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Abstract A new turbulence parametrization is developed for a non eddy resolving microscale model to
study the effects of leads (elongated open water channels in sea ice) of different width on the polar
atmospheric boundary layer (ABL). Lead dominated sea ice regions are characterized by large horizontal
inhomogeneities of the surface temperature causing strong convection. Therefore, the new parametrization
is based on a previous formulation where inhomogeneous conditions of dry convection over leads and
nonlocal effects on heat uxes had already been taken into account for a xed lead width. A nonlocal lead
width dependent approach is applied now for both heat uxes and momentum uxes in the convective
region. Microscale model results obtained with the new, the previous nonlocal, and a local parametrization
are shown, where 10 idealized cases of a lead perpendicular, near neutral ABL ow below a strong capping
inversion are considered. Furthermore, time averaged large eddy simulation (LES) results of those cases
are considered for analyzing the integrated effects of the dry convection on ABL characteristics. Microscale
model results obtained with the new nonlocal parametrization agree well with the LES for variable lead
widths and different atmospheric forcing although there is a room for further improvement. Furthermore,
several features obtained with a local closure clearly disagree with LES. Thus, the microscale study also
points to dif culties that might occur in mesoscale studies over regions where leads dominate the ow
regime when local closures are applied.

1. Introduction

Polar sea ice forms an important component of the Earth's climate system. It reduces the release of heat from
the relatively warm ocean into the cold atmosphere, especially between late autumn and spring. However,
even in the central polar regions, there are always openings of different shape in the closed sea ice cover,
so called polynyas and leads, mainly due to divergent sea ice drift (e.g., Andreas & Cash, 1999; Smith et al.,
1990; Tetzlaff et al., 2015). Leads are open water channels, which are either ice free or covered by thin, new
ice. Their shape is often linear, but they can also be curved. As can be seen from in situ observations and
satellite images, both their length and width is extremely variable. The length can range from several hun-
dred meters to several hundred kilometers, and the width varies between several meters and a few kilo-
meters (e.g., Andreas et al., 1979; Lindsay & Rothrock, 1995; Miles & Barry, 1998; Tetzlaff et al., 2015).
Mainly during winter, when the differences between the near surface atmospheric ow and the lead surface
can amount up to 40 K, the release of heat from leads is around two orders of magnitude larger than the
molecular heat transport through the surrounding sea ice (Badgley, 1966; Maykut, 1978). Thus, with a lead
coverage of 1% in a certain region, roughly half of the heat transport from the ocean to the atmosphere must
then occur through leads (Thorndike et al., 1975). Furthermore, based on data from the SHEBA campaign
(e.g., Overland et al., 2000; Pinto et al., 2003), Overland et al. (2000) found that upward heat uxes over leads
are balanced by downward heat uxes over sea ice. This was also shown by Lipkes et al. (2008) and Chechin
etal. (2019) using a 1D coupled air ice box model and prescribing a surface consisting of 95 % sea ice and 5%
slightly refrozen leads. They found for sea ice concentrations >95% that changing the concentration by 1%
causes a mixed layer atmospheric temperature change of up to 3.5 K. Batrak and Mdller (2018) show that
an explicit consideration of leads in kilometer scale atmospheric models can even have an impact on atmo-
spheric conditions several hundred kilometers away from the ice edge in the range of 12 hr weather forecast
accuracy (see also Muller et al., 2017).
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Focusing more on the local effects of leads, the large temperature difference between the near surface air
and the open water causes strong turbulent convection (convective plumes). An internal boundary layer
(IBL) develops, which signi cantly modi es the structure of the polar atmospheric boundary layer (ABL)
depending on the meteorological forcing (wind speed and direction, temperature, and strati cation) in the
lead environment (Tetzlaff et al., 2015). Furthermore, also the geometry of the leads plays an important role,
especially the lead width (L). During the Arctic Ice Dynamics Joint Experiment (AIDJEX, Andreas et al.,
1979; Paulson & Smith, 1974), measurements were conducted upwind, and downwind of several Arctic leads
of different width, based on which Andreas and Cash (1999) found that the heat transport over small leads
(L<100m) is more ef cient than over larger ones.

Based on the AIDJEX data and on data obtained over a polynya in the Canadian Archipelago (see Smith etal.,
1983), Alam and Curry (1997) developed a fetch dependent parametrization of the integral (lead averaged)
sensible heat uxes from leads, and they found those uxes to be strongly dependent on L. Also Andreas
and Cash (1999) found an L dependence for heat uxes over small leads, and they proposed a corresponding
parametrization of near surface heat uxes. Besides the observations used in Alam and Curry (1997),
Andreas and Cash (1999) also used data obtained over a refrozen polynya at drifting station North Pole 23
(see Makshtas & Nikolaev, 1991). Using both parametrizations, for the ux calculation of an observed distri-
bution of leads near 80°N, 108°W in 1996, Marcq and Weiss (2012) found up to 55% larger uxes than with a
parametrization ignoring the L dependence. The surface ux dependence found in all those studies shows
that L is an important parameter for the quanti cation of lead generated effects.

