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Abstract
Eddy-covariance measurements made in the marine atmospheric boundary layer above
a high Arctic fjord (Adventfjorden, Svalbard) are analyzed. When conditions are unstable, but close to neutral −0.1 < z/L < 0, where z is the height, and L is the Obukhov
length, the exchange coefficient for sensible heat C H is significantly enhanced compared
with that expected from classical surface-layer theory. Cospectra of the vertical velocity
component (w) and temperature (T ) reveal that a high-frequency peak develops at f ≈ 1 Hz
for z/L > − 0.15. A quadrant analysis reveals that the contribution from downdrafts to the
vertical heat flux increases as conditions become close to neutral. These findings are the
signature of the evolving unstable very-close-to-neutral (UVCN) regime previously shown
to enhance the magnitude of sensible and latent heat fluxes in the marine surface layer over
the Baltic Sea. Our data reveal the significance of the UVCN regime for the vertical flux
of the carbon dioxide (CO2 ) concentration (C). The cospectrum of w and C clearly shows
how the high-frequency peak grows in magnitude for z/L > − 0.15, while the high-frequency
peak dominates for z/L > − 0.02. As found for the heat flux, the quadrant analysis of the
CO2 flux shows a connection between the additional small-scale turbulence and downdrafts
from above. In contrast to the vertical fluxes of sensible and latent heat, which are primarily
enhanced by the very different properties of the air from aloft (colder and drier) during UVCN
conditions, the increase in the air–sea transfer of CO2 is possibly a result of the additional
small-scale turbulence causing an increase in the water-side turbulence. The data indicate an
increase in the gas-transfer velocity for CO2 for z/L > − 0.15 but with a large scatter. During
the nearly 2 months of continuous measurements (March–April 2013), as much as 36% of
all data are associated with the stability range −0.15 < z/L < 0, suggesting that the UVCN
regime is of significance in the wintertime Arctic for the air–sea transfer of heat and possibly
also CO2 .
Keywords Air–sea exchange · Arctic · CO2 · Gas-transfer velocity · Unstable
very-close-to-neutral
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1 Introduction
Oceans have taken up approximately 25% of the anthropogenically emitted carbon dioxide
(CO2 ) into the atmosphere, causing ocean acidification (Le Quéré et al. 2015), while limiting
the climate impact. For accurate estimates of the global carbon budget, the net uptake of CO2
and its variation with time is crucial to quantify. High-latitude seas and marine polar waters
are regions of climatic importance since they constitute a major net sink of atmospheric
CO2 . In order to understand the ocean response to the increasing emissions of CO2 into
the atmosphere, a correct description of the air–sea gas transfer at these latitudes is crucial.
Studies of air–sea gas exchange in the high Arctic environment are, however, few and a
detailed description of the processes controlling the transfer efficiency in these areas is
lacking. The gas flux of a non-reactive gas such as CO2 can be computed using the bulk
flux equation,
Fc  kc K 0 ( pcw − pca ),

(1)

where k c is the gas-transfer velocity for CO2 , K 0 is a gas-specific solubility constant, pcw is
the partial pressure of CO2 in the surface seawater, and pca is the partial pressure of CO2 in the
atmosphere. Despite the simplicity of Eq. 1, the physical complexity in describing air–sea gas
transfer is contained within the parametrization of the gas-transfer velocity, which essentially
describes the efficiency of the transfer across the air–sea interface, and is controlled by several
processes, such as molecular diffusion, bubble mediated transfer, and surface renewal. In the
presence of turbulence, the molecular diffusion layer separating air and water deforms, which
in turn enhances the air–sea gas-transfer velocity, thus an increase in turbulence results in
higher values of k c and, thus, a larger air–sea CO2 flux. For a gas of low solubility, such as
CO2 , the interfacial gas transfer is almost exclusively driven by the magnitude of turbulence
in the surface water. Water-side turbulence is in turn caused by a variety of processes, such
as wind stress on the water surface (Liss and Merlivat 1986; Wanninkhof 1992; Wanninkhof
et al. 2009), breaking waves and bubbles (Woolf 1993, 1997; Asher and Wanninkhof 1998;
Bell et al. 2017), water-side convection (MacIntyre et al. 2002; Rutgersson and Smedman
2010; Rutgersson et al. 2011; Andersson et al. 2017), and rain (Ho et al. 1997, 2004; Zappa
et al. 2009; Drushka et al. 2016).
We investigate the turbulent characteristics of the vertical fluxes of both heat and CO2
during unstable, but near-neutral conditions. Former studies over land and the open sea
during unstable very-close-to-neutral (UVCN) conditions in combination with relatively
high wind speeds have shown an enhancement of the vertical fluxes of temperature (T) and
humidity (Smedman et al. 2007a, b; Sahlée et al. 2008a, b). The larger fluxes are associated
with downdrafts of cold and dry air by detached eddies originating from the mixed layer,
manifest as additional small-scale turbulence in the cospectra of w and T . Our focus is on
the possible importance of the UVCN regime for the air–sea transfer of heat and CO2 in
the wintertime marine Arctic using eddy-covariance data taken at Adventfjorden, Svalbard
(Fig. 1). We present data indicating a possible impact of the additional turbulence (found for
unstable, but near-neutral conditions) related to the UVCN regime on the air–sea gas-transfer
velocity for CO2 .
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Fig. 1 a Location of the Adventfjorden site (78.246°N, 15.554°E) (red dot). b Photo of the Adventfjorden site
showing the eddy-covariance tower (right) and profile tower (left), and the Adventfjord in the background.
The inset is a map of Toposvalbard (Norwegian Polar Institute 2016)

