

Main flow characteristics over the fjord

In addition to channelling, there were further important characteristics of the flow over the fjord (Fig 4, Supplementary Fig. S2d–f). These characteristics are closely connected to the temperature structure, which, in turn, is a consequence of two primary factors: first, the transition from warm open water to cold sea ice in the middle of the fjord; and, second, the channelling of the wind that generated an on-ice flow, orthogonal to the ice edge. The potential temperatures in Fig. 4a show four different regimes. (i) In the mouth region, there was a cold convective boundary layer over the open ocean, which (ii) became warmer when the flow approached the sea-ice edge. (iii) South of the ice edge, over the cold sea-ice surface, a stable stratification developed from the surface. Finally, (iv) the northerly channelled flow met a cold-air pool in the south. We discuss these regimes in more detail below.

Over the open water, from the ice edge to 110 km distance from the fjord head, the upward sensible heat fluxes were mostly within 28–108 W m−2 (based on horizontal low-level flights). This drove the mixing and heating in the ABL up to about 500 m a.s.l. From the surface to a height of 250 m, temperatures increased by up to 1.2 K along the fjord axis from the mouth region to the ice edge.

The temperature structure downstream of the sea-ice edge in regimes iii-iv can be explained by the cooling over the sea-ice surface and advection of the warmer air from regime ii over open water. The development is very similar to that obtained by Vihma et al. (2003; see their figures 3, 4) for an event of on-ice flow south-east of Svalbard, where the ABL was gradually cooling over ice while the ABL depth was increasing along the airmass trajectory. However, the development of the wind field in the fjord differs from the simple flow without orography and without convection on the upwind side of the ice edge described by Vihma et al. (2003). In our case, also the wind field reflects the four different regimes, which are visible in the temperature field. First, over the open water in regime i north of the ice edge, the vertical profile of wind speed was relatively uniform, as expected in a convective boundary layer. When approaching the ice edge in regime ii, the wind accelerated because of the combined effects of stratification and orography. In the stable internal boundary layer developing near the surface south of the ice edge, the stable stratification reduced the friction (Brümmer & Thiemann 2002), and thus further increased the ABL wind speed in regime iii. A well-defined LLJ was formed here in the middle of the fjord, bounded by stable layers from above and below, and laterally constrained by the orography. The vertical structure of the wind profile resembled that of gap flows (Flamant et al. 2002). Finally, in the region (regime iv) of the cold-air pool, the wind speed decreased markedly near the surface.

The ABL wind speed maximum (Fig. 4b–d) follows closely the region of low N2 and high (>1) Froude numbers. In the middle of the fjord, this layer became shallower both from above and below. Above it, the height of the capping inversion decreased towards the south, especially over the open water between the ice edge and the point 110 km north of the fjord head (N2 in Fig. 4c). Below the LLJ, the largest changes were found downwind of the ice edge, where the stable internal boundary layer formed.

Next, we compare the effects of orography and stratification. The narrowing of the fjord towards the south (Fig. 1c, Supplementary Fig. S4) supported the wind acceleration. The average width of the fjord below 500 m a.s.l. decreased by 5.6 km from 80 km to 40 km from the fjord head (Supplementary Fig. S4), corresponding to a 32% change in cross-sectional area. A similar change in the cross-sectional area would be obtained by a 160 m decrease in the ABL depth in the case of a constant fjord width. The cross-sections in Fig. 4c, d show rather patchy patterns of the Froude number, but two features are obvious. First, one can see an inclined band of high Froude numbers, touching the surface near 80 km distance and being clearly elevated from the surface by about 200 m at 40 km distance. Second, the top of the layer first decreased from about 600 m at 80 km distance to 500 m at 60 km distance and then increased farther south. Altogether, this indicates a depth change of the layer with high Froude numbers by about 300 m, which is more than the 160 m change attributed to orography. This reveals that the stratification also had a remarkable impact, potentially comparable to, or even larger than, the influence of orography. However, it is important to note that the orography also affects the Froude number, that is, our interpretation of the stability effect. Furthermore, unlike orography, inversion layers or layers with below-one Froude numbers are not “solid” boundaries. Overall, we can conclude that both orography and stratification played crucial roles in the wind acceleration.

As mentioned above, in the southern parts of the fjord, the northerly channelled flow encountered a pool of cold air. The Froude number within the cold-air pool was clearly below one (Fig. 4d), while within the LLJ it exceeded one. Consequently, the northerly flow—being more buoyant than the air in the cold-air pool—was forced to rise above the cold near-surface layer. This interaction not only increased the height of the LLJ but was probably the main reason for an acceleration of the LLJ in the southern parts of the fjord (Fig. 4d). The maximum speed of the LLJ observed along the saw-tooth pattern was 11.5 m s−1 at 817 m a.s.l. at 7.2 km distance from the fjord head. This maximum was observed clearly above the highest mountains south of the fjord, that is, the flow continued over the mountains in the upper parts of the profile. But near the surface, within the cold-air pool, a shallow layer with southerly winds was observed over the sea ice and on the slope south of the fjord (Fig. 4a, d).