Besides the cited observational and modeling studies focusing on surface uxes over leads, several modeling
studies of the whole turbulent ABL over leads have been performed, for example using Large Eddy
Simulation (LES) models (e.g., Esau, 2007; Glendening & Burk, 1992; Glendening, 1994; Weinbrecht &
Raasch, 2001). With LES, large turbulent eddies can be resolved which gives detailed information on the tur-
bulence structure. Glendening and Burk (1992) simulated the lead perpendicular ABL ow over a 200 m
wide lead with a temperature difference of 27 K between water and sea ice surface. Upstream of the lead they
prescribed stable strati cation and weak wind (< 2.5ms ). They proposed an L dependent equation for the
plume penetration height z, with z, L3, Zulauf and Krueger (2003) transferred that equation to other lead
widths and they found rather z, LY2. Overall, results of both studies show the importance of L also for the
quantitative analysis of the convective IBL over leads.

Extensions of the study of Glendening and Burk (1992) were performed by Glendening (1994) regarding the
in ow direction and by Weinbrecht and Raasch (2001), who found that the model resolution strongly in u-
ences the results, especially in high wind regimes. Esau (2007) investigated leads with different widths for
zero geostrophic wind.

Besides pure LES applications, several modeling studies on lead effects using microscale and mesoscale
atmosphere models have been carried out (as, e.g., by Alam & Curry, 1995; Dare & Atkinson, 2000;
Mauritsen et al., 2005; Lupkes, Gryanik, et al., 2008, henceforth abbreviated by L08; Li et al., 2020; Wenta
& Herman, 2018). Such types of numerical models are used to determine the integral lead effect on the
ABL ow, but the structure of single turbulent eddies is not resolved as with LES. Due to grid sizes of usually
10°m horizontally and 10> m vertically, parametrizations of the turbulent processes are required to close the
system of the governing equations. Alam and Curry (1995), Dare and Atkinson (2000), Mauritsen et al.
(2005), Wenta and Herman (2018), and Li et al. (2020) use local closures (1.5, 2, or 2.5 order turbulent
kinetic energy (TKE) schemes, or a rst order Smagorinsky scheme), where the turbulent uxes are related
to the gradients of mean quantities using K theory (see Stull, 1988). However, especially in the upper half of a
homogeneously surface heated convective ABL, upward heat uxes are present in regions with neutral or
even slightly positive vertical potential temperature gradient (Holtslag & Moeng, 1991). L08 show based
on LES results that this holds also for the convective ABL over leads for a near perpendicular ow in typical
springtime conditions. Indications for the existence of these nongradient or counter gradient uxes were
also found in the aircraft based measurement study STABLE over the marginal ice zone North of
Svalbard in 2013 by Tetzlaff et al. (2015). To account for such phenomena, L08 derived a parametrization
for the turbulent sensible heat ux over leads using K theory, but with a gradient correction scheme based
on the parametrization of LUpkes and Schltiinzen (1996), which was derived for horizontally homogeneous
conditions. L08 account for the horizontal inhomogeneities over leads by considering the distance to the
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lead's upstream edge in their approach and by distinguishing different convective regimes in the plume's core
and at its boundaries. They investigated 10 idealized scenarios with L =1 km, an ABL height of 300 m, and
different meteorological forcing in a microscale modeling study, where the results obtained with their
nonlocal parametrization agreed well with time averaged LES results.

L08 concluded that their ndings could be the basis for studies investigating the impact of lead ensembles in
much larger domains by saving computational time with respect to a comparable study using LES. However,
they stress that especially L should be taken into account for further improvements of their parametrization.
Moreover, since climate models consider rather a fractional sea ice cover than a clear differentiation between
open water and ice surfaces, a detailed investigation on the effects of lead width on the polar ABL seems
necessary. This might also help to develop an improved surface ux parametrization over leads for those
models, which seems necessary to improve model results not only for the polar regions but also for midlati-
tudes (Vihma et al., 2014).

Therefore, in this paper, we present a modi ed version of the parametrization of L08, which includes the
lead width as a parameter to be used in small scale atmosphere models. Results will be compared with
new time averaged LES for 10 different scenarios of a lead perpendicular ow in the ABL differing by L,
wind, and temperature, and we will use those LES results to determine the unknown parameters of the mod-
i ed closure (henceforth called new closure or new parametrization). Thus, the main goal of our study is to
derive, based on LES, an improved parametrization of turbulent uxes over leads in compact sea ice for
non eddy resolving microscale models. We also aim to investigate drawbacks related to local closures
applied on this scale.

