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Abstract A new quasi-analytical mixed-layer model is formulated describing the evolu-
tion of the convective atmospheric boundary layer (ABL) during cold-air outbreaks (CAO)
over polar oceans downstream of the marginal sea-ice zones. The new model is superior
to previous ones since it predicts not only temperature and mixed-layer height but also the
height-averaged horizontal wind components. Results of the mixed-layer model are com-
pared with dropsonde and aircraft observations carried out during several CAOs over the
Fram Strait and also with results of a 3D non-hydrostatic (NH3D) model. It is shown that
the mixed-layer model reproduces well the observed ABL height, temperature, low-level
baroclinicity and its influence on the ABL wind speed. The mixed-layer model underesti-
mates the observed ABL temperature only by about 10%, most likely due to the neglect of
condensation and subsidence. The comparison of the mixed-layer and NH3D model results
shows good agreement with respect to wind speed including the formation of wind-speed
maxima close to the ice edge. It is concluded that baroclinicity within the ABL governs the
structure of the wind field while the baroclinicity above the ABL is important in reproducing
the wind speed. It is shown that the baroclinicity in the ABL is strongest close to the ice edge
and slowly decays further downwind. Analytical solutions demonstrate that the e-folding
distance of this decay is the same as for the decay of the difference between the surface
temperature of open water and of the mixed-layer temperature. This distance characterizing
cold-air mass transformation ranges from 450 to 850 km for high-latitude CAOs.
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List of Symbols

CD , CH Bulk transfer coefficients of momentum (D) and heat (H )
Em Geostrophic Ekman number
f Coriolis parameter
g Acceleration due to gravity
H Atmospheric boundary-layer (ABL) height scale
K Proportionality constant
KM , KH Eddy diffusivities for momentum (M) and heat (H )
L tr Characteristic length scale of the air-mass transformation
Ug and Vg Horizontal components of large-scale geostrophic wind vector
Ug+, Ugi, Ugt Baroclinic parts of the u-components of the geostrophic wind vector aver-

aged over the ABL height
u∗ Friction velocity
Vgm, ugm, vgm Geostrophic wind vector averaged over the ABL height and its west-east

and north-south components, respectively
Vm, um , vm Horizontal wind vector averaged over the ABL height and its west-east

and north-south components, respectively
u+ and v+ Wind vector components right above the inversion
we Entrainment velocity
y Normalized distance from the ice edge along the north-south direction

(orthogonal to the ice edge)
ŷ Linear function of y (ŷ = C1y − C2, where C1 and C2 are constants as

in Eq. 14)
z0m , z0h Roughness length for momentum (m) and heat (h)
zi ABL height defined as the height of the capping inversion
zi+, zi− Height just above (i+) and below (i−) the capping inversion
zi0 ABL height over the sea ice
(w′θ ′)s Vertical kinematic heat flux in the surface layer
α Angle between the direction of the large-scale geostrophic wind and y-

axis
β Entrainment coefficient
γh Non-local term in the heat-flux parametrization
γθ Potential temperature lapse rate above the ABL
�θ Discontinuous jump of potential temperature at the ABL top
�u and �v Discontinuous jump of the horizontal components of wind vector u and

v, respectively
θ+ Potential temperature right above the inversion
θice Potential temperature at z = z0h over the sea-ice and also mixed-layer

inflow potential temperature
θ ′
ice Modified θice given by θ ′

ice = θice −γθ zi0(1+β)/(1+2β) and used only
for normalization of θm

θw Potential temperature at z = z0h over the open water
θm Potential temperature averaged over the ABL height
φ Angle between the direction of the ABL-averaged wind vector and y-axis
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1 Introduction

Marine cold-air outbreaks (CAOs) are typical wintertime meteorological phenomena over
ocean areas at high latitudes. Theyplay an important role in the polar climate systemsince they
are associated with extremely strong energy exchange between the ocean and atmosphere.
This exchange takes place over large areas downstream of the pack ice and marginal sea-ice
zone and influences air and water masses as well as sea-ice thermodynamics in the marginal
sea-ice zone.

CAOs are driven by synoptic-scale processes and have a horizontal scale comparable to
that of synoptic systems. However, CAOs also produce favourable conditions for motions of
various scales such as convective rolls and cells (e.g., Renfrew andMoore 1999;Brümmer and
Pohlmann 2000), baroclinic fronts (Grønas and Skeie 1999) and polar lows (Rasmussen and
Turner 2003). Other phenomena related to CAOs are low-level jets (LLJs) in the atmospheric
boundary layer (ABL) that have been observed some distance downwind of the ice edge
(Brümmer 1996). Such jets are associated with a significant increase of wind speed in the
ABL, exceeding the large-scale geostrophic wind speed by up to 20–30%. A thorough under-
standing and correct modelling of the LLJ is important since the surface fluxes of heat and
momentum are strongly influenced by the LLJ strength over hundreds of kilometres down-
wind of the marginal sea-ice zone.

The LLJs are not always found in observations or in the results of numerical simulations of
CAOs. For instance, idealized numerical simulations and available observations demonstrate
that there is a wide range of external forcing parameters for which no LLJ forms (Chechin
et al. 2013).

Although Chechin et al. (2013) showed that the LLJ can be modelled quite well with
mesoscale models when the resolution is high enough, results of numerical models alone are
not sufficient to really understand the reasons for the LLJ development. However, in Chechin
et al. (2013, 2015) it was shown that a mixed-layer model can serve as a good diagnostic
tool to study the mixed-layer wind evolution. One can define the strength of the LLJ as
the difference between the ABL-averaged wind speed and the large-scale geostrophic wind
speed. After that, one can use the mixed-layer assumptions of height-constant temperature
and wind-vector components in the ABL to determine the dependence of LLJ strength on
the large-scale conditions.

Using a simple mixed-layer model, Chechin et al. (2013) showed that the LLJ strength
depends on the baroclinicity in the ABL. The latter, in turn, is governed by the temperature
difference between the surface temperatures of sea-ice in the pack-ice region and of open
water downstream (see also Brümmer 1996). They further showed that the ice-edge orienta-
tion relative to the direction of the large-scale flow determines the LLJ existence and whether
baroclinicity leads to acceleration or deceleration of the flow downwind the ice edge. This
finding was confirmed by Chechin et al. (2015) who usedmixed-layer assumptions to explain
qualitatively the observed spatial variability (maxima and minima) of the 10-m wind speed
retrieved from satellite and reanalysis data for CAOs over the Nordic Seas.

In the present paper we aim to obtain more insight into the LLJ development using a
mixed-layermodel as in Chechin et al. (2013, 2015) that is, however, more complex. The new
model describes the mixed-layer potential temperature, height and wind speed as functions
of distance from the ice edge. In contrast to the previous work, the new model also accounts
for the impact of the inversion slope and processes above the ABL. Using this model we
explain the main mechanisms that govern the evolution of wind speed downwind of the ice
edge during CAOs.
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94 D. G. Chechin, C. Lüpkes

Our study follows, in principle, the line of earlier studies using a hierarchy of mixed-layer
models to investigate different features of CAOs. This includes both analytical and more
complex numerical models (e.g., Reynolds 1984; Yuen 1985). The former used linearized
mixed-layer equations based on severe idealizations (Yuen andYoung 1986); suchmodels are
used mainly for qualitative analysis. There is also a class of mixed-layer models (Venkatram
1977; Renfrew and King 2000) that provides a more realistic description of the ABL growth
and heating in convective conditions compared to the linearized models and yet can also be
solved analytically. The main drawback of the latter class of models, however, is that they
neglect the spatial variability of theABLwind speed and direction. Our newmodel is a further
iteration of the latter class of models. We include equations for the horizontal components of
the ABL wind vector and use, for simplicity, the geotriptic (Ekman) balance approximation.
Importantly, the improved model is still based on analytical solutions describing the ABL
growth and heating.