2 Theory
2.1 Formation of the Convective Boundary Layer
When cold air from snow-covered land or from polar ice is advected over the open water of
a fjord, the atmospheric boundary layer is rapidly transformed into a convective boundary
layer (CBL). The large air–water temperature difference is typically in the range of 10–25 °C
and, in combination with moderate to high wind speeds, results in large turbulent fluxes of
sensible and latent heat throughout the boundary layer. The development of the CBL over
a fjord is similar to the development of the convective internal boundary layer found over
leads and polynyas (e.g. Andreas and Murphy 1986; Andreas and Cash 1999; Else et al.
2011; Tetzlaff et al. 2015) caused by the step change of surface heat and humidity fluxes.
The height hb of the CBL increases with the distance x from the upwind land/ice edge, for
which Garratt (1992) provides the expression
(h b /z 02 )(ln(h b /z 02 ) − 1) + 1  Ax/z 02

(2)

to calculate the growth of hb with x. Here, z02 is the roughness length of the smooth surface,
and the dimensionless constant A ≈ 1. Within the CBL, the generally accepted model is
that the wind stress acting on the surface, and due to the mean wind speed and/or surface
convection, generates small eddies formed at the surface, which increase in size with height.

2.2 Gas-Transfer Velocity
When the flux F c and the difference in partial pressure of CO2 (pc ) between the surface
water and at the measurement height are known, the transfer velocity k c follows from Eq. 1
as
kc  Fc (K 0 pc )−1 .

(3)

To compare measurements of gas-transfer velocities for different gases and across a wide
range of sea-surface temperatures, the measured values of k c are corrected for changes in
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molecular diffusivity and viscosity and scaled to the corresponding counterpart for CO2 at
20 °C in seawater (k 660 ) through the Schmidt number Sc  660,
k660  kc (Sc/660)−1 .

(4)

Equations 3 and 4 are valid for situations where the air–sea gas exchange is governed by
interfacial gas exchange, and the in situ temperature-dependent value of Sc is obtained using
the parametrization of Wanninkhof (1992). In a review article by Wanninkhof et al. (2009),
a parametrization of the gas-transfer velocity was presented relating the value of k C to the
wind speed at 10-m height above sea level U 10 . This is the state-of-the-art parametrization,
since it is based on both theoretical concepts and measurements, and includes the effects
from both low and high wind-speed regimes through
2
3
k W 09  3 + 0.1U10 + 0.064U10
+ 0.0011U10
.

(5)

In Andersson et al. (2017), the effect of the water-side convection on the value of k 660 was
investigated using eddy-covariance measurements from a Svalbard fjord (Adventfjorden).
After scaling the measured values of k 660 to represent open-sea conditions, and removing
the impact of the wind speed on k 660 according to Eq. 5, Andersson et al. (2017) found a
relation between the gas-transfer velocity for CO2 (k wsc  k 660 − k W09 ) and the water-side
convection w*w as
kwsc  2300w∗w − 17,

(6)

where w*w is determined using the expression from Jeffery et al. (2007),
w∗w  (Bz ml )1/3 .

(7)

Here, B is the buoyancy flux at the sea surface, and zml denotes the mixed-layer depth in
water. We follow the scaling concept presented in Andersson et al. (2017), and use Eqs. 6
and 7 to calculate the contribution from water-side convection to the value of k 660.