The new parametrization is designed for idealized conditions. It represents another step towards turbulence
closures designed for small scale atmospheric models for convective processes in strongly inhomogeneous
conditions, after the rst step was made by L08. However, further development is necessary in the future,
for example, to include moisture transport. We also show that the reproduction of detailed ow structures
related to leads requires, independent on the used closure, horizontal grid sizes not larger than L/5 to obtain
a reasonable agreement with LES.

2. Models

As L08, we use two different atmospheric model types, an LES model and a non eddy resolving small scale
model. For the non eddy resolving model, a parametrization of the subgrid scale turbulence is required to
quantify the integral effects of the turbulent eddies. The LES model allows a much more detailed analysis
of the turbulent ow over leads since the individual eddies on all relevant turbulent scales are resolved.
With both models, scenarios of a lead perpendicular ow in the ABL are simulated, where the upstream
ABL is capped by a strong inversion of height z; =300 m. A sketch of sucha ow regime over a lead of width
L is shown in Figure 1.

2.1. LES Model

For LES, we use the PArallelized Large Eddy Simulation Model PALM (Maronga et al., 2015; Raasch &
Schréter, 2001) with revision number 2864 in its dry version. PALM has already been used to study polar
boundary layers over heterogeneous sea ice distributions (Weinbrecht & Raasch, 2001), small scale pro-
cesses above leads (L08), and large scale processes concerning the impact of sea ice heterogeneities on the
downstream ABL in cold air outbreaks (de Roode et al., 2019; Gryschka et al., 2008, 2014). PALM is based
on the nonhydrostatic Boussinesq approximated Reynolds equations with a 1.5 order subgrid scale closure
according to Deardorff and Peterson (1980), in which a prognostic equation of the subgrid scale TKE is
solved. The Poisson equation for pressure is solved with the multigrid method and for the advection terms
the fth order Wicker Skamarock scheme is used. For time integration, the third order Runge Kutta scheme
is applied.

At the lead perpendicular lateral boundaries, cyclic boundary conditions are applied. At the lead parallel
in ow boundary, xed vertical pro les of wind and temperature are prescribed. At the corresponding out-

ow, a zero gradient is prescribed for temperature, while for the wind components a radiation boundary con-
dition is set. The latter condition assumes that wind components are advected with a transport velocity,
which includes wave propagation and advection by the wind itself (see Orlanski, 1976).
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Figure 1. Sketch of a convective plume developing in an ABL of height zj over a polar lead of width L during a lead perpendicular ow (here: from left to right).
Strati cation of the incoming ow, where U is the vertically averaged horizontal wind speed, is neutral, and the lead causes stabilization of the ABL in the
downstream region. The convective plume area is de ned as the region between the upper and lower boundaries of the internal boundary layer (IBL), (y) and

4(y), wherey is the distance to the lead's upstream edge. P, to P4 represent arbitrary points in different regimes of the ABL ow: P4 is upstream of the convective
plume, P, and P3 are inside the plume at0 y L andy>L, respectively, and P4 is downstream of the plume. The dotted vertical black line marks the downstream
lead edge. Modi ed after L0O8 and Tetzlaff et al. (2015).

To guarantee that resolved turbulent structures reach the upstream edge of the lead, a so called turbulence
recycling method after Lund et al. (1998) and Kataoka and Mizuno (2002) was applied. In a certain distance
downstream of the in ow (here: 5 km), deviations of the velocity components from their lateral mean are
taken as turbulent signals and superimposed on the in ow pro les at each time step. This method was
not applied in L08. For more details on the implementation of the boundary conditions and turbulence recy-
cling method, see Maronga et al. (2015).

Compared to the LES in L08, we chose a smaller grid spacing of 5 m (instead of 10 m) in all directions due to
increased computational capacity in the last years. Therefore, in contrast to L08, also the shallow convection
inthe rst half of the leads is resolved. To prove this, we compared xz cross sections of the resolved and sub-
grid scale TKE as well as of the resolved and subgrid scale heat ux (not shown). Furthermore, for case
L5c U5 (see Table 1 in section 2.3), we tested the reliability of the model resolution by performing additional
simulations with 10 and 2.5 m grid spacing, where we found that results do not differ signi cantly between 5
and 2.5 m grid spacing (not shown). The vertical grid spacing is equidistant up to z=300 m and smoothly
stretched above. The model's top is at z=3014 m. In lead parallel direction, the model domain of PALM
has an extension of 640 m, so more than 2z;, to capture also the larger convective structures that contribute
to the turbulent uxes.

Since with the applied spatial resolution the detailed structure of the turbulent eddies is simulated, wind and
temperature are strongly variable both spatially and temporally. Therefore, to ensure comparability with the
results from the non eddy resolving model in its 2 D version, LES results are averaged in lead parallel direc-
tion and time (see Zhou & Gryschka, 2019, for the data).