One might question the necessity to develop a simple mixed-layer model when compu-
tational resources today are sufficient to operate large-eddy simulations over large domains
spanning hundreds of kilometres (Gryschka et al. 2014). It has also been shown that non-
eddy resolving models (Wacker et al. 2005) and modern reanalyses capture the large-scale
features of CAOs. Nevertheless, it was stressed by Stevens (2002) that mixed-layer models
provide a very useful framework serving several goals: to interpret and organize observa-
tions and results from numerical modelling, and to better understand the climatology of the
ocean-atmosphere interactions.

In the case of CAOs this interaction is extremely strong and results in the intense cold-air
mass transformation over the ocean. Here, we use our mixed-layer model not only to describe
the LLJ but also to estimate the typical horizontal scale of the air-mass transformation. This
scale has an important climatological meaning as it serves as one of the characteristics of the
ocean-atmosphere exchange of heat, momentum and humidity. Moreover, we show that this
scale also determines how rapidly the baroclinicity in the ABL decays downwind of the ice
edge.

To evaluate the new model we compare its results with measurements made during six
days of CAOs over the marginal sea-ice zone in the Fram Strait. The measurements originate
from the three aircraft campaigns carried out by the Alfred Wegener Institute (Bremerhaven,
Germany).Additionally, observationsmade by theUniversity ofHamburg (Germany) (Brüm-
mer 1996, 1997) are used. We also perform a detailed comparison of the mixed-layer model
results with those of idealized simulations of CAOs using the 3D non-hydrostatic (NH3D)
model. The latter was shown (Chechin et al. 2013) to adequately reproduce observed CAOs.

The structure of the paper is as follows: the newmixed-layer model is presented in Sect. 2,
and the NH3Dmodel is briefly described in Sect. 3. The results of the mixed-layer model are
first compared to observations in theArctic in Sect. 4 and thenwith theNH3Dmodel results in
Sect. 5. In the Discussion and Conclusions, a horizontal scale of the air-mass transformation
is introduced and quantified.

2 Mixed-Layer Model

We present a mixed-layer model that describes the evolution of the ABL-averaged wind
speed, potential temperature and the ABL height downwind of the marginal ice zone during
Arctic CAOs. A particular focus of the model is on the baroclinicity in the ABL that has a
significant impact on the ABL flow.
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The mixed-layer model is a steady-state model that consists of: (i) diagnostic momentum
equations in the formof geotriptic balance, a balancebetween thehorizontal pressure gradient,
Coriolis force and friction; (ii) an equation for potential temperature θm ; (iii) an equation for
the ABL height zi ; (iv) an equation for the temperature jump �θ at the ABL top. Venkatram
(1977) proposed a quasi-analytical solution of the latter three equations. To that aim, he
assumed that the direction of the ABL flow is constant and equal to the direction of the
large-scale flow. By doing so, he made the equations for θm , zi and �θ independent of the
momentum equations. The momentum equations in the form of geotriptic balance were also
solved analytically by Byun and Arya (1986) for a given geostrophic wind speed and ABL
height.

We propose a quasi-analytical solution of the whole system that, to our knowledge, has
not yet been done by others. To that aim, we combine both the solutions of Venkatram (1977)
and that of Byun and Arya (1986).

2.1 Mixed-Layer Model Equations

Our strategy is to retain the coupling between the momentum equations and the equations for
θm and zi and combine the Venkatram (1977), and Byun and Arya (1986) solutions. To that
aim, we use the Venkatram solution to obtain analytical formulae describing the evolution
of the ABL-mean geostrophic wind speed |Vgm| and zi downwind of the ice edge. These
solutions are then used in the momentum equations, which can be solved for any given |Vgm|
and zi .

We start with several idealizations to simplify a basic set of dry mixed-layer model equa-
tions (see, e.g., Overland et al. 1983). Our further idealizations are the assumptions of, (i)
steady state, and (ii) geotriptic balance in the ABL. Additionally, we, (iii) neglect entrain-
ment of momentum at the ABL top, and assume (iv) that the ABL height changes only due
to entrainment.

Finally, the dry mixed-layer model is reduced to

0 = f (vm − vgm) − CD|Vm|2sinφ
zi

, (1)

0 = f (ugm − um) − CD|Vm|2cosφ
zi

, (2)

∂θm

∂y
= we

vmzi
�θ + CH (θw − θm)

zicosφ
, (3)

∂zi
∂y

= we

vm
, (4)

where um , vm and θm are the wind-vector components and potential temperature averaged
over the ABL height, respectively, ugm and vgm are the components of the geostrophic wind
vector averaged over the ABL height, f is the Coriolis parameter, we is the entrainment
velocity, �θ = θ+ − θm represents a discontinuous jump of potential temperature at the
ABL top where θ+ is potential temperature right above the ABL top, φ is the angle between
the y-axis and the direction of the ABL-averaged wind vector.

An equation for �θ that was not considered explicitly by Overland et al. (1983) needs to
be added to Eqs. 1–4. It is formulated as (e.g., Eq. 6.10 in Garratt 1992),

∂�θ

∂y
= γθ

∂zi
∂y

− ∂θm

∂y
, (5)
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96 D. G. Chechin, C. Lüpkes

where γθ is the potential temperature lapse rate above the ABL.
To close the system, several unknown variables need to be parametrized; these are the

exchange coefficients CD , CH and the entrainment velocity we.
The coefficients CD and CH are assumed to be spatially constant over open water, and

are evaluated using similarity relations generalized for the mixed layer as proposed by Dear-
dorff (1972). For the typical conditions during Arctic CAOs (θw − θm = 20 K, |Vm| =
10 m s−1, zi = 1000 m), we obtain CD = 1.3 × 10−3 and CH = 1.4 × 10−3 using the
stability functions of Arya (1977), with aerodynamic roughness length z0m calculated using
Charnock’s relation and with a roughness length for heat z0h = 0.1z0m . In a wide range of
conditions observed during CAOs CD and CH do not differ by more than about 15% from
the above values.

The entrainment velocity we is by definition

we = − (w′θ ′)zi
�θ

, (6)

where (w′θ ′)zi is the entrainment heat flux. To parametrize the latter we use the assumption

(w′θ ′)zi = −β(w′θ ′)s, (7)

where β = 0.2 is a constant entrainment coefficient and (w′θ ′)s is the turblent heat flux
at the surface. The assumption (7) is valid in dry convectively-dominated boundary-layer
regimes (Garratt 1992). Nevertheless, in Gryschka et al. (2014) it was shown using large-
eddy simulation that even in the presence of clouds the entrainment buoyancy flux scales well
with the surface buoyancy flux over the first 150 km downwind of the ice edge. However,
entrainment during high-latitude CAOs has not yet been systematically studied.

Another unknownvariable is the along-ice-edge component of the geostrophicwind vector
ugm. It strongly differs from the large-scale component Ug due to baroclinicity associated
with ABL heating and growth (Chechin et al. 2013). Analytical formulae for the baroclinic
components of ugm are derived further in Sect. 2.4 using the Venkatram solutions for θm , zi
and �θ (Eqs. 3, 4 and 5, respectively).