The formation of a cold-air pool typically arises from surface radiative cooling and the sinking of cold air from the surrounding mountain slopes due to gravity-driven drainage flows or katabatic winds. However, investigating when and how the cold-air pool was originally formed cannot be done on the basis of the data in this study. Instead, the next two sections will focus on the temporal changes in the structure of the cold-air pool during the flight day.

Front between warm and cold-air masses

A detailed consideration of the cold-air pool in the region south of 20 km distance from the fjord head (Fig. 4a) reveals some insight into small-scale processes and their variability in the fjord. Below about 80–120 m a.s.l., the flow direction was southerly in this region, that is, against the channelled northerly flow. On the basis of the saw-tooth pattern flight shown in Fig. 4a, it can be determined that the front between the cold southerly (the cold-air pool) and warm northerly air masses was located at about 18 km distance from the fjord head. There, both the wind direction and temperature changed and TKE showed a maximum. This front location is, however, only a rough estimate that is based on linearly interpolated fields of potential temperature, wind and TKE.

A more reliable detection of the front location is possible based on the two low-level horizontal sections flown along the fjord before noon, almost 2.5 hours before the saw-tooth flight, and in the afternoon, right after the saw-tooth pattern (Table 2, Fig. 5). The front was determined here as the location with the largest horizontal potential temperature gradient (vertical black line), so that it can be called a thermodynamic front, as done by Atkins et al. (1995). Close to it, a peak in TKE was observed. Another front, namely a kinematic front (Atkins et al. 1995), was observed as well. It is characterized by a change in the wind direction from southerly to northerly. Its determination based on the horizontal wind gradient results in a position 2.0 km south of the thermodynamic front (not shown in Fig. 5a).

Fig. 5Potential temperature (red lines), surface potential temperature (blue lines), wind barbs and TKE (grey, on the right-hand axis) based on low-level horizontal flights and flights following the terrain of the glacier Mittag-Lefflerbreen (at negative distances) on 19 March 2013 (a) near noon and (b) in the afternoon. Time (since the beginning of the horizontal low-level flight leg) is shown as a horizontal black line with tick marks at each 1-minute interval. Flight direction is shown by the arrow next to the time axis label. The location of the front of the southerly cold-air mass is marked by a vertical black line and the ice edge by a vertical light blue line. The wind direction shown by the wind barbs: from right/left indicates northerly/southerly and upwards/downwards indicates easterly/westerly winds. The section of the glacier flights where the flight height above the local surface was less than 100 m is highlighted in both panels by a red shading.
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In the afternoon, the thermodynamic front was located about 44.3 km north of the fjord head (Fig. 5b) while a calculation of the wind gradient showed the kinematic front position at about 1.6 km south of the thermodynamic front position. Again, a peak in TKE and in the gradient of the northerly wind velocity occurred just behind the location of the thermodynamic front. To summarize, the thermodynamic front moved some 28 km northward during the 4.3-hour period from before noon to afternoon. At low levels the distance between the thermodynamic front and the kinematic front decreased slightly, from 2.0 km at noon to 1.6 km in the afternoon.

The northward propagation of the front was accompanied by temporal changes observed in the ABL in the southern parts of the fjord (Fig. 5). Air potential temperatures along the glacier were similar before noon and in the afternoon, but in the afternoon the minimum surface potential temperatures decreased from around −23°C to minima below −25°C (at -15 km, i.e., south-east of the fjord head). This change went along with a change in the flow over the glacier from westerly (cross-slope direction) before noon to southerly (downslope) by the afternoon. The cold surface temperatures in the middle parts of the slope probably contributed to the formation of the southerly drainage flows in the afternoon and thus also to the further propagation of the cold-air mass front.

This propagation was not linear (Table 3). At first, the front propagated only about 2 km between 11:16 and 14:32 (in 3.25 hours) and then between 14:32 and 15:34 about 26 km per hour. The southerly winds near the surface in the core of the cold-air pool were mostly weak, below 5 m s−1 (less than 18 km per hour). Therefore, the fast propagation of the front in the afternoon cannot be explained by the northward advection of the cold-air mass from the head of the fjord only, but parts of the cold-air mass must have originated from the slopes on the sides of the fjord. Terrain-following flights were only available from the slopes of the Mittag-Lefflerbreen glacier south-east of the fjord head. However, it is highly probable that lower surface potential temperatures caused by radiative cooling also occurred elsewhere over the surrounding snow-covered mountains, changing the downslope flow elsewhere in the southern parts of the fjord. This is supported by observations at about 35 km north from the fjord head, where Vestfjorden is located (see also wind barbs in Fig. 3b). There, the flow direction was from the south-west, that is, along the axis of Vestfjorden.




Table 3Location and the timing of the thermodynamic (kinematic) front of the southerly cold-air mass.