2.2. Microscale Model

2.2.1. Model Description

We follow the methods of L08 and use the nonhydrostatic atmospheric model METRAS (MEsoscale
Transport and Stream Model; Schliinzen, Bungert, et al., 2012; Schliinzen, Flagg, et al., 2012) in a dry and
2 D version for microscale simulations of lead scenarios. The Boussinesq approximated model equations
are solved on a staggered ARAKAWA C grid and for all considered cases with L 1 km grid spacing is simi-
lar to LO8 (200 m horizontally and at least 20 m in vertical direction). For another scenario with L = 500 m,
the horizontal grid spacing is 100 m. A sensitivity study regarding the horizontal grid spacing shows that the
grid size should not be larger than L/5 for an appropriate resolution of the lead generated convection (see
Appendix C1). Moreover, we aim to avoid an overlap of resolved and subgrid scale transport as far as possi-
ble. Thus, we assume that the turbulent transport in METRAS is completely due to subgrid scale processes in
the convective region, which is why we did not consider horizontal grid sizes < 100m. We also tested
model simulations with 10 m vertical grid spacing, but results of those simulations were disturbed by
resolved but unrealistic gravity waves (not shown). Unlike LO08, we use an equidistant vertical grid
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spacing for the entire ABL which results in 15 instead of 10 layers below z =300 m. Above z =300 m, the
model consists of another 50 layers, and the model's top is at about 9,600 m ensuring that gravity waves
are damped towards the model's top. Following the strategy of L08, we also do not consider radiation expli-
citly or condensation processes.

As in the LES model, we prescribe xed values for temperature at the in ow boundary. For the out ow
boundary, we apply a zero gradient condition. For the wind components, boundary conditions are the same
at in ow and out ow boundary. Boundary parallel wind components are calculated from zero gradient
boundary condition and boundary normal wind components are calculated directly as far as possible (see
Schliinzen, Bungert, et al., 2012; Schliinzen, Flagg, et al., 2012).

2.2.2. Local and Nonlocal Turbulence Parametrizations in METRAS

Since we focus on simulations of a dry atmosphere, we will use the term heat ux for sensible heat uxes,
unless stated otherwise. For the parametrization of both heat and momentum uxes, local and nonlocal
approaches are considered.

2.2.2.1. Local Mixing length Closure:

The local closure schemes are based on ux gradient relationships

w Y Ky —Z; 1)
for temperature, where = z is the vertical potential temperature gradient and K, is the eddy diffusivity
for heat, and

. u — v
w0 Km—z; w0, Km—z; 2
for momentum, where = zand V= z are the vertical gradients of the x and y components of the wind

vector and Ky, is the eddy diffusivity for momentum. In the surface layer ( rst grid cell above the surface)
both K., and K}, are calculated according to Monin Obukhov similarity theory using Businger Dyer func-
tions (Businger et al., 1971; Dyer, 1974). Above the surface layer, a mixing length approach by Herbert and
Kramm (1985) is applied to calculate K, and K}, in Equations 1 and 2:

8
Elﬁ%& 5RiB for0 Ri Ri

Km Ya y ©))
2 —Zhél 16RiB?  forRi 0

Km for0 Ri Ric

Kp Y. ) , 4
"t Kndl 16RIB® forRi 0 @

where Ri is the Richardson number, Ri; is the critical Richardson number, for which 0.199 is used instead
of 0.2 to avoid zero diffusion, vn/ zis the vertical gradient of the horizontal wind, and I,= z/(1+ z/lmay)
is the mixing length for neutral strati cation with Karman's constant . For the determination of I, as in
L08, we set the maximum mixing length I,ax=0.15z;. Originally, this relation was derived by Brown
(1996) based on LES. At grid points where Ri > Ri, both K, and K, are calculated with Ri =Ri.. This
choice guarantees matching with the surface layer when Businger Dyer functions are used in case of stable
strati cation.

Equations 3 and 4 guarantee continuity of the uxes at the rst grid level. Note that, for example,
Grachev et al. (2013) found that a critical Richardson number probably does not exist in nature, and an alter-
native closure is proposed for stable strati cation. However, here we do not consider the related implications
since in the surface layer the strati cation is far from the critical value in all model simulations (not shown).
2.2.2.2. Nonlocal Closure of L08

Based on their LES results, L08 found that counter gradient heat uxes occur in the convective plume region
(Figure 1). Those uxes do not depend on local gradients and have to be parametrized with nonlocal para-
meters. Thus, L08 formulated their parametrization based on
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w Y Ky - ; (5)
with the counter gradient correction . Equation 5 was rst proposed by Priestley and Swinbank (1947)
and theoretically derived by Deardorff (1972) and Holtslag and Moeng (1991). The latter formulated
Equation 5 for horizontally homogeneous conditions, where Ky, and  are given as functions of z/z;, with
the ABL height z;, the convective velocity scale w (also called Deardorff's convective velocity scale, e.g.,
Deardorff, 1970), and the convective temperature scale ¢ The latter two quantities are written as follows:

W Y (’Bszi E):a; (6)

with the surface buoyancy ux Bs, where
9.
Bs Ya—w j; @)
0

where g is the gravitational acceleration, ¢ is the surface layer temperature, and w |, is the kinematic
surface heat ux, and

W,

¢ Ya
w

®)

Following Holtslag and Moeng (1991), Lipkes and Schliinzen (1996) derived K, and in a way which
ensures continuous uxes at the top of the surface layer. In those equations, w acts as scaling velocity,
which is de ned in Equation 6 for convection over a horizontally homogeneous surface and a horizontally
homogeneous ABL height z;. To account for the nonhomogeneous ow regime over leads, L08 adjusted the
nonlocal closure of Lipkes and Schliinzen (1996). We will brie y describe their principles and use Figure 1
to illustrate the respective steps.

L08 assume that heat transport inside the convective plume (e.g., at P, and P3) is dominated by nonlocal
effects while outside (e.g., at P; and P4) mixing is local. As switching lines between the two closures they con-
sider the upper and the lower plume boundaries (y) and 4(y) (also called upper and lower IBL height),
wherey is the distance to the lead's upstream edge. Furthermore, the functional relations of K, and remain
the same as over a homogeneous surface, but z; is replaced by the fetch dependent IBL height (y). Moreover,
L08 state that the heat ux at any position inside the convective plume is determined by the lead averaged
surface buoyancy ux B, (same as B, but with the index | for the lead's surface). Thus, also at P3, which is
downstream of the lead but still inside the plume, the characteristics are dominated by the convection gen-
erated over the lead. Besides B, the dominating parameters inside the plume are the vertically averaged hor-
izontal wind speed in the ABL at the lead's upstream edge (U) and the upstream ABL height z;. Moreover, z;
is set constant because L08 consider only cases with neutral strati cation in a shallow ABL capped by a
strong inversion.

To match the nonlocal and local closures, LO8 propose a new formulation of the convective velocity
scale (called w; to avoid confusion). They assume that for the region above the lead (0 <y <L, Figure 1) w,
can be expressed by (B, (y))l’3, which is similar to Equation 6, but with (y) instead of z;. However, to take
into account lateral entrainment and dissipation for y > L, which cause decaying convection, an exponential
decay of w, is assumed. Moreover, L08 focused on narrow leads (L 1 km) where the horizontal extension of
the plume into the lead's downstream region can exceed L by several kilometers (L D, where D is a decay
length scale speci ed below). Thus, they neglected L as a governing parameter and applied their decay func-
tion already at y=0:

widyb YedB, dbBexpd y=DBb 9)

with ¢ as an adjustable parameter and with D gained from an equation for (y). The latter is derived by
integrating
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d | Wed/P  aWmax /P, , deamwWidyP
d_yl/“ T A T e T (10)

which follows Monin and Yaglom (1971) and Turner (1986), where w, is the entrainment velocity, Wpax iS
the velocity of the strongest eddies, and a, and a,,, are parameters connecting We, Wmax, and w,. By integrat-
ing Equation 10, L08 obtained

PYs max 0l expd y=DPB?Viz;&l expd y=DbB”; 1
a 3 572 vaz; 8 8 P

where hax=2; is the maximum upper IBL height for a neutral environment, wherein convective turbu-
lence always penetrates up to the inversion. Since

!
32
2aB D
max 74 3 IU ; (12)
with a=aganc, D can be written as
3 U3 1=3 ~

For the determination of 4(y), L0O8 assume that this switching line is located downstream of the lead where

the nonlocal heat ux is less than Fei=2Wm 2. For the parameters, LO8 de ne the following ranges:

c 16+05 a,=3+1 anda,=0.3+ 0.1s0 that aisin a range between 0.4 and 3.4. For all their cases,

LO08 applied a=2.3 and ¢=1.6. For the convective temperature scale ¢ in the plume, which we call | to

avoid confusion with the usual de nition, L08 consider Equation 8 with w(y) instead of w . Momentum
uxes are parametrized with the local closure (Equations 2 and 3).