2.2 Momentum Equations

Equations 1, 2 can be solved analytically for um and vm (Byun and Arya 1986; Andreas et al.
2000). For that purpose we introduce a new coordinate system (x ′, y′) rotating the original
coordinate system (x, y) in a way that the x ′-axis is aligned with the geostrophic wind vector
averaged over the ABL height Vgm. Analytical solutions of the rotated equations are then

u′
m

|Vgm| = −1 + (
1 + 4E2

m

)1/2

2E2
m

, (8)

v′
m

|Vgm| = sgn( f )

[−1 + (1 + 4E2
m)1/2

]3/2

2
√
2E2

m

, (9)

where u′
m and v′

m are the ABL-averaged components of the wind vector in the new coordinate

system (x ′, y′); |Vgm| =
√
u2gm + v2gm is the geostrophic wind speed averaged over the ABL

height; Em = CD|Vgm|/(| f |zi ) is the geostrophic Ekman number.
The values of um and vm can be obtained from Eqs. 8–9 by returning to the original

coordinate system. However, the ABL wind speed |Vm| is invariant with respect to rotation
of coordinates, and therefore we simply use |Vm| = √

(u′
m)2 + (v′

m)2.
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Thus, using Eqs. 8–9, |Vm| can be found at any distance from the ice edge if Em and |Vgm|
are known. In further sub-sections we present analytical solutions for zi and |Vgm| that are
necessary to evaluate Em . Before that, one important assumption has to be made.

Solutions given by Eqs. 8 and 9 show that the angle φ is a function of y because both
|Vgm| and Em change with y. However, as shown in Chechin et al. (2013), a change of φ

due to baroclinicity is almost cancelled by a change resulting from friction. Thus, it can be
assumed that φ ≈ α, where α is a constant angle between the large-scale geostrophic wind
vector and the y-axis. In Eqs. 3 and 4 (in Eq. 4 vm = |Vm|cosφ) we substitue φ by α. This
makes Eqs. 3 and 4 independent of the momentum equations (Eqs. 1 and 2) and allows them
to be solved analytically following Venkatram (1977), as described in the next sub-section.

2.3 Solutions for θm and zi

To obtain analytical solutions for θm , zi and�θ as functions of ywe closely followVenkatram
(1977, see his Chapter 6 for details). First, we solve Eq. 5 for �θ by combining it with Eqs.
3 and 4. The solution relates �θ to zi as (see, e.g., Garratt 1992, Chap. 6)

�θ = γθβzi
1 + 2β

, (10)

noting that this solution does not allow prescribing any other initial value of �θ apart from
�θ0 = γθβzi0/(1+2β), where zi0 is the ABL height at the inflow. This might be a drawback
in the case of CAOs since a strong capping inversion is often present in the inflow profile
(e.g., Lüpkes and Schlünzen 1996). However, Eq. 10 is particularly useful for the main goal
of our study as it allows a simple derivation of relations describing the low-level baroclinicity.
Moreover, Eq. 10 is a prerequisite for the quasi-analitical solution of the whole system of the
mixed-layer model equations. Thus, we leave a more detailed description of the inversion
strength for future research and use Eq. 10 for �θ .

Equations 3, 4 and 10 can be combined and solved for zi to provide a diagnostic relation
between zi and θm given by

zi = θm . (11)

The normalized θm and zi are

θm = θm − θ ′
ice

θw − θ ′
ice

, (12a)

zi = zi
H

, (12b)

where θ ′
ice = θice − γθ zi0(1 + β)/(1 + 2β) and H represents the asymptotic ABL height at

infinite distance from the ice edge,

H = (θw − θ ′
ice)(1 + 2β)

γθ (1 + β)
. (13)

Substituting Eq. 11 into Eq. 3 Venkatram (1977) obtained an analytical solution of Eq. 3,
namely

ln(1 − θm) + θm = −C1y + C2, (14)

where C1 = (1 + β)CH , C2 = θm,0 + ln(1 − θm,0), θm,0 = zi0/H, and y is the normalized
distance from the ice edge

y = y

cosαH
. (15)
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98 D. G. Chechin, C. Lüpkes

A slightly modified version of the Venkatram solution is presented above. Unlike Venkatram
(1977) we allow for the ABL height zi0 to be non-zero at y = 0, which leads to C2 being
non-zero in Eq. 14. Additionally, Venkatram assumed cos α = 1 in the denominator of y as
he considered only the case when the large-scale geostrophic vector wind is orthogonal to a
coastline (or an ice edge in our case). Also, we modify the definition of the asymptotic ABL
height H by including the factor (1+ 2β)/(1+ β). With zi0 = 0 and cos α = 1 Eqs. 11 and
14 become identical to Eqs. 44 and 45 in Venkatram (1977).

2.4 Geostrophic Wind Vector

Using the hydrostatic assumption, one can express Vgm according to Chechin et al. (2013)
(their Appendix 1) as

ugm = Ug +gθm
f

∫ Z

zi+

(
θ−2 ∂θ

∂y

)

bc
dz

︸ ︷︷ ︸
Ug+

−g�θ

f θ+
∂zi
∂y

︸ ︷︷ ︸
Ugi

+ gzi
2 f θm

∂θm

∂y
︸ ︷︷ ︸

Ugt

, (16)

vgm = Vg, (17)

where Z refers to a height much larger than zi where the perturbation of the θ field caused
by the change of surface characteristics becomes negligible and the x-component of the
geostrophic wind vector is approximately equal to its large-scale value Ug . Subscript “bc”
in Eq. 16 refers to the baroclinic part of the horizontal gradient of potential temperature. The
latter is defined as the difference between the total ∂θ/∂y and its component that is needed
to maintain Ug constant with height.

Equation 16 shows that the value of ugm consists of a barotropic part Ug and three baro-
clinic terms: the second term on the right-hand side (r.h.s.) of Eq. 16Ug+ represents the effect
of baroclinicity above the ABL in the layer zi+ < z < Z ; the third term Ugi corresponds
to the effect of the sloping inversion at the ABL top; the fourth term Ugt is related to the
horizontal gradient of θ in the ABL.

Note that in Overland et al. (1983) the term Ugi is called barotropic, because within the
mixed layerUgi represents a height-constant addition to the x-component of the geostrophic
wind vector in the ABL (see Eq. A5 in Chechin et al. 2013). However, in a continuous three-
dimensional atmosphere Ugi is produced by the horizontal gradient of θ at z = zi and thus
has a baroclinic origin. Therefore, we call Ugi a baroclinic term.

2.4.1 Terms Ugi and Ugt

In our mixed-layer model framework it is possible to relateUgt andUgi to θm (see Appendix
1 for details). By doing so we obtain relations similar to Eq. 14 describing the evolution of
Ugt and Ugi as functions of y and of external forcing parameters, namely

ln(Ugt) −Ugt + 1 = −C1y + C2, (18)

ln(−Ugi) +Ugi + 1 = −C1y + C2, (19)

where the normalized Ugt and Ugi are

Ugt = 2 f θ0cosαUgt

g(1 + β)CH
(
θw − θ ′

ice

) , (20)

Ugi = f θ0cosαUgi

gβCH
(
θw − θ ′

ice

) . (21)
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Moreover, it is easy to show (see Appendix 1) that

Ugt

Ugi
= − (1 + β)θ+

2θmβ
≈ −1 + β

2β
. (22)

Equation 22 shows that for β = 0.2 the ratio Ugt/Ugi = −3; this estimate shows that Ugt

represents the dominant baroclinic effect on ugm. Nevertheless,Ugi has an opposite sign and
is not negligible compared toUgt. It can be shown that entrainment leads to a decrease of the
absolute value of Ugt +Ugi reducing the effect of baroclinicity on ugm.