	Time (UTC)
	Distance (km)
	Flight pattern





	11:16
	16.0 (14.0)
	Horizontal flight



	14:32
	18
	Saw-tooth



	15:34
	44.3 (42.7)
	Horizontal flight





Flow over the fjord head region

The small-scale spatial variability of the flow is evident especially in the fjord head region. As a qualitative illustration, Fig. 6 shows the saw-tooth pattern flight in the afternoon and the profiles over the Mittag-Lefflerbreen glacier at noon and in the afternoon, whereas Fig. 7 presents separate profiles of the noon and afternoon conditions. The flow field in the fjord head region can be roughly divided into four regimes: (1) the large-scale easterly flow above the mountain tops (yellow arrows and level A); (2) the channelled northerly flow over the fjord (red arrows, levels B and C over the fjord head); and (3) westerly cross-slope flow over the glacier near noon (blue profile, altitudes below 650 m, including level C); and (4) southerly winds within the cold-air pool near the surface at the fjord head and over the lowest parts of the glacier slope in the afternoon (cyan arrows near the surface).

Fig. 6A three-dimensional illustration of the orography at the fjord head region and wind profiles based on the saw-tooth pattern (red profile) and two flights over the glacier Mittag-Lefflerbreen south-east from the fjord head (blue profile, noon; magenta profile, afternoon). Arrow colours represent wind direction and points A, B and C along each profile indicate altitudes of 1400, 900 and 500 m a.s.l., respectively.

[image: POLAR-44-9263-F6.jpg]

Fig. 7Orography on the eastern side of the fjord and wind profiles (a) at noon and (b) in the afternoon. The view is from the west. Arrow colours represent wind direction. Points A, B and C indicate altitudes 1400, 900 and 500 m a.s.l., respectively, as in Fig. 6.
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At noon, all four wind regimes can be identified in Fig. 8a. In the upper parts of the profiles, above 1100–1200 m a.s.l., a large-scale east–north-easterly flow prevailed (first regime). The east–north-easterly winds were stronger over the glacier south-east of the fjord (Fig. 8c, blue profile) than above the fjord head (green profiles). Over the fjord head, northerly winds (second regime) extend from approximately 100 to 1100 m a.s.l., including levels B and C. The winds between B and C represent the LLJ generated by the wind channeling along the fjord. The maximum wind speed within the LLJ was 13.2 m s−1 at 573 m a.s.l. (light green profile in Fig. 8c), just above the average height of the mountains to the south of the fjord head (above level C). In addition, northerly winds were observed in a shallow layer at level B in the upper sections of the Mittag-Lefflerbreen glacier (blue profile in Fig. 8a, c), located south-east of the fjord head.

Fig. 8Wind barbs (a) at noon and (b) in the afternoon, and (c) the horizontal wind speed both at noon and in the afternoon. Arrows below each wind barb profile in (a) and (b), and the different colours in (c), refer to the colours in the legend below the panels. Location of profiles in the north–south direction is shown in Fig. 7. Wind barb colours represent wind direction. Horizontal grey lines indicate levels A, B and C, also shown in Figs. 6 and 7.
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The third wind regime in Fig. 8a, south-westerly winds, was observed below 650 m a.s.l. at noon. The airflow was cross-slope over a large part of the slope and turned to downslope only very close to the fjord head, below 100 m a.s.l. These southerly winds in the fourth wind regime were observed at noon only locally in a shallow layer close to the fjord head.

The profiles over the southern parts of the fjord before noon and in the afternoon show temporal changes in the boundary-layer structure. The primary differences between the noon and afternoon cases refer to changes in the strength and depth of the LLJ and to an increase in the depth of the cold-air pool. The maximum speed of the LLJ decreased from noon (Fig. 8c, green profiles) to afternoon (orange and red profiles), and its peak height was observed at a higher elevation, near level B in the afternoon (orange and red profiles), whereas near noon it was closer to level C. In the cold-air pool, the flow was characterized by southerly winds (cyan barbs in Fig. 8a, b). The depth of the layer with southerly winds increased from 50 to 80 m before noon (Fig. 8a, green profiles) to about 80–120 m during the saw-tooth pattern flight (Fig. 8b, the first red profile, “N”) and up to 180–220 m in the afternoon (orange profile in Fig. 8b). Additionally, southerly winds were also observed over the slope of the Mittag-Lefflerbreen glacier up to an altitude of approximately 550 m (at flight heights approximately 50 m above the local surface). Above this level, the winds over the glacier were mostly calm up to about 900 m a.s.l., where a small signal of north-easterly winds (orange barbs) was observed.

To summarize, the boundary-layer structure over the slope of the Mittag-Lefflerbreen glacier was complicated, with several inversion layers, layers with different wind directions, layers with enhanced turbulence (Fig. 8, Supplementary Fig. S5) and high temporal variability. At noon, the flow over the lower half of the glacier was not downslope but cross-slope (south-westerly), and it turned downslope only very close to the fjord head. When the northerly channelled flow weakened in the afternoon, the winds in the lowest parts of the glacier turned to southerly, that is, down the glacier (Fig. 8b), and contributed to the deepening of the cold-air pool in the southern parts of the fjord.