2.3 Transfer Coefficient
From measurements of the turbulent flux of potential temperature (w  θ  ), the transfer coefficient for sensible heat (C H ) can be obtained through the bulk relation
CH 

w θ 
,
(U10 − Uw )(θw − θ10 )

(8)

where U w is the wind speed at the sea surface, θ 10 is the potential temperature (K) at 10m height, and θ w is the temperature at z  zT , where zT is the scalar roughness length
for temperature, and θ w is approximated by the sea-surface temperature. Here, the value
of C H is determined from measurements of the potential temperature θ 4 and wind speed
U 4 taken at 4-m height. Within the surface layer, the turbulent fluxes are assumed to be
approximately constant, and, provided Monin–Obukhov similarity theory (MOST) is valid,
the non-dimensional profiles of U and θ over a horizontally-homogenous surface can be
expressed as
∂U κz
 φm (z/L)
∂z u ∗
and
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∂θ κz
 φ H (z/L),
∂z T∗

(10)

respectively, where T∗  −(w  θ  )0 /u ∗ is the temperature scale, and the Obukhov length is
L−

u 3∗ T0

κg(w  θ  )

,

(11)

where g is the acceleration due to gravity, and T 0 is the mean temperature of the surface
layer. After vertical integration of Eq. 9, the surface-layer profile U(z) is
u∗
(12)
U − Uw 
[ln(z/z 0 ) − ψm ],
k
and where z0 is the roughness length, and U w is the wind speed at the sea surface (here, U w
is set to zero), with the small term ψ(z0 /L) neglected. During unstable conditions, we base
the function φ m on (Högström 1996)
φm  (1 − 19z/L)−1/4 .

(13)

2.4 Spectral Analysis
The energy spectrum relates the size of the turbulent eddies in terms of the frequency (n) to
the energy of, for example, the specified quantities U or C. Following Kolmogorov theory,
and by applying the Taylor hypothesis, the energy spectrum S(n) in the inertial subrange for
the longitudinal velocity component can be expressed as
αk 2/3 −2/3 2/3
nSu (n) 
ε n
U ,
(14)
2π 2/3
where 2 is the dissipation rate of turbulent kinetic energy, and α k is the Kolmogorov constant.
For the wind speed U, α k  0.52, although studies have shown a dependence on the wave
age (Sjöblom and Smedman 2004), α k ≈ 0.8 for temperature, but 0.68 ≤ α k ≤ 0.89 for CO2
(see, e.g., Othaki 1982; Verma and Anderson 1984; Norman et al. 2012). Within the inertial
subrange, the value of nS u (n) should follow a −2/3 slope when plotted against the logarithm
of frequency n. As shown in several studies, Kolmogorov theory also applies for the quantities
v (transverse velocity component), w, T (Kaimal et al. 1972), q (specific humidity) and C
(Ohtaki and Matsui 1982; Anderson and Verma 1985; Sahlée et al. 2008c), and probably also
for the oxygen concentration (Andersson et al. 2014). For the investigation of the turbulent
flux, the cospectrum (C wx ) is preferably studied, where the eddy size is shown as a function
of the frequency, and the scalar flux F x is computed as the integral of the cospectrum (C wx ),
∞
Fx 

Cwx (n)dn  w  x  .

(15)

−∞

2.5 The Unstable Very-Close-to-Neutral Regime
During moderate instability, the boundary layer is characterized by organized longitudinal
eddies of roll-type structure (e.g. Mason and Sykes 1982), giving a normalized spectral
peak located at f ≈ 10−2 Hz, and the MOST approach is valid. As the boundary layer
becomes closer to neutral (−L > 150 m) due to an increase in wind speed or a decrease in the
air–sea temperature difference (T ), the small-scale turbulence dominates the spectrum of
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temperature (see Smedman et al. 2007a, b). This new regime is denoted as the unstable veryclose-to-neutral (UVCN) regime, and is characterized by a development of a secondary peak
at higher frequencies in the spectrum of T and in the cospectrum of wT . Simultaneously, the
value of C H increases with increasing wind speed, and MOST becomes no longer valid. From
a quadrant analysis of the value of wT , the additional small-scale turbulence coincides with
an increase in the contribution to the heat flux from downdrafts of cold air from layers aloft.
In the transition between the more unstable branch characterized by large-eddy structures
and the UVCN regime, an intermediate range is found at the intersection of these two regimes
characterized by “camel-shaped” spectra and cospectra with two distinct maxima: a largescale maximum in the energy-containing range related to local production, and a maximum
at higher frequency related to the UVCN regime. Smedman et al. (2007a) argued that this
small-scale turbulence is explained by detached eddies created by shear in the upper part of
the boundary layer. The concept of detached eddies for high Reynolds numbers, which was
explained in Hunt and Morrison (2000) and Hunt and Carlotti (2001), and later confirmed
by measurements (Högström et al. 2002), says that, as detached eddies move downwards,
they are deformed due to blocking and stretching by the surface-layer wind shear. While the
UVCN regime is found to occur for approximately −L > 150 m, Smedman et al. (2007a)
speculated that the value of h/L, with h the boundary-layer height, would be the controlling
parameter, but did not possess any measurements of h. In Sahlée et al. (2008a), the additional
turbulence typical of the transition regime was found to significantly increase the vertical
turbulent flux of humidity.