2.4.2 Parametrization for Ug+

For idealized CAOs forced by the large-scale barotropic geostrophic wind vector the term
Ug+ represents a steady-state response of the atmosphere above the ABL to processes in the
ABL. This term cannot be described explicitly by the mixed-layer model, and so Ug+ either
has to be prescribed based on observations, based on results from a more complete numerical
model, or it has to be parametrized (e.g., Lavoie 1972).

Results of the NH3D model presented in Sect. 5 suggest that the same scaling as for Ugt

and Ugi is appropriate for Ug+. In this case, the simplest way to proceed is to assume that
Ug+ is proportional to Ugt,

Ug+ = −κUgt, (23)

where κ is a constant. The NH3D model results for Ug+ shown below suggest the use of
κ = 0.3. The minus sign in Eq. 23 shows that Ug+ reduces the effect of Ugt on ugm in the
same way as does Ugi.

The proposed parametrization can be used to obtain relations similar to Eqs. 18 and 19
describing Ug+ as a function of y,

ln(−Ug+) +Ug+ + 1 = −C1y + C2, (24)

where C1, C2 and y are the same as in Eqs. 18 and 19, and Ug+ is

Ug+ = 2 f θ0cosαUg+
κg(1 + β)CH

(
θw − θ ′

ice

) . (25)

2.5 Summary of the Mixed-Layer Model

The solution procedure of the mixed-layer model consisting of Eqs. 1–5 is the following;
the first step is to solve Eqs. 14, 18, 19, 24 iteratively by using Newton’s method providing
values of θm , Ugt, Ugi and Ug+, respectively. After that, zi is found using the diagnostic Eq.
11. The next step is to switch to non-normalized variables and to obtain the values of ugm
and, consequently, of |Vgm|. Finally, Em is evaluated and used in Eqs. 8 and 9 to obtain
|Vm| = √

(u′
m)2 + (v′

m)2.
The physical processes taken into account in the mixed-layer model and that lead to a

dependence of |Vm| on the distance from the ice edge are the following:

– the surface heating of the ABL and entrainment that produce a thermal wind (terms Ugt

and Ugi) ;
– the response of the geostrophic wind vector above the ABL top to processes in the ABL

(term Ug+);
– the effect of surface friction on the ABL wind vector controlled by the value of the

geostrophic Ekman number Em .
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In the mixed-layer model we neglect the latent heating due to condensation in clouds
and also the radiative heat sources; there is evidence that these effects are secondary for the
ABL development during Arctic CAOs compared to the ABL heating from the sensible heat
flux over the ocean (e.g.,Brümmer 1996; Renfrew and Moore 1999; Lüpkes et al. 2012) as
already discussed also in Chechin et al. (2013) and Renfrew and King (2000). The reason
relates to the low sea-surface temperature downwind of the ice edge resulting in a surface
latent heat flux being much smaller than the sensible heat flux, with a Bowen ratio as high
as 3-5 (Renfrew and Moore 1999). Far downwind of the ice edge and at a higher sea-surface
temperature, latent heating in clouds may play a more important role. However, a detailed
consideration of clouds and related processes is beyond the scope of this study.

Another process that we neglected is the entrainment of momentum. To take this into
account the additional terms �uwe/(vmzi ) and �vwe/(vmzi ), where �u = u+ − um and
�v = v+ − vm , need to be added in the r.h.s. of Eqs. 1 and 2, respectively. Since these terms
have zi in the denominator, their effect on the mixed-layer wind speed decreases when zi
increases. Therefore, we expect the entrainment of momentum to be important only close
to the ice edge where zi is small. For the same reason, the effect of surface friction on the
mixed-layer wind speed becomes negligible far downwind of the ice edge, as demonstrated
in Chechin et al. (2015).

Many assumptions have been made to derive the equations of the present mixed-layer
model. To draw conclusions on the validity of these assumptions for typical Arctic CAOs we
compare the results of the mixed-layer model, first with observations over the Fram Strait
and then with the results of the NH3D numerical model. The latter is briefly presented below.

3 The NH3D Model

The NH3D model (Miranda and James 1992) is a mesoscale non-hydrostatic atmospheric
model. The basic model equations are formulated using a terrain-following σ -pressure ver-
tical coordinate system (Miller and White 1984). The NH3D model has been used in the
past for the simulation of three-dimensional gravity waves generated by orography (Miranda
and Valente 1997) and most recently by Chechin et al. (2013) for the simulation of CAOs. A
detailedmodel description is given inMiranda (1991) andMiranda and James (1992). For the
present purpose, we apply the model using the same set-up as in Chechin et al. (2013) so that
we concentrate here just on those features that are most relevant for the present application.

Here we slightly modify the non-local turbulence closure proposed by Lüpkes and
Schlünzen (1996) and that is used in the NH3D model in convective conditions. We do
this to account for the entrainment at the ABL top in closer agreement with large-eddy sim-
ulation results of Noh et al. (2003). For the modification, we follow Noh et al. (2003) and
introduce an explicit term for the entrainment flux in the heat-flux profile,

− w′θ ′ = KH

(
∂θ

∂z
− γh

)
− (w′θ ′)zi

(
z

zi

)n

, (26)

where n = 3, KH is the eddy diffusivity for heat and is parametrized as in Lüpkes and
Schlünzen (1996) by a profile function independent of local gradients, γh is the non-local
term for which the parametrization of Holtslag and Moeng (1991) is used. The second term
in Eq. 26 represents the entrainment flux that is parametrized similarly as in the mixed-
layer model: (w′θ ′)zi = −β(w′θ ′)s , where β = 0.2. The ABL height zi is determined
diagnostically using the same method as in Noh et al. (2003, their Sect.3.5).
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Note that horizontal rolls, a typical feature of CAOs, belong to subfilter motions both in
the NH3Dmodel(as discussed in detail in Chechin et al. 2013) and in themixed-layermodels.
We do not use any special parametrization for rolls. As concluded by Gryschka et al. (2014),
forced roll convection during CAOs does not need to be additionally parametrized in coarse-
resolution models. In the current study we do not invoke parametrizations of shortwave and
longwave radiation, or of cloud microphysical processes in the NH3D model, for the same
reason as we neglect them in the mixed-layer model.

To compare the results of the NH3Dmodel with those of themixed-layermodel the former
has to be averaged over the ABL depth. Such averaging is straightforward for θ and |Vm|
while it is less evident for the baroclinic terms Ugt, Ugi and Ug+. The procedure of their
evaluation from the NH3D model results is described in Appendix 2.

4 Comparison of the Mixed-Layer Model with Observations

Herewepresent a comparison of themixed-layermodel resultswith themeasurements carried
out during several CAOs over themarginal sea-ice zone in the FramStrait. To that aim, we use
dropsonde and aircraft observations obtained from three research campaigns by the Alfred
Wegener Institute (Bremerhaven, Germany): the Radiation and Eddy Flux Experiments 1991
[REFLEX I (Hartmann et al. 1991)] and 1993 [REFLEX II (Kottmeier et al. 1994)] and the
Arctic Radiation and Turbulence Interaction Study [ARTIST (Hartmann 1999)].