L08 reformulated the equations of Liipkes and Schltinzen (1996) for K, and  in a nondimensional form as a
function of the stability parameter

S&yb Yav&ybru (14)
and of the nondimensional vertical coordinate
Z0/b Yz= o/b (15)

and obtained
— S 1=3 . .
Kn=Kp,¥%Z 1p 22 & zB;z, z 1, (16)

with the eddy diffusivity at the surface layer's top z,

u zp

Kp Ya—2; 17

p

where ¥ad nj, b RZ,A b 8S= FZ;UPA Z,B with the Monin Obukhov similarity function for heat

handwith ¥ ), zou=w j
For , L08 obtained:
h y S
= 0%0:63bS & ZB7?p0:5938°zal  0:9287 : (18)

with an adjustable parameter b and with % aN_jSD:aJ d/pPp %3 = &Pk L08 set b=0.6, which is much
lower as in previous studies (e.g., Holtslag & Moeng, 1991; Lupkes & Schliinzen, 1996).
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Table 1

Summary of Discussed Cases

2.3. Scenarios and Setup of Models

We discuss the results of 10 different idealized scenarios (Table 1).

Wide leads LScUs LScUS LScuUr L10cUS LSwUS Nevertheless, our applied model domains are chosen with respect to
L (km) L 5 5 5 10 5 observations during several campaigns (REFLEX | and Il, ARTIST,
Ug ((ms )) 32 ig Zg ig ig ARKXIX/1, STABLE, Hartmann et al., 1992, 1999; Kottmeier et al.,
Vg ms ’ ] . d d o . . .

T, (K) 250 250 250 250 260 1994, Lupkes et. al., 2004; Tetzlaff et' al., 2015) .and the. |n|F|aI|zat|0q Fiata
B , 144 195 245 196 85 for the simulations are representative for typical springtime conditions
Fs (Wm ) , in the polar regions.

F1o0,L (Wm 119 163 197 169 75 N . .

Fioom (Wm 9) 127 168 205 169 68 We distinguish between the convection over wide and_ over narrow
Faoo.L (Wm 2 74 102 113 103 49 leads. We de ne wide leads as those where the convection penetrates
Fa0o.m (Wm ) 73 95 115 9% 39 into the capping inversion already above the leads. Here, this concerns

Narrow leads Llc U3 Llic U5

Lic U7 LiwU10 Lo5cuUs  four scenarios with L=5km and one with L=10km. For narrow

L (km)
Ug (ms l)
Vg (Ms 7)
Tice (K)

Fs (Wm ?)
2
F1o0,L (Wm

F1o0,m (Wm ) )
F200,L (Wm

Faoo,m (WM %)

1
3.0
0.4
250
125

83
103
34
60

1
5.0
1.0
250
163

103
96
41
43

leads, where the convection reaches the inversion further downstream,

7%0 101.0 g:g we consider four scenarios with L=1km similar to those in L08 and
20 25 1.0 one scenario with L=0.5km. We focus on results over one lead, but
250 260 250 for the cases L1lc U3, L1lc U5, L1c U7, and Llw U10 (Table 1) as in
200 131 166 L08, we consider the results over a lead 10 km downwind of another

lead to compare them with the LO08 results. This ensures that the
19117 5_% ié effects caused by the rst lead, such as slightly increased air tempera-
a1 4 15 ture and a slightly stable strati cation upstream of the second lead,
40 11 21 are included.

Note. L is the lead width, ug and vy are the lead orthogonal and
lead parallel geostrophic wind components, Tic is the prescribed sea ice

As L08, we focus on cases with sea ice surface temperatures prescribed to
250 or 260 K. Surface temperature of the leads is always prescribed to 270

surface temperature, Fs is the lead averaged surface heat ux, Figo, K representing a lead covered by thin, new ice, which is often observed at
and Fpgp,. are the maximum heat uxes at 100 m and 200 m height as low air temperatures (Pinto et al., 2003). For both surfaces, temperatures

simulated with LES, and F100,m and F2q0,m are the corresponding values  do not change throughout the model integration.
as simulated by the microscale model using the new nonlocal turbulence . . ) . ) o
parametrization (section 5.1). For the cases with L = 1 km, results corre- Four different wind regimes are investigated prescribing lead orthogonal

spond to the second lead 10 km downstream of another lead. geostrophic wind components ug upstream of the leads of 3, 5, 7, and 10

ms *, respectively. The corresponding lead parallel components, Vg, (see
Table 1) ensure a lead perpendicular ow in the ABL. Thus, all simulations can be regarded as quasi 2 D
simulations, independent of the lead parallel component of the coordinate system. That is, we neglect a pos-
sible fetch dependence of surface roughness and prescribe the roughness lengths for momentum to
2o=10 3*m over ice and zo=10 *m over water in both models. For both surfaces, the ratio between the
roughness lengths for momentum and heat is assumed as 10. The value of the Coriolis parameter refers to
79°N.