3 Site and Measurements
3.1 The Adventpynten Site
During the period from 7 March to 22 April 2013, a field campaign was conducted in the area
of Adventfjorden close to Longyearbyen, Svalbard in Norway (Fig. 1). Adventfjorden is a
typical, high Arctic fjord where the valley opens out into the water, giving a fjord surrounded
by steep mountains. However, the terrain at the Adventpynten site (see Fig. 1a) is relatively
flat, resulting in a smooth transition from land to water. As a side fjord to the larger Isfjorden,
Adventfjorden is about 7 km long, and the distance across the fjord from Adventpynten to
the other side of the fjord is about 3.5 km. The site contains (Fig. 1b) one tower equipped
with an eddy-covariance system installed at 3-m height above mean sea level, and a second
tower equipped with slow-response instruments measuring the wind speed, temperature, and
humidity at two heights (0.5 m and 4 m above ground). The eddy-covariance system consists
of one CSAT3 sonic anemometer (Campbell Scientific, North Logan, Utah, USA) measuring
the three velocity components and temperature, and a LICOR-7500A gas analyzer (LI-COR
Inc., Lincoln, Nebraska, USA) measuring the humidity, CO2 concentration, and pressure. On
five occasions during the period 14–25 March, measurements from a boat were taken within
the flux footprint. A net radiometer (CNR-1, Kipp & Zonen, Delft, The Netherlands) installed
on a boom at the front of the boat measured the net radiation over water. Measurements of the
sea-surface temperature, partial pressure of CO2 , and the water salinity were also recorded,
and vertical profiles of water temperature were taken every 15 min using a conductivity,
temperature, and depth sensor (CTD, SeaBird SBE 19plus V2 SeaCat, Seabird Electronics
Inc., Bellevue, Washington, USA).
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3.2 Data Analysis
Based on a footprint analysis and spectral/cospectral evaluations (Andersson et al. 2017), data
not associated with a wind direction in the range of 080°–150° were discarded to minimize the
influence of land. A double rotation was performed on the eddy-covariance velocity data, with
vectors first rotated into the mean wind direction and then tilt corrected to yield a zero mean
vertical velocity component, giving a velocity vector aligned with the mean wind direction.
The gas-analyzer data were screened with a filter using the mean concentrations of humidity
and CO2 to exclude data with icing on the device. Data were then despiked and divided into
30-min blocks, with data not fulfilling the skewness and flatness criteria of Vickers and Mahrt
(1997) discarded. Every individual block of data was linearly detrended and corrected for time
lags caused by the separation distance between the sonic anemometer and the gas analyzer.
Corrections for density fluctuations due to heat and moisture fluxes were made based on
Webb et al. (1980). For the spectral and cospectral analysis of CO2 , the density correction
was performed directly on the raw signal following the method presented in Sahlée et al.
(2008c), where the output signal was transformed into a mixing ratio to avoid the influence
from temperature and humidity variations on the shape of the wC cospectrum. Here, cospectra
consist of 21 points, with each point representing a normalized mean cospectral estimate for
the respective frequency. The data and site are described in detail in Andersson et al. (2017).