We consider six days with CAOs over the Fram Strait north-west of Svalbard; these are the
cases: 14 October 1991 (REFLEX I); 4, 10 and 11 March 1993 (REFLEX II); 4 and 5 April
1998 (ARTIST). They result from only four independent CAOswhile on two occassions (4–5
April 1998 during ARTIST and 10–11 March 1993 during REFLEX II) we have subsequent
days belonging to the same CAO episodes. Since 24 h passed between these flights the inflow
profiles and especially the geostrophic wind speed differed also between these cases. All of
these cases are well documented and observations were used previously for analysis and
model evaluation by Lüpkes and Schlünzen (1996), Hartmann et al. (1997), Wacker et al.
(2005) and Chechin et al. (2013).

For the REFLEX I and II CAOs, θm , zi , Ugt and |Vm| are evaluated from dropsonde
observations, where the dropsondes were released every 50–60 km along the flight tracks in
off-ice direction parallel to the ABL flow. For the ARTIST cases we use the observations
obtained by the two aircraft, Polar 2 and Polar 4, that were flying through the ABL in a saw-
tooth pattern (Wacker et al. 2005). In the latter case, vertical profiles represent the average
between the observations during an ascent and a subsequent descent of an aircraft. A typical
distance between the profiles during ARTIST is about 10–30 km.

As reported by Hartmann et al. (1997), dropsonde observations of wind speed were not
sufficiently accurate at the time of the REFLEX I and II campaigns to resolve ABL features.
Another source of uncertainty is the high variability of the wind speed in convective con-
ditions; its variance is ≈1.2–1.6 m2 s−2 in the middle of the ABL for typical polar CAOs
(Gryanik and Hartmann 2002). Thus, for two cases (4 and 10 March 1993) we also use addi-
tional aircraft observations made independently by the University of Hamburg (Brümmer
1996). These observations represent the wind speed at 90-m height averaged over 30–50 km
flight legs made in a direction parallel to the ice edge at different downwind distances.

The ABL height zi is diagnosed manually from θ profiles as the height at which a sharp
increase in ∂θ/∂z exceeds a specified threshold value (roughly 0.003 Km−1).

Values of Ugt are found using the definition in Eq. 16, and to that aim ∂θm/∂y has to be
evaluated. For the REFLEX I and REFLEX II CAOs, we approximate ∂θm/∂y by �θm/�y
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Table 1 Observed values of the mixed-layer model parameters for the six days of CAOs over the Fram Strait

Date zi0 (m) γθ (Kkm−1) θice (K) θw − θice (K) α (◦) |Vg| (m s−1)

14 October 1991 100 10 255.15 21.5 30 9

4 March 1993 220 9.5 246.8 26.2 33.4 11.3

10 March 1993 0 13.2 237 36 30 6

11 March 1993 40 15.6 234 39 −30 6

4 April 1998 300 11.5 250.5 23.5 0 15.5–17.5

5 April 1998 300 11.5 247 26 0 12.5–15.5

where �y is the distance along the y-axis between the neighbouring vertical profiles. For
the ARTIST CAOs, the distance between the profiles is smaller and, thus, the ABL heating
between the neighbouring profiles is smaller. Due to that, the variability of the observed θm
causes large scatter in the estimates of ∂θm/∂y. To avoid this, ∂θm/∂y is evaluated as the
slope of a linear function approximating the five neighbouring values of θm along the y-axis.
The linear function is obtained using a least squares fit.

To solve the mixed-layer model for θm , zi and Ugt several input parameters have to be
prescribed; these are zi0, γθ , θice, θw − θice. Their values are obtained from the inflow θ

profiles (see Fig. 1) and are summarized in Table 1; the values of γθ are representative of the
lowest 1200–1500 m.

For 4 March 1993 we use the θ profile observed 33 km downwind of the ice edge as an
inflow profile. The profile upwind of the ice edge could not be used for that purpose because
of a very strong capping inversion. Thus, a single value of γθ would not be representative
for that profile. However, already 33 km downwind, the inversion layer was to a large extent
eroded due to ABL heating and entrainment (see Fig. 1 in Chechin et al. 2013 and Fig. 6
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in Lüpkes and Schlünzen 1996), and it was much easier to specify γθ and other parameters
from that profile.

The mixed-layer model requires also a specification of the large-scale geostrophic wind
speed |Vg| and its direction α. The latter parameters are estimated from the inflow profiles
of u and v and assumed not to change with y. However, for the ARTIST cases the flow
above the ABL strongly increases along the y-axis as demonstrated in Fig. 9 in Wacker et al.
(2005). Thus, |Vg| is prescribed changing linearly from 15.5 m s−1 at y = 0 to 17.5 m s−1

at y = 250 km for the CAO on 4 April 1998 and from 12.5 m s−1 at y = 0 to 15.5 m s−1 at
y = 250 km for the CAO on 5 April 1998.

Figure 2 shows the observed θm , zi andUgt and their normalized values θm , zi andUgt for
all the six days of observations. The normalized values togetherwith themixed-layer solutions
given by Eqs. 11, 14 and 18 are plotted against the normalized downstream distance from the
ice edge ŷ = C1y−C2. It is convenient to use normalized axes because then the mixed-layer
model solutions are represented by a single curve for each predicted quantity independent of
the choice of input parameters such as θw − θice or γθ (see a full list of input parameters in
Table 1). The same holds for the observations that should also collapse onto one curve for
each quantity as a function of ŷ, if the mixed-layer model describes the dominating processes
sufficiently realistically.

The observed θm curves show a large scatter and vary by up to 20 K; after normalization,
θm values collapse well onto a single curve. However, the observed values of θm are about 10–
15 % higher than those obtained from the mixed-layer model solution. Compared to θm , the
observed zi has a smaller scatter that is only slightly reduced by normalization. The observed
zi is about 20 % smaller than the mixed-layer model solution over the first 100–150 km.
Apart from that, Fig. 2 demonstrates a good skill of the mixed-layer model to describe the
observed heating and growth of the ABL.

Latent heat release in clouds may be one reason for the underestimation of θm by the
mixed-layer model. However, subsidence might be another reason that could also explain
why the observed zi is smaller than that from the analytical solution. According to Eq. 3,
smaller zi leads to larger ∂θm/∂y, i.e. more rapid heating. Since the underestimation of θm is
relatively small, we can conclude that the sum of the latent heat release in clouds and of the
warming effect by subsidence plays a secondary role for the ABL development compared to
the effect caused by sensible heating from the surface and entrainment through the capping
inversion. This important conclusion holds for the region considered here, which is relatively
close to the ice edge. However, the situation might change further downstream.

The observed values ofUgt show large scatter and vary in the range from 3 to about 14 m
s−1; such magnitudes are of the same order as the large-scale geostrophic wind speed. The
scatter is much reduced for Ugt and Fig. 2 demonstrates a reasonable agreement between
the mixed-layer model solution and the observations. The observed Ugt deviate from the
analytical solution by up to ±30%, and may be partly due to the fact that ∂θm/∂y is very
sensitive to the variability of the instantaneous values of θm observed in the convective ABL.

Figure 3 shows the observed and modeled ABL wind speed |Vm| together with the large-
scale geostrophic wind speed derived from the dropsonde measurements above the ABL.
Two analytical solutions of the mixed-layer model are presented for each CAO: one obtained
with Ug+ set to zero and another one with Ug+ parametrized using Eq. 23 with K = 0.3.