Differences between the three flight missions

So far, we have discussed the most comprehensive flight mission on 19 March, when several flight patterns were flown (Table 2). On 17 and 25 March, only a saw-tooth pattern was flown, but these flights allow us to compare the conditions in the fjord during the three days. The sea-ice conditions remained almost the same. Based on the surface radiation temperature measurements, the ice edge was located at about 72.5 km north of the fjord head on 17 and 19 March, whereas on 25 March it was a couple of kilometres closer to the fjord head.

On 17 March (Fig. 9), the potential temperatures were, overall, somewhat higher than on 19 March (Fig. 4). Over the sea ice there was a strongly stable layer near the surface below 200 m a.s.l., where large positive N2 values were observed (Fig. 9c). Within this layer, weak to moderate southerly winds were observed, which transported the cold air northwards to over the open water. On 17 March, channelling was observed only in the middle of the fjord around the ice edge region, where, in contrast to the 19 March conditions, the large-scale easterly winds turned to southerly. The channelling supported the thermally-driven near-surface southerly winds across the ice edge that transported cold air from over the sea ice towards the open water. The Froude number was small within most of the fjord, exceeding one only close to the mountain tops, where the flow was easterly (cross-fjord) (Fig. 9d). TKE within the fjord was mainly low, with highest values over the open water near the mouth of the fjord (Fig. 9b).

Fig. 9(a) Potential temperature and wind vectors based on the saw-tooth pattern flight on 17 March 2013 (grey line at the top of the colour scale, 15:13–16:02 UTC) along the fjord. Upward/downward directions of the wind barbs indicate easterly/westerly wind directions, and southerly/northerly winds are from left/right; location of the ice edge is shown by a red line at a distance of 72.5 km. In (b), TKE is shown on a black/white scale and horizontal wind speed as coloured contours. (c) The Brunt-Väisälä frequency squared (N2) and (d) the Froude number relative to the height of the western side mountains. Panels (c) and (d) also include the wind barbs and the speed of the horizontal wind as coloured contours. In all panels, the maximum terrain elevations on the eastern/western side of the fjord are shown by white dashed/solid lines, respectively. The minimum, median and maximum height of the mountains south of the fjord are shown in white at negative distances.
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On 25 March, the overall potential temperatures were noticeably lower compared to the other two days (Fig. 10). As on 17 March, there was a cold stable layer (with large N2) near the surface over the sea ice, and weak southerly winds were observed in a shallow layer across the sea-ice edge. On 25 March, the easterly flow north of the fjord channelled to northerly within the fjord, but only above approximately 200 m a.s.l. Along the flight path, at 73.2 km north of the fjord head, the maximum speed of the northerly wind, 1.9 m s−1, was observed at an altitude of 212 m a.s.l. (Fig. 10). Downwind from the ice edge, the northerly flow accelerated and formed an LLJ, as on 19 March. The height of the LLJ increased towards the south. At a distance of 54.1 km from the fjord head, a maximum speed of 3.6 m s−1 was observed at an altitude of 450 m, and at a distance of 8.6 km a maximum of 5.9 m s−1 was observed at an altitude of 670 m a.s.l., which is above the mountain tops south of the fjord. The Froude numbers were small within the fjord, which supported the channelling of the wind (Fig. 10d). In the southern parts of the fjord above approximately 500 m a.s.l., the Froude numbers were above one, which also indicated that the LLJ extended over the mountains south of the fjord as a gap flow and probably reached Isfjorden in the south, as on 19 March.

Fig. 10(a) Potential temperature and wind vectors based on the saw-tooth pattern flight on 25 March 2013 (grey line at the top of the colour scale, 14:15–15:53 UTC) along the fjord. Upward/downward directions of the wind barbs indicate easterly/westerly wind directions, and southerly/northerly winds are from left/right; location of the ice edge is shown by a red line at a distance of 72.5 km. In (b), TKE is shown on a black/white scale and horizontal wind speed as colored contours. (c) The Brunt-Väisälä frequency squared (N2) and (d) the Froude number relative to the height of the western side mountains. Panels (c) and (d) also include the wind barbs and the speed of the horizontal wind as coloured contours. In all panels, the maximum terrain elevations on the eastern/western side of the fjord are shown by white dashed/solid lines. The minimum, median and maximum height of the mountains south of the fjord are shown in white at negative distances.
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Evaluation of the CARRA reanalysis data set

The CARRA data set aims to represent the atmospheric conditions in the Arctic. The research aircraft data set provides opportunities to evaluate the performance of CARRA in an Arctic fjord during three days in conditions where the large-scale flow at the height of the mountain tops is easterly but the flow field within the fjord differs between the days. Evaluating CARRA data against two-dimensional distance-height cross-sections of potential temperature and wind at the time of the saw-tooth pattern flights on 17, 19 and 25 March revealed that the most dramatic differences between the reanalysis and the observations occur over the sea-ice covered southern parts of the fjord. In CARRA, Wijdefjorden was practically ice free, except for a few coastal grid points on the eastern side of the fjord at about 30–55 km from the fjord head. Those grid points were probably caused by land-to-ocean spillovers, which are open water pixels classified as ice in the proximity of land. The SIC data in CARRA were based on the ESA CCI SIC. Because of its coarse resolution of 25 km, the SIC data in the fjord were obtained by extrapolating from the nearest data point north of the fjord, which was ice free (SIC = 0).