4 Results
4.1 Heat Transfer
Relatively high wind speeds (up to 12 m s−1 ) and air temperatures consistently below zero
characterized the weather conditions during the field campaign (Fig. 2a, b). The prevailing
wind direction was from the south-east, corresponding to flow from the Advent valley out
over the fjord. Flow from the northern sector (into the fjord) was rarely observed. At the
beginning of the field campaign, a period with ice formation in the Adventfjord (black bars,
Fig. 2d) occurred, and by 9 March a major part of the fjord upstream from the tower was
covered with ice but with patches of open water. The heat fluxes drastically decreased and the
atmospheric stability (Fig. 2c) altered between unstable and stable conditions, typically with
−2 < z/L < 0.1. On 11 March, a cold-air outbreak occurred with wind speeds at 3-m height as
high as 12 m s−1 in combination with air temperatures < − 18 °C. The ice quickly disappeared,
the sensible heat flux increased up to 400 W m−2 , and latent heat fluxes were > 150 W m−2
(not shown). Several periods with high wind speeds, large heat fluxes, and unstable, but
near-neutral, conditions could be distinguished. The atmospheric stability (Fig. 2c) generally
varied from unstable during more calm conditions to unstable, but near-neutral, conditions
in the range −0.2 < z/L < − 0.03 during higher wind-speed conditions (34% of the time).
The large air–sea gradient in temperature also set an upper limit for the stability, and only
5% of the data were found in the stability range −0.03 < z/L < 0. The combination of cold,
humid air and relatively high wind speeds during the first half of the field campaign caused
severe icing on the instruments. The gas analyzer and hence the CO2 signal was found to
be sensitive to icing, causing large false positive fluxes of CO2 , which can be observed
frequently during the first three weeks of the campaign (Fig. 2e). Useful data during this
period were reduced to some hours just after the daily maintenance of the instruments. After
the first three weeks, the flux F c (Fig. 2e) was directed downwards as expected given the
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Fig. 2 Observed a wind speed U (thin, black line) and wind direction WD (grey stars), b temperature T at 3-m
height above ground, c Monin–Obukhov stability parameter z/L, d sensible heat flux H, and e CO2 flux F c

direction of the air–sea concentration difference of CO2 , which is consistent with the fjord
acting as a sink of atmospheric CO2 . The variability of the flux F c observed during this
field campaign reflects the expected development of the concentration of CO2 in the fjord.
At the turn of the month from February to March, the biological activity in the water is
generally low, and the CO2 concentration in the water often reaches its annual maximum
value. Approaching the middle of March, the number of sunlight hours drastically increases,
and the net result of photosynthesis and respiration leads to a decreasing partial pressure
of CO2 in the water. During the short period from 14 to 19 March, the measured air–sea
difference of pCO2 increased from 118 µatm to 135 µatm. From late March, the flux F c was
consistently directed downwards.
Figure 3 shows 255 h of data of the coefficient C H as a function of z/L associated with
the wind-direction sector of 090°–140°, where each mark (grey) denotes a 30-min value
calculated from Eq. 8, and the black curve is the interpolated function based on the bin
averages (black, filled circles). For z/L < − 0.15, the data scatter around C H  0.0015, which
is a somewhat larger heat exchange than that normally found over the open ocean, but agrees
well with other studies in the same area (Kilpeläinen and Sjöblom 2010), as well as studies
over water bodies with limited fetch (e.g., Andreas and Cash 1999). For z/L > − 0.2, the value
of C H increases slightly, and, when the stability becomes closer to neutral for z/L > − 0.1,
the value of C H increases significantly. For −0.075 < z/L < 0 corresponding to L < − 40 m,
C H  0.0018 on average.
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Fig. 3 Bulk exchange coefficient for sensible heat C H as a function of the stability parameter z/L for data from
the wind-direction sector 90°–140°. The black, solid curve represents the bin averages
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Fig. 4 Bulk exchange coefficient for sensible heat C H as a function of the wind speed at 4-m height U for data
from the wind sector 090°–140°. The black, solid curve represents the bin averages

With increasing wind speed, the development of the organized structure typical of the
CBL is constrained, and a similar dependence as observed in Fig. 3 is also expected when the
value of C H is plotted against the wind speed U (Fig. 4). As in Fig. 3, the bin-averaged values
of C H are found to increase with increasing values of U in Fig. 4, but with a larger scatter in
the C H values. For the data presented in Figs. 3 and 4, the difference θ w − θ 4 varies over the
broad range of 0.7 − 19.9 °C, which could explain why a large variation in θ w − θ 4 values
for a specific value of U obscures the expected relation between C H and U. Nonetheless, as
much as 86% of the C H data have values C H > 0.0015 for U > 9 m s−1 .
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Fig. 5 The normalized mean cospectra of wT shown against the frequency n for L  − 300 m (green), L  −
100 m (black solid curve), L  − 20 m (black dashed curve) and L  − 5 m (red curve), and stable conditions
(blue curve) with L  600 m