First of all, Fig. 3 shows that on the three days (4, 10 March 1993 and 14 October
1991) the model qualitatively reproduces the observed LLJ, i.e., that |Vm| exceeds the large-
scale geostrophic wind speed. The model solutions reproduce also the observed wind-speed
behaviour on 11 March, on which day the absolute ABL wind speeds are smaller than
the large-scale geostrophic wind speed. The absolute values of the modelled wind speed
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differ between the solutions and they differ also from the observations. However, also the
observations by Brümmer (1996) and REFLEX show differences (about 3 m s−1) between
each other that are even larger than the difference between observations and model results
(about 2 m s−1). So, it is difficult to conclude from this comparison if the parametrized Ug+

123



Boundary-Layer Development and Low-level Baroclinicity... 105

0 100 200 300 400
8

9

10

11

12
| V

m
| (

m
 s−1

)
14.10.1991

0 100 200 300 400
8

10

12

14

16
04.03.1993

REFLEX II
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improves the model skill. It seems that on 14 October 1991 and on 10 and 11 March 1993
the model version with the new parametrization of Ug+ agrees better with the observations
while it is worse on 4 March 1993.

A very good agreement with the observations is found for both model results on 4-5 April
1998. The difference between the ABL wind speed and the large-scale wind speed does not
exceed 1 m s−1 (less than 10% of the large-scale wind speed) and no LLJ can be identified
both in the observations and in the mixed-layer model results.

This observed behaviour of the ABL wind speed and principle difference between the
cases of 4–5 April and data from other days is in agreement with the conclusions of Chechin

123



106 D. G. Chechin, C. Lüpkes

et al. (2013) and can be explained by the sensitivity of the LLJ strength to external parameters.
Namely, for moderate |Vg| not exceeding 15 m s−1 the impact of baroclinicity on the ABL
wind speed leads to the formation of a LLJ; the LLJ is expected based on Chechin et al.
(2013) also for α > 0 and large θw − θice; for α < 0 there should be deceleration of the
ABL flow. This sensitivity to external parameters is also well reproduced by the mixed-layer
model.

It is not possible to evaluate Ug+ and Ugi from the available observations. Therefore, in
the next section we present a comparison of the mixed-layer model results with those of the
NH3D model.

5 Comparison with Results from the Non-Hydrostatic Model

It was shown already by Chechin et al. (2013), using the NH3D model, that the strength
of the LLJ is especially sensitive to the values of three external parameters. These are (i)
the difference between surface temperatures of open water and sea ice (θw − θice), (ii) the
angle between Vg and the direction orthogonal to the ice edge (α), and (iii) the large-scale
geostrophic wind speed (|Vg|). The performance of the mixed-layer model is explored in a
wide range of these parameters, similar to how it was done in Chechin et al. (2013). Namely:
θw − θice is varied from 15 to 35 K, α is varied from −45◦ to 45◦, while |Vg| is varied from
5 to 14 m s−1.

Only the results for various θw − θice and α are considered in detail. This is because we
found a very small sensitivity of θm , zi and the baroclinic part of ugm to |Vg|. Themixed-layer
model also does not contain |Vg| as a parameter in the solutions for θm , zi and baroclinic
terms in Eq. 16. Only in the solution for |Vm| does the large-scale geostrophic wind speed
occur as a parameter. Therefore, we discuss only the sensitivity of the simulated |Vm| to |Vg|.

As in the previous section, the results of the NH3D and the mixed-layer models are
presented using the normalized variables zi and θm (see Eq. 12) as functions of the normalized
downstream distance from the ice edge ŷ = C1y − C2.

As described in Appendix 2, based on the output of the NH3D model it is possible
to evaluate only Ugt + Ugi and Ug+, but not Ugt and Ugi separately. Nevertheless, Eq. 22
suggests thatUgt andUgi are proportional. Therefore,we also normalize the values ofUgt+Ugi

simulated by the NH3D model in order to plot them as functions of ŷ = C1y − C2. For this
purpose we use Eqs. 35 and 22 to obtain

θm ≈ 1 − 2 f θ0cosα

g(1 − β)CH (θw − θ ′
ice)

(Ugt +Ugi) ≡ 1 −Ugt +Ugi. (27)

Then, we use the latter expression in Eq. 14 and obtain

ln(Ugt +Ugi) −Ugt +Ugi + 1 = −ŷ. (28)

5.1 Set-up of the NH3D Model Experiments

The set-up of experiments is similar to the one used in Chechin et al. (2013). In the northern
part of the NH3D model domain 100% ice cover is assumed with a constant surface tem-
perature θice. For the roughness length for momentum z0m = 0.001 m is used over sea ice.
In the southern part of the domain an ice-free ocean is assumed with a surface temperature
at the freezing point θw = 271.35 K. The roughness length over open water is calculated
using Charnock’s formula so that z0m = 0.0185u2∗/g. The roughness length for heat is set
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to z0h = 0.1z0m . The transition between the sea-ice and open water is described by a step
change of the sea-ice concentration from 1 to 0. This implies a narrow marginal ice zone as
was discussed in detail in Chechin et al. (2013).

The NH3Dmodel is initialized with a vertical temperature profile similar to that measured
over sea-ice as shown in Fig. 1. It consists of a well-mixed layer up to the height of 200m. For
z < 200 m, θ = θice. For z > 200 m, θ grows with height according to ∂θ/∂z = 0.01 Km−1.
For experiments with different θw − θice we vary θice from 236.35 to 256.35 while keeping
θw = 271.35 K.

The model is forced by a constant in time and space large-scale geostrophic wind vector.
In the experiments with different values of θw − θice the components of the large-scale
geostrophic wind vector are set toUg = 6.2 m s−1 and Vg = 9.4 m s−1 as observed over the
Fram Strait upwind of the ice edge on 4 March 1993. This results in |Vg| = 11.26 m s−1 and
α = 33.4◦ corresponding to the north-eastern wind direction. For such a direction a LLJ is
expected to form over water (Chechin et al. 2013). In experiments with various α the value
of |Vg| is fixed to 11.26 m s−1.

The computational domain consists of 360 points in the north-south direction with 120
points over the sea-ice. In the east-west direction only six grid points are used. The horizontal
grid spacing amounts to 5 km. The vertical grid has 47 levels with a vertical grid spacing
increasing from about 30 m close to the ground to about 100 m at 1 km.

The model is run for a 60-h simulation time to ensure that a steady state is established.

5.2 Sensitivity of Results to θw − θice

Figure 4 presents the NH3D model results for zi , θm ,Ugt +Ugi andUg+ for θw − θice varied
from 15 K to 35 K. The left column of Fig. 4 demonstrates that the simulated zi and θm are
very sensitive to the values of θw − θice. The normalized values of zi and θm (right column)
collapse well in single curves with the analytical solution from the mixed-layer model. The
deviations from this solution do not exceed 10% for zi and θm .

Figure 4 also shows that the values of Ugt + Ugi simulated by the NH3D model are very
sensitive to θw − θice and also collapse onto a single curve with the mixed-layer model
solution. For Ugt +Ugi more scatter around the analytical solution is obtained being largest
close to the ice edge where the deviation is as high as about ±20%.

Figure 4 contains also curves for Ug+ produced by the NH3D model. It can be seen that
Ug+ is of opposite sign compared to Ugt + Ugi and is about a factor of two smaller than
Ugt + Ugi. The values of Ug+ are very sensitive to θw − θice, but after we normalize Ug+
according to Eq. 25 with κ = 0.3, the scatter of Ug+ is much reduced. As seen from Fig. 4
the parametrization for Ug+ (Eq. 23) is not valid close to the ice edge but describes well the
large-scale decay of |Ug+|. Far from the ice edge the scatter of Ug+ around the analytical
solution amounts up to about ±25%.