As in L08, a neutrally strati ed atmosphere with a strong capping inversion at z; =300 m is prescribed initi-
ally in the whole domain of both models and as in ow temperature pro le during the whole time integra-
tion. The initial and in ow pro le of wind in METRAS is determined with the 1 D model version. In
PALM, a 3 D LES prerun with lateral cyclic boundary conditions and smaller model domain than in the
main run representative for the situation over ice was performed. Thus, unlike L08, we use a 3 D instead
of a 1 D prerun to initialize the simulations with a turbulent wind eld. Hence, at the in ow boundary,
the turbulence is produced already at the beginning of each simulation due to the turbulence recycling
method causing a faster developing ow.

For both models, we prescribe at least 5 km distance for both in ow and out ow boundary to the corre-
sponding lead edges to guarantee that results near the lead are not in uenced by the boundaries. In
two lead domains, we prescribe a gap of at least 10 km to the next lead to avoid possible interactions of
plumes from different leads.

The model simulations are performed until quasi stationary conditions are reached with respect to tempera-
ture, wind, and ux pro les in the ABL. For METRAS, quasistationarity is reached after approximately 2 hr
integration time. With PALM also approximately 2 hr are required to reach quasistationarity, but the total
simulation time is longer since the LES results are then averaged over an hour.
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Figure 2. LES results of sensible heat ux in Wm 2 (left column) and of vertical potential temperature gradient in K per 100 m (right column) for the cases
L5c U3 (a, b), L5c U5 (c, d), L5¢c U7 (e, ), and L10c U5 (g, h). The position of the lead is between 0 km and the vertical dashed black line. The distance
between heat ux contour linesis 5Wm “ for negative uxes. In the right column, the area inside the dashed gray lines depicts the region of positive uxes inside
the convective plume.

3. LES Results

Time averaged LES results are presented for the heat ux, vertical potential temperature gradient (Figure 2),
horizontal wind speed, and momentum ux (Figure 3). Both gures show results of the cases L5c U3,
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Figure 3. LES results as in Figure 2, but horizontal wind speed in ms ! (left column) and vertical momentum ux in Nm 2 (right column) are shown.

L5c U5, L5c U7, and L10c U5 (Table 1). Thus, in three cases, the same lead width of 5 km and the same
in ow temperature but different wind speeds are used. In case L10c U5, the lead width L is doubled. The
position of the lead in each plot is between y=0km and the dashed vertical black line, where y is the
distance from the upstream lead edge. The ow is from left to right. For the heat ux, the sum of both
resolved and subgrid scale uxes is shown in Figure 2 (left column). Values of the vertical potential
temperature gradient are shown in Figure 2 (right column) in K per 100 m.
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In three cases, the overall structure of the heat ux patterns seems to be similar (Figures 2a, 2c, and 2e).
Above the lead, positive heat uxes are simulated almost in the entire ABL. At that distance where the con-
vective plume reaches the capping inversion, entrainment is generated with negative uxes due to turbu-
lence in the inversion layer. The horizontal distribution of heat uxes is highly inhomogeneous showing a
clear maximum over the lead. In the upper third of the mixed layer, the position of this maximum occurs
where the plume starts to penetrate into the inversion. Towards the lower part of the mixed layer, the posi-
tion is shifted slightly downstream. Especially for case L5¢ U3, a region of almost horizontally homogeneous
heat uxes is simulated downwind of the maximum, starting at approximately y =3 km (Figure 2a). For all
three cases, the plume extends also into the downwind region of the lead, followed by a region of negative
(downward) uxes in the entire ABL.

Figures 2a, 2c, and 2e clearly demonstrate the in uence of the upstream wind speed on the spatial structure
and strength of the lead generated convection. The higher the wind speed, the higher is the inclination angle
of the plume, the stronger is the entrainment, and the stronger is the lead averaged surface heat ux (see also
Table 1). Furthermore, with increasing wind speed, the distances of the simulated maximum heat uxes
from the upstream lead edge increase. However, the maximum is more pronounced for weak wind
(Figure 2a) than for strong wind (Figure 2e). The simulated heat ux distribution over the lead with
L=10km (Figure 2g) looks similar to the corresponding case with L=>5km (Figure 2c) until y 6 km.
Also in the 10 km case, a maximum is simulated at 2.5 <y <3 km and the entrainment uxes in the inver-
sion layer reach similar values. Furthermore, the positions of the maximum entrainment uxes with fetch
denote an almost linear growth in ABL thickness for 4 km <y <L. Such an increase is also shown for case
L5c U5, but less strong (Figure 2c). Obviously, an increase in lead width leads to a stronger increase in
ABL thickness over the lead, which has been studied also for other cases (not shown).

The vertical potential temperature gradient (Figure 2, right column) indicates the ABL strati cation near the
lead. An almost neutrally strati ed ABL uptoz 270 m at the lead's upstream edge is obtained in all cases.
This means that the bottom of the inversion is lower at the lead's upstream edge after some simulation time
than its initial position at z=300 m at the in ow boundary. This subsidence is probably caused by a ther-
mally induced convergence directly below the inversion near the lead's upstream edge. Moreover, it is also
shown in the corresponding microscale model results (sections 4 and 5.2). Strong unstable strati cation
occurs above the lead surface and a stabilization is seen downwind over sea ice.