The absence of sea ice in the reanalysis resulted in a warm bias over the southern parts of the fjord, influencing the flow patterns within the fjord. None of the days exhibited near-surface southerly flow in the reanalysis in the southern half of the fjord (Fig. 11, Supplementary Figs. S6, S7). On 17 March, the wind field north of 70 km from the fjord head closely resembled the observed wind field (Supplementary Fig. S6), suggesting that the observed southerly winds north of the ice edge were caused not only by the horizontal temperature gradient across the ice edge but also by the orographic channelling within the fjord. However, north of the fjord, particularly above 500 m altitude, the winds in CARRA were weaker compared to the observations.

Fig. 11Distance–height cross-sections of (a) potential temperature and (b, c) wind speed and (a–c) wind barbs based on (a, b) CARRA reanalyses on 19 March 2013 at 15:00 UTC and (c) observations. Panel (c) includes results from the saw-tooth pattern, the flight up the glacier (16:18–16:26) and two horizontal flights, as in Fig. 3a. The surface type—ice/snow (grey) or water (blue)—is shown by the horizontal line at the bottom of (b) and (c). Maximum terrain elevations of the mountains on the eastern/western side of the fjord are shown by solid/dashed white lines. In (a) and (b) they were derived from CARRA; in (c) from Amante & Eakins (2009).
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On 25 March, the CARRA potential temperatures within the fjord were generally higher than observed. In CARRA, the lowest temperatures occurred over the glacier in the south, whereas the observed cold-air pool extended over the sea ice up to approximately 70 km north of the fjord head and even beyond. Despite this difference, there was some wind channelling to a northerly direction within the fjord in CARRA, but the channelling reached down to the surface, whereas in reality it only occurred above 200 m a.s.l. Furthermore, in CARRA the maximum speed of the LLJ caused by the channelling was weaker than observed, and the southerly flow near the surface in the middle of the fjord was not captured by the reanalysis at all (Supplementary Fig. S7).

On 19 March, the lowest near-surface potential temperatures in CARRA were found at the mouth of the fjord (Fig. 11a) whereas the observed ones occurred at the fjord head (Fig. 4a). However, CARRA reproduced the warming of the near surface air north of 70 km, although the absolute values of the potential temperature were lower than observed. North of the ice edge, the observed SST based on surface radiation temperature measurements was close to the SST of CARRA, but over the sea ice the observed surface temperatures were much colder than the SST of the reanalysis. The reanalysis generates channelling of the wind in the fjord (Fig. 11b); however, the maxima of the LLJ are too strong and found only below 300 m throughout the fjord, whereas the observed height of the LLJ maximum increased towards the fjord head as the northerly channelled flow rose above the cold-air pool close to the fjord head. As CARRA does not realistically represent the cold-air pool in the southern parts of the fjord, the bias in the near-surface wind speed is large, as seen near the fjord head in Fig. 11.

In the southern parts of the fjord, there was a clear change in the near-surface flow pattern between the noon and afternoon of 19 March (Fig. 12a). At noon, the channelled flow reached 16.0 km north of the fjord head, whereas in the afternoon it was observed only north of 44.3 km from the fjord head. Further, in the afternoon, the winds south of 44.3 km were mostly opposite to the winds near noon. These dramatic changes observed in the wind must be due to temporal evolution of the flow field instead of spatial variability because the near-surface flights took place in locations close to each other (Fig. 12a). CARRA results also show temporal evolution in the wind field (Fig. 12b, c), although the changes were not as dramatic as observed. CARRA reproduced the channelling of the wind within Wijdefjorden and weakening of the channelled northerly wind in the afternoon, especially between 15:00 and 18:00, but, because of the lack of sea ice, it did not reproduce any southerly flow.