Figure 5 shows the values of |Vm|−|Vg| simulated by the NH3D andmixed-layer models.
Both models produce an acceleration of the flow in the ABL in close agreement with each
other. In both models the LLJ strength is proportional to θw − θice and also |Vm| − |Vg|
slowly decays downwind from the location of the maximum. Such good agreement is partly
due to the new parametrization of Ug+ (Eq. 23). When Ug+ is set to zero the mixed-layer
model overestimates |Vm| − |Vg| by about factor of two (not shown here).

Themixed-layermodel produces thewind-speedmaximum closer to the ice edge (at about
50 km) than the NH3D model (at about 70–150 km). This can be explained by the fact that
in the mixed-layer model we neglect the horizontal advection of momentum and also the
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entrainment of momentum. Both of these factors reduce the acceleration of the flow close to
the ice edge in the NH3D model.

It is interesting to note that |Vm|−|Vg| produced by the NH3Dmodel demonstrates a non-
linear sensitivity to θw − θice. This can be seen in Fig. 5 especially by comparing the distance
between the red and cyan curves for the mixed-layer and the NH3Dmodels. In contrast to the
mixed-layer model results the NH3D model results show increased wind speed differences
from the red to the cyan curve. It is hard to give any physical interpretation to this effect in
the NH3D model, and may be due to a numerical artefact. However, the magnitude of this
effect is not large.

5.3 Sensitivity of the Results to α and |Vg|

Figure 6 shows a good agreement between the results of the two models with respect to zi ,
θm , Ugt +Ugi for different α. Deviations of the mixed-layer model results from those of the
NH3D model do not exceed about 10–15%. It can also be seen that the sensitivity to α is not
as large as for θw − θice.

Figure 6 shows further that Ug+ is of opposite sign compared to Ugt + Ugi for all values
of α. The absolute values of Ug+ are smaller than those of Ugt + Ugi by roughly a factor
of two. After normalization the scatter of Ug+ reduces very slightly. The values of Ug+
differ by up to 50% from the analytical solution given by Eq. 24. This demonstrates that the
process of adjustment of the atmosphere above the ABL to the ABL modification is rather
complex and cannot be captured by a simple parametrization given by Eq. 23. Nevertheless,
we recommend Eq. 23 as it significantly reduces the disagreement between the results of the
NH3D and the mixed-layer models with resepect to ugm and |Vm|.

Figure 7 shows |Vm| − |Vg| as produced by the NH3D and the mixed-layer models for
variousα and |Vg|, and demonstrates a good agreement between the results of the twomodels.
However, it can be seen that the NH3D model produces a more pronounced maximum close
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ŷ

U
g
+

α = 45o

α = 33o

α = 0o

α = −33o

α = −45o

Fig. 6 Same as in Fig. 4 but for α varied from −45◦ to 45◦

to the ice edge, especially for α = 0, which is not captured by the mixed-layer model. As
discussed in Savijärvi (2011), and Yuen and Young (1986), such a mesoscale maximum can
be related to inertial oscillations. In the mixed-layer model inertial oscillations are filtered
out because of the neglect of horizontal advection of momentum.

It is clearly seen from Fig. 7 that for negative α both models produce a deceleration of the
flow in the ABL, while for positive α the acceleration of similar magnitude is obtained. This
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Fig. 7 The difference between the wind speed averaged over the ABL depth and the large-scale geostrophic
wind speed |Vm|− |Vg| as simulated by the NH3D and the mixed-layer (solid lines) models for α varied from
−45◦ to 45◦ and for |Vg| varied from 5 m s−1 to 14 m s−1

is explained by the fact that Ugt is positive while Ug is negative for α < 0 . This results in a
decrease of |Vgm| and |Vm|, as has been discussed in Chechin et al. (2013).

Figure 7 also demonstrates that |Vm| − |Vg| is larger for smaller |Vg| close to the ice
edge, expecially in the NH3D model results. Two factors can lead to this sensitivity. First,
larger |Vg| means larger horizontal advection of momentum which is reducing acceleration.
Second, larger |Vg| leads to larger Em and, thus, stronger deceleration due to friction (see
Eqs. 8 and 9). Only the latter effect is taken into account in the mixed-layer model and this
explains the smaller sensitivity of |Vm| − |Vg| to |Vg| in the mixed-layer model.

6 Discussion and Conclusions

It is shown that the mixed-layer model describes well the ABL heating and growth during
Arctic CAOs. This is demonstrated both by the comparison with observations over the Fram
Strait and also with results of the non-hydrostatic NH3D model. The analytical solutions
underestimate the mixed-layer potential temperature by about 10–15% compared to obser-
vations, which could be due to the neglect of the latent heat release in clouds and subsidence.
Still, a good agreement with observations confirms earlier results that these factors play a
secondary role for the ABL development during Arctic CAOs over the first about 250 km
downwind the marginal ice zone.

The observed baroclinicity relatedwith theABLheating (termUgt) is alsowell reproduced
by the mixed-layer model. The magnitude ofUgt is as large as 10 m s−1 over the first 200 km
downwind the ice edge for someof the observedCAOs.This is comparablewith themagnitude
of the large-scale geostrophicwind speed. The other two baroclinic terms,Ugi andUg+, where
the latter represents baroclinicity above the ABL, are smaller and of opposite sign reducing
the effect of Ugt on the mixed-layer wind speed. The NH3D model simulations allow the
quantification of Ug+ and show that it can be well approximated as a fraction of Ugt. Using
this as a parametrization for Ug+ in the mixed-layer model it is possible to obtain a good
agreement between results of the two models with respect to the mixed-layer wind speed.

Our results suggest that baroclinicity is the main reason for the observed departure of
the mixed-layer wind speed from the large-scale geostrophic wind speed. This conclusion is
further supported by the ability of the mixed-layer model to predict whether deceleration or
acceleration of the ABL flow is present in the observations or in the NH3D model results.
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The presented mixed-layer model is applicable both in the Arctic and Antarctic, as well
as in mid-latitudes. However, in the latter case, one should use the parametrization for Ug+
with care since it is based on results of the NH3D model for the latitude 80◦ North.

Since the mixed-layer model is shown to reproduce well the ABL modification, it can
be used to estimate the horizontal scale of the cold-air mass transformation L tr . This scale
serves for a quantification of the region influenced by CAOs. After Guest et al. (1995), we
define L tr as the distance at which (1 − θm) becomes e times smaller than its value at the
ice edge. Equation 14 is used to provide a direct estimate of L tr . This is done by substituting
θm = 1 − (1 − θm,0)/e and C2 = ln(1 − θm,0) + θm,0 in Eq. 14 where θm,0 = zi0/H is the
value of θm for y = 0. This results in

L tr = cosα

eCH (1 + β)
[(e − 1)zi0 + H ] , (29)

nothing that this represents a refinement of the expressions for L tr by Guest et al. (1995) and
Yuen and Young (1986). Guest et al. obtained L tr = h/CH , where h is a constant typical
value of theABL height downwind the ice edge. Their expression is based on the assumptions
α = 0, β = 0 and zi = h applied to the heat conservation Eq. 3 (see Eq. 1 in Guest et al.
1995). Yuen and Young allowed entrainment at the ABL top (β > 0) and also α �= 0 to
obtain L tr = hcosα/[(1 + β)CH ] (their Eq. 24).