4.2 Spectral Analysis
Normalized mean cospectra of wT are shown in Fig. 5 for five different atmospheric stabilities
from L  − 5 m (red curve) to L  600 m (blue curve). Here, the mean wT cospectrum is
shown in a linear–logarithmic representation, so that the area below the curve is directly
proportional to the vertical turbulent flux of temperature. The two black curves are related
to the transition regime with L  − 20 m (black dashed curve) and L  − 100 m (black solid
curve). The green curve is a mean cospectrum for wT during UVCN conditions with L 
− 300 m. For the moderately unstable case (red curve), the cospectrum takes an expected
shape with one peak at n  0.08 Hz. As the thermal forcing weakens, this peak decreases
in magnitude, and a second peak in the cospectrum of wT develops as the Obukhov length
changes from L  − 20 m to L  − 300 m. For L  − 100 m, the low-frequency peak is
reduced and the cospectrum of wT shows a plateau, but for L  − 300 m, the cospectrum
of wT is dominated by the high-frequency maxima, which is the signature of the UVCN
regime. As a consequence of the large air–sea difference in temperature, high wind-speed
events are generally associated with large heat fluxes, so that conditions for L < − 200 m are
rarely observed.
Given the complex terrain surrounding the fjord, we investigate whether this shift in
turbulence structure when approaching neutral conditions from the unstable side is connected
to the specific upwind topography for the wind-direction sector 090–140º. Normalized mean
cospectra of wT are, therefore, shown in Fig. 6 for cases with shorter fetch (upwind distance
to land of 1500–2000 m), of height hb  120 m, and with L  − 100 m (black solid curve),
L  − 20 m (dashed black curve) and L  − 5 m (red curve), which represent conditions
with mountains located upstream of the fjord of different roughness and boundary-layer
height. As the cospectral characteristics of Fig. 6 are qualitatively consistent with the shape
of the normalized spectra nC wt in Fig. 5, the topography is not likely to be responsible
for the change of the turbulent characteristics when approaching UVCN conditions. As the
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Fig. 6 Normalized mean cospectra of wT for a short fetch and CBL height hb  120 m against the frequency
n for L  − 100 m (black solid curve), L  − 20 m (black dashed curve) and L  − 5 m (red curve)

atmospheric conditions approach neutrality from the unstable side, a high-frequency peak
appears at L  − 20 m, where, similar to the long-fetch case during more unstable conditions
(Fig. 5, red curve), the small-scale turbulence is not observed for L  –5 m (red curve, Fig. 6).
For L  − 100 m (black solid curve, Fig. 6), the influence from the low-frequency peak almost
vanishes, and the normalized cospectrum of wT is dominated by the peak at f ≈ 0.5 Hz.

4.3 Quadrant Analysis
Using a quadrant analysis, the contribution to the turbulent flux may be split into four groups
(Lu and Willmarth 1973) separated by the individual sign of the two turbulent variables.
Here, we use the same definition of the quadrants as Katul et al. (1997) and Sahlée et al.
(2008b, 2014), where the two flux components x and y are presented in an x–y plane numbered
according to quadrant I (x > 0 and y > 0), quadrant II (x < 0 and y > 0), quadrant III (x < 0 and
y < 0), and quadrant IV (x > 0, y < 0), with x  T and y  w in Fig. 7, and x  C and y  w in
Fig. 8. Quadrants I and III (II and IV) give a positive (negative) contribution to the upwards
heat flux. The hyperbolic hole of size H introduced by Willmarth and Lu (1974) and defined
as


 

H  x  y  /x  y  ,

(16)

illustrates the relative importance of different eddies for the total flux. Here, the point (x , y )
lies on a hyperbolic function bounding the whole region in the x–y plane for each quadrant.
By varying the value of H from zero to 10, the flux fraction from the different quadrants can
be studied for flux events of magnitude one to 10 times that of the average flux. Using the
method from Raupach (1981), the flux fraction S iH is determined from


Si H  x  y  i H /x  y  ,

(17)
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Fig. 7 The flux fraction (y-axis) for the corresponding hole size (x-axis) obtained from a quadrant analysis of
the heat flux for a moderately unstable case with L  − 5 m (red) and a UVCN situation with L  − 300 m
(black). Quadrants I and III give positive contributions to the vertical heat flux

where subscript i refers to the quadrant number, and the brackets indicate a conditional
average, which is formally defined from
 the conditioning function I iH defined as I iH  1
  




within the ith quadrant, and x y ≥ H x  y    0 otherwise, giving


x  y


iH

 lim

T →∞

1 T  
∫ x y (t)Ii H (t)dt.
T 0

(18)

The quadrant flux fractions are normalized quantities, such that
4


Si,0  1.