Fig. 12(a) Wind barbs from the two low-level horizontal flights along the fjord axis on 19 March 2013 during 11:12–12:03 UTC (noon) and 15:10–15:47 (afternoon). Flight tracks are shown as black contours. The red dot indicates the location of the fjord head reference point for the distance axis used in this study. The second-lowest model level (level 64, mean height 34 m a.s.l.) wind barbs and potential temperature (colour scale) is from CARRA on 19 March at (b) 15:00 and (c) 18:00. The boundary of the land–sea mask from CARRA is shown as a thick purple line in (b) and (c). The topography (grey contours) in (a) is from Amante & Eakins (2009), and in (b) and (c) from CARRA.
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The CARRA-based results show that the large-scale distributions of potential temperature and wind were reproduced at higher altitudes above the fjord. In all three cases the flow was easterly both in observations and in the reanalysis. The speed of this easterly flow was somewhat underestimated in the upper parts of the cross-section north of the fjord in all three cases. The largest differences between the reanalysis and the observations were found within the fjord. The lack of sea ice in CARRA prevented the formation of the cold-air pool in the southern parts of the fjord.

Although CARRA did not reproduce the cold-air pool within the fjord, it captured the formation of the stable boundary layer and the katabatic flow over the mountains on the afternoon of 19 March (Fig. 13). Supplementary Fig. S8 shows the evolution of the temperature and wind profiles at about 5 km south of the fjord head, where the slope height was about 230 m a.s.l. in the model. At 12:00, the channelled northerly flow was strong, with a maximum speed of about 13.5 m s−1. This LLJ in CARRA was as strong as observed before noon but its height was much lower, only about 80 m a.g.l. (310 m a.s.l.), whereas the observed maximum was close to 600 m a.s.l. In CARRA, this resulted in a low Richardsson number (Ri = 0.01) between the LLJ core height and the surface, that is, the conditions were close to neutral. When the channelled flow started to weaken in the model after 12:00, a surface-based inversion deepened over the slope, and the height of the LLJ increased. At 15:00, the core of the LLJ occurred at approximately 260 m a.g.l. (490 m a.s.l.), and Ri was about 0.2. Yet, contrary to the data from the saw-tooth flight pattern at 14:25, the CARRA near-surface wind did not turn downslope. By 18:00, the channelled northerly flow—the LLJ—had decreased further in CARRA to about 4.4 m s−1 over the slope (Fig. S8), and its core occurred at about 300 m a.g.l. (530 m a.s.l.). The surface-based inversion extended across the LLJ core, and southerly downslope winds were observed near the surface as another LLJ reaching about 100 m a.g.l. In other words, CARRA was able to reproduce the formation of the stable boundary layer over the slope and the resulting downslope flow once the TKE production by wind shear became weak enough, but it occurred later than observed.

Fig. 13CARRA (a, f) potential temperature, (d–f) wind speed and wind barbs near the fjord head and south of it—over the mountains—at (a, d) 12:00 UTC, (b, e) 15:00 and (c, f) 18:00. Dashed lines in (a–c) show the isolines of −15, −14, −13 and −12 °C. Wind barbs show the wind direction, as in Fig. 4.
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Discussion

We have analysed the structure of the ABL in an Arctic fjord based on research aircraft flights during three days. Among the flow features studied, wind channelling is a common feature in Arctic fjords (Beine et al. 2001; Frank et al. 2025). In two of the cases presented here (19 and 25 March) channelling of the easterly flow to northerly along the fjord axis was observed. In the third case, on 17 March, some channelling also occurred, but easterly winds above the fjord turned to southerly throughout the boundary layer within a horizontal range of ± 20 km around the sea-ice edge in the fjord. In CARRA, the geopotential height gradient over a 100 km distance along the fjord was clearly the highest on 19 March (15.0 m/10.1 m on 19 March during 12:00/18:00, respectively) compared with 6.9 m on 17 March and 8.4 m on 25 March, both at 15:00. Further, on 19 March at 12:00, the easterly wind at 850 hPa level had some northerly component; in all other cases the wind direction was somewhat southerly, from the east–south-east (Supplementary Fig. S1a–d). This explains the northerly flow within the fjord on 19 March. However, since CARRA did not reproduce the channelling effect within the fjord on 17 or on 25 March, it is not possible to evaluate if the higher gradient on 25 March than on 17 March was meaningful for the flow structure within the fjord. Furthermore, since we do not have real observations of winds nor pressure gradients above the fjord, it is not possible to conclude exactly why southerly winds channelled along the fjord on 17 March and northerly winds on 25 March.

Near the surface, a region with southerly winds over the sea ice was observed during all three days. On 17 and 25 March these winds extended beyond the open water in the north, but on 19 March they were observed only in the south in a small part of the fjord. Two processes may contribute to the formation of these near-surface southerly winds within the fjord: (1) drainage flows and katabatic winds originating from the slopes of the surrounding mountains; and (2) an ice-breeze circulation driven by a horizontal surface temperature gradient between open water and sea ice. On the basis of large eddy simulation, Esau & Repina (2012) showed that the thermal contrast in surface temperatures between the glacier and the open water was the main cause for near-surface cold down-valley winds (ice breeze) over Kongsfjorden, Svalbard. Katabatic wind, accelerated by gravity, only had a minor impact on the velocity of the downslope flow.