The advantages of the length scale described here (Eq. 29) are that, (i) the growth of the
ABL is taken into account, and (ii) the value of H is not chosen arbitrarily but is determined
by external parameters. Therefore, we examine Eq. 29 in the following in more detail. It
shows that the variability of L tr is primarily governed by the parameters θw − θice, zi0, γθ

and cosα. However, Eq. 29 clearly shows that L tr depends explicitly neither on the absolute
value of geostrophic wind |Vg| nor on the mixed-layer wind |Vm|. Therefore, we obtain the
remarkable result that although the surface fluxes of heat and momentum strongly depend
on wind speed this has almost no effect on the ABL heating and growth.

For the parameter values used in this study (β = 0.2; CH = 1.4 × 10−3; zi0 = 200 m;
γθ = 0.01 K m−1; α = 33◦) L tr varies between 423 km and 855 km while θw − θice is varied
from 15 K to 35 K. These large values explain why the surface heat fluxes remain very high,
even hundreds of kilometres downwind of the ice edge (e.g., Wacker et al. 2005).

Guest et al. estimated the typical L tr in the Fram Strait and the Barents Sea in spring
during off-ice flow to 300 km using h = 500 m and CH = 1.5× 10−3. Such value for L tr is
significantly smaller than our estimates. The same horizontal scale L tr describes the decay
of Ugt and Ugi downstream the ice edge. This follows from Eqs. 18 and 19. This means that
for larger θw − θice the low-level baroclinicity decays over a larger distance downstream the
ice edge. Thus, for positive α a LLJ can exist over larger ocean areas that leads in turn to
increased fluxes of heat and momentum.

It is important to note that the horizontal scale L tr defined here is different from the
horizontal scale of the ice-breeze jet L introduced in Chechin et al. (2013). The latter corre-
sponds to the horizontal width of thewind-speedmaximum close to the ice edge and is several
times smaller than L tr . The scale L in Chechin et al. (2013) serves to describe mesoscale
processes of the inertial-gravitational nature close to the ice edge while L tr corresponds to
the large-scale air-mass modification.

Summarizing, it is demonstrated that the evolution of the convective ABL and the horizon-
tal variability of wind speed in high-latitude CAOs can be well described by a mixed-layer
model when the dominating physical mechanisms are included. This shows also the ability
of such models to identify these mechanisms. The description of the mixed-layer parameters
as functions of distance downwind the ice edge, as provided by the mixed-layer model, might
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also be useful in studies of such phenomena associated with CAOs as polar lows, low-level
fronts, convective rolls and cells.
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Appendix 1 Terms Ugt and Ugi

Terms Ugt and Ugi according to Eq. 16 are

Ugt = gzi
2 f θm

∂θm

∂y
, (30)

Ugi = −g�θ

f θ+
∂zi
∂y

. (31)

In Eq. 30 we substitute ∂θm/∂y using Eq. 3 and parametrization for we given by Eqs. 6 and
7 to obtain

Ugt = g(1 + β)CH (θw − θm)

2 f θmcosα
. (32)

In Eq. 31 we substitute ∂zi/∂y using Eq. 4 with parametrization for we

Ugi = −gβCH (θw − θm)

f θ+cosα
. (33)

In Eqs. 32 and 33 an assumption φ ≈ α is used. It is straightforward to obtain the fraction
Ugt/Ugi,

Ugt

Ugi
= − (1 + β)θ+

2θmβ
≈ −1 + β

2β
. (34)

In the denominators of the terms on the right-hand side of Eqs. 32 and 33 we can substitute
θm and θ+ by a constant reference value θ0 that is independent from y. This is justified by
the fact that θm and θ+ change over water by less than 10% from their initial values over the
ice. This is not the case for (θw − θm) in the nominators in Eqs. 32 and 33, which depends
very strongly upon y. After that, both Ugt and Ugi become linear functions of θm .

Now,Ugt andUgi can be expressed as functions of θm . This can be done by a substitution
θw −θm = (θw −θ ′

ice)(1−θm) in Eqs. 32 and 33, where θ ′
ice = θice −γθ zi0(1+β)/(1+2β).

After that, we can obtain useful relations similar to Eq. 14 describing the evolution of Ugt

and Ugi as functions of y and of external forcing parameters. To that aim, we express θm as
a function first of Ugt and then of Ugi,
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θm = 1 − 2 f θ0cosαUgt

g(1 + β)CH (θw − θ ′
ice)

≡ 1 −Ugt, (35)

θm = 1 + f θ0cosαUgi

gβCH (θw − θ ′
ice)

≡ 1 +Ugi. (36)

Then, we use Eqs 35–36 in Eq. 14 and obtain

ln(Ugt) −Ugt + 1 = −C1y + C2, (37)

ln(−Ugi) +Ugi + 1 = −C1y + C2. (38)

Appendix 2 Geostrophic Wind in the NH3D Model

Here, the calculation of the ABL-mean x-component ugm of the geostrophic wind vector and
the baroclinic terms Ugt, Ugi and Ug+ is addressed. To obtain them from the NH3D model
variables we consider the equation for the v-component of wind vector used in the NH3D
model. It is given by

dv

dt
= −∂φ′

∂y
+ ∂φ′

∂σ

σ

p∗
∂p∗
∂y

+ f Ug − f u, (39)

where we neglect diffusion as we are interested now only in the u-component of the
geostrophic wind. In Eq. 39 φ′ = φ−φre f is the deviation of geopotential from its reference-
state value φre f ; σ = (p − ptop)/p∗ is the terrain-following vertical coordinate where
p∗ = psur f − ptop is the pressure difference between the surface and the model-top values.

The first three terms on the right-hand side of Eq. 39 represent the horizontal pressure
gradient force. In particular, the first two terms are associated with baroclinicity. The third
term is the constant in space and time barotropic forcing.

After averagingEq. 39 over theABLheight one easily obtains the correspondence between
the baroclinic terms of the geostrophic wind in the mixed-layer and the NH3D models

ugm −Ug = Ug+ +Ugi +Ugt = 1

f zi

∫ zi

0
−∂φ′

∂y
+ ∂φ′

∂σ

σ

p∗
∂p∗
∂y

dz. (40)

Note, that Eq. 40 differs from Eq. 16 as the latter is based on several assumptions of the
mixed-layer model.

The baroclinic part of the x-component of the geostrophic wind vector right above the
inversion height at z = zi+ is

Ug+ = −∂φ′

∂y

∣∣
z=zi+ + ∂φ′

∂σ

σ

p∗
∂p∗
∂y

∣∣
z=zi+ . (41)

It is not possible to define zi+ in the NH3D model exactly as in the mixed-layer model
since there it is based on the assumption of an idealized structure of the ABL and its capping
inversion. So, we evaluate the terms on the right-hand side of Eq. 41 at height z = (1+ δ)zi
with δ = 0.1. We found that a variation of δ by ±50% changed the results presented in Sect.
5 only marginally.

It is also impossible to evaluateUgi directly from the results of the NH3D model because
one cannot give an exact location andvalue of the horizontal gradient of geopotential produced
by the sloping inversion at the ABL top. However, it is sufficient to evaluate the sumUgt+Ugi

sincewe expectUgi to be a fraction ofUgt according toEq. 22 so thatUgt/Ugi ≈ −(1+β)/2β.
The sumUgt +Ugi is evaluated by subtracting the value ofUg+ diagnosed using Eq. 41 from
the value of Ug+ +Ugi +Ugt diagnosed using Eq. 40.
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