(19)

i1

Figure 7 shows a quadrant plot for a moderately unstable case with L  − 5 m (red) and
a UVCN situation with L  − 300 m (black), which is also shown in Fig. 5 (green). For the
moderately unstable case, the majority of the flux is constrained to quadrant I, implying that
the flux originates from an upwards transfer of warm air. The case related to L  − 300 m
displays a different behaviour, with a large part of the positive contribution to the heat flux
originating from quadrant III, corresponding to a downwards transfer of cold air from above.
A closer inspection of the case related to L  − 300 m shows that for H  4, the sum of the
flux fraction is 0.66 and S 3,4  0.25, meaning that 66% of the flux occurs in events where
the flux is more than four times the average value, and where the flux fraction from quadrant
III is 25%. For the more unstable case related to L  − 5 m with H  4, the sum of the flux
fractions is 0.49, and the flux fraction from quadrant III is below 3%.
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Fig. 8 The flux fraction (y-axis) for the corresponding hole size (x-axis) based on a quadrant analysis of the
mean CO2 flux for a moderately unstable case with L ≈ − 6 m (red) based on two 30-min periods, the start of
transition with L ≈ − 30 m (black stars) based on two 30-min periods, and a case with L  − 150 m (black dots)
based on two 30-min periods. Quadrants II and IV contribute to the measured downwards CO2 flux, where
quadrant II corresponds to updrafts of air with lower concentrations of CO2 , and quadrant IV to downdrafts
of air with higher concentrations of CO2

4.4 Implications for the Air–Sea Gas Transfer of CO2
Section 4.2 shows that the vertical turbulent flux of temperature is enhanced as conditions
become neutral from the unstable side. As mentioned earlier, the enhanced fluxes of temperature and humidity during UVCN conditions reported in Smedman et al. (2007a, b) and
Sahlée et al. (2008a, b) are the result of the different properties (colder and drier) of the air
aloft, which is transported downwards by detached eddies. The quadrant analysis of the heat
flux presented in Fig. 7 also shows an enhanced contribution from downdrafts of cold air
for the UVCN regime, which possibly enhance the magnitude of the flux wT , and cause the
increase in the value of C H for this regime. For CO2 , while we do not expect as large differences in concentration between the upper and lower part of the atmospheric surface layer
as for temperature, it is possible that the imprints of the additional small-scale turbulence
increase the magnitude of the water-side turbulence, and thereby the transfer velocity of the
air–sea transfer of CO2 . In Fig. 8, a quadrant analysis is presented for three cases with L
≈ − 6 m (red dot), L ≈ − 30 m (black stars) and L  − 150 m (black dots), with the positive
contributions to the measured downwards flux F c from quadrants II and IV. Similar to the
quadrant analysis of the cospectrum wT (Fig. 7), the increasing significance of downdrafts
when approaching the UVCN regime are also observed for the flux F c (here quadrant IV)
when L  − 150 m.
In Fig. 9, the normalized mean cospectra of wC for the cases L  − 150 m (green), L  −
100 m (black solid), L  − 50 m (black dashed) and L  − 5 m (red) are shown, and present
a behaviour qualitatively similar to the wT cospectra (Fig. 5). For L  − 5 m, the cospectrum
of wC shows a maximum at 0.03 Hz, but a second peak near 1 Hz is present in the highfrequency part of the cospectrum for L  − 50 m, which grows in magnitude as conditions
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Fig. 9 Normalized mean cospectra of wC against the frequency n for data from sector S2 for the cases L  −
150 m (green), L  − 100 m (black solid curve), L  − 50 m (black dashed curve) and L  − 5 m (red curve).
Each mean cospectrum is based on 2–7 h of consecutive measurements