In this study, the sharp ice edge in the middle of the fjord created favourable conditions for the development of a strong horizontal temperature gradient along the fjord. The radiative cooling and the drainage of cold air from the slopes around the fjord caused a cold-air mass to build up over the sea ice whereas the temperatures over the open water remained relatively warm. The temperature gradient across the sea-ice edge generated a pressure gradient because of the differing air density across the ice edge. In conditions when the effect of the synoptic-scale flow (channelled along the fjord) is weak, the pressure gradient force is the dominant force and an ice breeze (Langland et al. 1989) will develop. This was the situation on 17 and 25 March. On 19 March, the channelled northerly flow was strong and pushed the cold-air mass over the sea ice to the south. In the beginning of the flights, the maximum observed wind speed in the core of the jet of the channelled flow was 13.2 m s−1. Despite such a strong wind, a cold-air pool occurred near the fjord head below about 400 m a.s.l. This was probably due to the Froude number being below one, which Lareau & Horel (2015) have found to be the threshold for the persistence of cold-air pools in valleys. Further, before noon, when the LLJ maximum was observed, the potential temperature increased by 4 K between the lowest measurement height and the height of the LLJ maximum (Δz ca. 550 m). This corresponded to a large bulk-Richardson number of approximately 0.5, indicating strong stability with decoupling between the surface and the air aloft. Indeed, the LLJ was not strong enough to prevent cold air drainage developing on the lowest parts of the Mittag-Lefflerbreen glacier, as southerly winds were observed near the surface at the fjord head and over the mountain slope south of it up to about 80–100 m a.s.l. already before noon.

Most studies of katabatic winds have addressed conditions without ambient winds or with synoptic-scale winds enhancing the katabatic winds (Turner et al. 2009). However, Fitzjarrald (1984) already recognized that strong opposing winds can delay the onset of downslope flows by several hours. Also, during an evening transition with katabatic flow in a river valley, Savage et al. (2008) found that opposing winds lead to shallower slope flows with a smaller horizontal extent, as was the case in our analysis: the layer where down-slope flow was observed at the fjord head increased when the opposing wind became weaker.

The steepness of a slope affects the structure of the katabatic flow (Farina & Zardi 2023). Over gentle slopes, with slope angles (ɑ) about 4° to 6°, katabatic flows are deeper (approximately 100–150 m) than over steep slopes with ɑ > 20°, where the flow is shallow, with jet heights only a few metres above the surface. In our study, the surface slope angle below the flight tracks over the Mittag-Lefflerbreen glacier was up to 6°, with a median of 2.5°. The katabatic layer was therefore deep enough to be observed by an aircraft flying a few tens of metres above the surface. To the north of the fjord head, the slopes on both sides of Wijdefjorden are mostly steeper than over the glacier in the south. Based on topographic data from Amante & Eakins (2009), the median slope angle is about 5° between the coastline and the top of the mountains on both sides, but locally the slope angles even exceed 25°. This means that a mixture might occur of very local flow regimes near the surface and wider ones extending to higher levels.

On 19 March, the cold-air mass originally observed in the southern parts of the fjord propagated northwards during the day when the channelled northerly flow weakened. The propagation of the cold air towards the sea-ice edge in the presence of an opposing northerly wind resembles conditions across a sea or lake coastline on a sunny day in the presence of a large-scale offshore wind. Then, a strong surface temperature gradient forms across the coastline due to the different heat capacities of the water and land surfaces, which drives a sea/lake breeze circulation that is opposed by the large-scale offshore flow (Miller et al. 2003). From the beginning to the end of the flight mission on 19 March, a clear deepening of the layer with southerly winds was observed in the cold near-surface air (Fig. 6). Along with the deepening of the southerly flow, the flow speed strengthened as the sea-breeze front propagated northwards. This is in line with the results of Arritt (1993), who found that the strongest sea breezes exist when the sea breeze just reaches the coastline in the presence of a weak to moderate opposing flow. In certain other aspects, however, our results did not follow expectations based on previous studies. Applying the lake breeze index proposed by Biggs & Graves (1962) to our data from the afternoon of 19 March, the opposing northerly wind should have been less than 4 m s−1 to allow the northward propagation of the ice-breeze front. The front propagated even though the opposing wind ranged from 4 to 9 m s−1. Neither was the laboratory model of Simpson & Britter (1980)—for the propagation speed of the front—applicable for our case. Using our data, the propagation speed of the front should have been approximately 1 m s−1, but the observed speed was in fact 7 m s−1. The values of the lake breeze index given by Biggs & Graves (1962) and by Simpson & Britter (1980) are in line with the results of Arritt (1993) and Finkele (1998). The deviations from our results are probably due to the complex orography of the fjord. Taking fjord orography into account, Esau & Repina (2012) showed that the opposing wind does not only limit the propagation of the ice breeze down the fjord but also suppresses the layer depth of the down-fjord flow. This was also observed in our study.