become closer to neutral, with the cospectrum for L  − 100 m displaying a plateau shape. For
L  − 150 m representing the UVCN regime (the same case as in Fig. 8), the low-frequency
peak has almost vanished, and instead the maximum at 1 Hz is very distinct.
To qualitatively investigate the impact of the small-scale turbulence on the air–sea gas
flux, the gas-transfer velocity is preferably studied, because the influence from other processes affecting the transfer efficiency can be effectively removed. The two major processes
controlling the gas-transfer velocity over the fjord during these two months of measurements
include the wind stress and water-side convection (Andersson et al. 2017). After removal of
the latter using Eq. 7, and the former using Eq. 5, the impact from the small-scale turbulence
arising during UVCN conditions on the value of k 660 is revealed (Fig. 10). Here, data are
separated by wind speed, with U > 6.5 m s−1 denoted by red dots, and U < 6.5 m s−1 by grey
dots. During more unstable conditions, the gas-transfer velocities are well described by the
sum of k wsc and k W09 , so that the mean value of k 660 − (k wsc + k W09 ) scatters around zero.
For data closer to neutral conditions corresponding to −0.2 < z/L < − 0.1, the mean value of
k 660 − (k wsc + k W09 ) increases with z/L, but a larger scatter can be observed, where the case L
≈ − 30 m has similar flux characteristics as the moderately unstable data (black stars, Fig. 8),
and is associated with a low value of k 660 − (k wsc + k W09 ) (black circle, Fig. 10).
As conditions became more neutral and z/L > − 0.1 (see the black dashed line in Fig. 10),
a different behaviour is also observed for the gas-transfer velocities of CO2 ; the scatter
decreases and as much as 80% of the data attain values k 660 − (k wsc + k W09 ) > 10 cm h−1 .
The data within this regime are characterized by larger values of u* , resulting in enhanced
water-side turbulence, and an enhanced contribution of the CO2 flux from downdrafts of air
with higher concentrations of CO2 , such as the case L  − 150 m (green circle), which is
also presented in Fig. 8 (black dots) and Fig. 9 (green curve).
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class. Open circles represent the same data presented in Fig. 8, with the black circle indicating L ≈ − 30 m,
and the green circle L  − 150 m

5 Summary and Conclusions
In winter, a CBL develops over the high Arctic fjord where the height of the boundary layer
increases with increasing distance from land. The combination of a large air–sea temperature
gradient and relatively high wind speed results in a well-mixed boundary layer with stability −1 < z/L < − 0.03. During conditions with stability −0.2 < z/L < 0, measurements show
enhanced vertical fluxes of heat not associated with the local gradient. From being relatively
constant for z/L < − 0.15, the bulk transfer coefficient increases from a typical mean value
of C H  0.0015 to C H  0.0018 for z/L  − 0.075. The increase of the bulk transfer as a
function of wind speed is not as prominent, which is probably a result of the large variation in
temperature gradient. The cospectra of wT show that the enhanced heat transfer is associated
with small-scale turbulence with a peak at around f  1 Hz, which gradually grows in magnitude as conditions became more neutral, and the relative contribution from the low-frequency
peak at f  0.003 Hz decreases in magnitude. For L  − 300 m, the high-frequency maximum dominates the normalized cospectrum of wT . Simultaneously, the contribution from
downdrafts to the total heat flux increases from 3% for L  − 5 m to 25% of the flux for L 
− 300 m. This is the signature of the UVCN regime presented in a series of papers.
Small-scale turbulence, which is potentially caused by detached eddies, also affects the
air–sea exchange of CO2 . A quadrant analysis of the CO2 flux shows that, as conditions
approach neutral and the Obukhov length decreases from L  − 30 m to L  − 150 m,
the contribution to the CO2 flux from downdrafts of air with higher concentrations of CO2
increases. Similar to the flux wT , the increased contribution from downdrafts to the air–sea
CO2 flux is found to coincide with the formation and increase in a high-frequency peak in the
cospectra for wC. After removing the effect from the two dominant processes affecting the
gas-transfer velocity using published parametrizations of water-side convection (k wsc ) and
shear-induced turbulence from the mean wind speed (k W09 ), the gas-transfer velocity was
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examined, showing the values of k 660 − (k W09 + k wsc ) scattered around zero for moderately
unstable conditions. However, when approaching the UVCN regime (z/L > − 0.1 and U
> 6.5 m s−1 ), the values of k 660 − (k W09 + k wsc ) are found to increase, where as much as
80% of the data take values k 660 − (k W09 + k wsc ) > 0.1 m h−1 . These results are somewhat
surprising since one does not expect the vertical gradient of CO2 in the atmosphere to be as
large as the vertical gradient for temperature. We speculate that a part of the enhanced CO2
flux is due to imprints on the water surface by the additional small-scale turbulence resulting
in increased levels of water-side turbulence.
In summary, we show the possible importance of the UVCN regime for the air–sea
exchange of heat in the Arctic during winter, and that the UVCN regime affects the air–sea
exchange of CO2 , becoming significant for stabilities z/L ≥ –0.1. During the nearly 2 months
of continuous measurements, as much as 30% of the data were associated with conditions
−0.1 ≤ z/L < 0. We believe that a larger dataset of gas-transfer velocities would emphasize
the relevance of the UVCN regime for air–sea gas exchange.
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