The sea-breeze front may have a structure similar to a synoptic-scale cold front (Miller et al. 2003). Atkins et al. (1995) identified two distinct frontal boundaries within a sea-breeze front. The region between the kinematic and thermodynamic fronts is called the thermodynamic frontal zone and is comprised of a mixture of ambient and sea-breeze air masses. Atkins et al. (1995) hypothesize that the frontal zone is generated by a negative circulation pattern ahead of the kinematic front. On 19 March, the two types of fronts were identified on the basis of low-level flights within the fjord. Before noon, when the opposing flow was stronger than in the afternoon, the kinematic front was about 2.0 km southwards from the thermodynamic front, but in the afternoon the width of the frontal zone was only 1.6 km. These distances, are however, much smaller than the width of the frontal zone in the study by Atkins et al. (1995), where it was about 14 km. Crosman & Horel (2010) summarize that a strong offshore wind affects the onshore arrival, extent and the height of the sea breeze, and also leads to a stronger frontogenesis at the leading edge of the sea-breeze front. Hence, we hypothesize that the reason for a narrower frontal zone compared to the observations of Atkins et al. (1995) was the strong opposing wind. However, this contradicts the observation that the frontal zone became narrower from noon to afternoon, when the opposing wind weakened. For the narrowing of front, other factors such as the origin of the flow, from the sides of the fjord (especially in the afternoon), may also be important.

When modelling the ABL within a fjord or in complex terrain, model resolution is an important aspect (Rotach & Zardi 2007; Kilpeläinen et al. 2011; Kilpeläinen et al. 2012; Valkonen et al. 2020). Køltzow et al. (2022) found that the high-resolution CARRA (2.5 km) outperformed ERA5 (31 km resolution) in modelling the 2 m air temperature and 10 m wind speed especially over Svalbard, coastal regions, complex terrain and sea ice. In our study, CARRA reproduced the overall wind channelling in the fjord, but not the smaller details of the flow field, namely, the cold-air pool over the sea ice, the related southerly flow from the fjord head and from Vestfjorden, and the propagation of the cold-air mass towards north in the afternoon of 19 March. This was because of the missing sea ice in CARRA, which led to a large positive bias both in near-surface temperature and wind speed in the southern parts of the fjord. The fjord sea ice was missing in CARRA despite the extrapolation of coarse-resolution satellite data to coastal regions. Although the initial conditions for SST in CARRA, based on OSTIA data with 0.05° resolution, included data points within the fjord, the SIC in southern and central parts of the fjord was also erroneous in OSTIA. In the current version of CARRA, SST is used to filter out sea ice from locations where SST is too high, but not to increase SIC where SST is low.

Results based on CARRA showed that flow channelling and the formation of a katabatic flow can be represented in the model when the grid resolution is 2.5 km. However, realistic modelling of the structure of gravity currents, both katabatic flows and ice/sea breezes, over complex small-scale orography cannot be solved by a kilometre-scale numerical weather prediction model, because the processes are inherently small-scale and evolve both temporally and spatially (Crosman & Horel 2010; Finnigan et al. 2020). Chen et al. (2019) showed that large-eddy simulation can provide such details in the case of a sea breeze if the model resolution is on the order of 10 m or less.

Conclusions and future perspectives

Unique research aircraft observations revealed complex flow structures within an Arctic fjord on three wintertime days. There were two dominating flow features in this study, the channelling of the large-scale flow up the fjord and the ice-breeze circulation causing down-fjord flow near the surface. In addition, katabatic flow from the surrounding slopes may contribute to the strength of the ice breeze observed within the fjord. Our results suggest that a strong horizontal gradient in temperature across the ice edge was probably the leading driver for the circulation within the fjord. The channelling of the large-scale flow in the fjord can strongly modify the ice-breeze circulation, either by suppressing it to a shallow layer near the surface or in the extreme case push the cold-air mass far towards the sea ice edge. Better understanding is needed on the processes and eventual thresholds of the large-scale wind direction for which the near-surface wind switches from on-ice (up-fjord) to off-ice (down-fjord).

The aircraft observations from Wijdefjorden provide a valuable data set for testing and further developing models in representation of various physical processes and their interactions. These include linkages between the synoptic-scale flow, topography, surface properties and ambient stability, which together affect wind channelling, drainage flows, formation of cold-air pools, as well as on-ice and off-ice flows across a sharp ice edge in a fjord environment.

The lack of sea ice in Wijdefjorden in CARRA prevented the formation of the cold-air pool in the southern parts of the fjord. This highlights the importance of accurate high-resolution sea-ice observations and their assimilation. Substantial improvements in representation of wind and temperature conditions within fjords can be achieved by improving the representation of SIC in atmospheric reanalyses, including future iterations of CARRA.

In the future, Arctic fjord ice will decline because of climate warming and the related increasing inflow of warm (Atlantic) water masses (Skogseth et al. 2020). Furthermore, regional atmospheric dynamics are expected to respond to climate warming, potentially changing the occurrence of up-fjord and down-fjord flows. All these eventual changes would strongly affect the future fjord climate.
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