Comparing the vertical potential temperature gradient in the convective area with the region of positive heat

uxes (dashed gray lines in Figure 2, right column), there is a clear evidence for nongradient heat uxes.
These uxes roughly start at that distance where the plume reaches the inversion and they dominate the
heat ux pattern especially in the upper part of the ABL near y =L and further downwind. The higher the
wind speed, the further those counter gradient uxes extend into the downstream region. These results
for heat uxes and strati cation agree well with those discussed by L08.

The general structure of the wind eld (Figure 3, left column) seems to be independent on the in ow wind
speed. For example, in all cases, pronounced wind speed maxima are simulated at the lead's upstream edge
with maximum values directly below the inversion. Although these maxima exceed the mean wind speed by
only about 10%, we will call them in the following low level jet (LLJ). Due to lead generated convection and,
thus, enhanced vertical mixing, the LLJ near the inversion is destroyed and another, slightly less pro-
nounced wind maximum is simulated between approximately 30 <z <100 m. The higher the upstream wind
speed, the larger are the distances of both maxima from the lead's upstream edge due to increased plume
inclination. In the lead's downstream region not directly in uenced by the convection, there is some evi-
dence for a recovering LLJ.

Unlike L08, we also analyze vertical momentum uxes, for which LES results are shown in Figure 3 (right
column). As for the previously discussed quantities, also the structure of the simulated momentum ux dis-
tributions is, basically, similar in all cases, and strong horizontal inhomogeneity is obvious. Moreover, two
pronounced maxima are shown. The rst maximum is simulated in the unstable region over the lead close to
the lead's upstream edge and its magnitude at 0.1z; increases with increasing wind speed. Another, slightly
less pronounced maximum is simulated near the lead's downstream edge. This secondary maximum is espe-
cially pronounced in the cases L5¢ U3 and L10c¢ U5 (Figures 3b and 3h), and its center is near 0.6z;. For those
two cases, heat uxes are almost horizontally homogeneous in that part of the ABL (Figures 2a and 2g). The
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secondary maximum in the momentum uxes is not simulated for the case L5¢c U7 (Figure 3f). In this case,
the region of horizontally inhomogeneous heat uxes extends into the lead's downwind region (Figure 2e).
In contrast to the rst maximum of the momentum ux patterns, the magnitude of the secondary maximum
decreases with increasing upstream wind speed.

4. Microscale Model Results with Different Turbulence Closures

In this section, we consider results for case L5¢ U5 obtained with METRAS for the same quantities as in
section 3 using the turbulence closures described in section 2.2.2. Results in Figure 4 (left column) were
obtained with the local closure, those in Figure 4 (right column) with the L08 closure.

As already stated by L08 and as mentioned in the previous sections, nongradient heat uxes occur in the con-
vective environment over leads. Thus, it is not surprising that both heat uxes and strati cation obtained
with METRAS using the local closure (Figures 4a and 4c) disagree with the corresponding LES results
(Figures 2c and 2d). Especially, the strati cation downstream of the lead is not represented correctly. No
entrainment is simulated, and positive heat uxes occur over a wide region of several kilometers width
downstream of the lead. Also, the positions of maximum heat uxes disagree with the corresponding LES
results.

The lead generated effects on the wind eld (Figure 4e) are partly represented with the local closure. The
maximum value and the position of the LLJ upstream of the lead agree well with the corresponding LES
results (Figure 3c) and also a destruction of the LLJ over the lead is simulated. However, this destruction
is not as effective as compared to LES.

In the momentum ux distribution obtained with the local closure (Figure 4g), the position of the main max-
imum near the upstream edge of the lead agrees with LES (Figure 3d), but it is not as pronounced as in LES.
Another maximum is simulated near y=L, butitoccursatz z;ratherthanatz 0.6z as in the LES result.
Moreover, this maximum seems to be caused by processes that are not simulated with LES, namely, by an
unstable strati cation at that location in combination with high vertical wind shear vy/ z near z=z; (see
also Figure S1 in the supporting information).

Not only an improvement but also a drawback is obvious when the L08 closure is used (Figure 4b). A pro-
nounced maximum of heat uxes is simulated aty 2 km, but a strong discontinuity occurs aty 4.5km
near the downstream lead edge. We found this discontinuity is sensitive to the applied value for |4 and
to the matching of the local and nonlocal closures at the plume's downwind boundary, where the nonlocal
heat ux (see Equation 18) is below its assumed critical value F. For narrow leads (L D), for which the
LO08 closure is derived, Fi is reached downstream of the lead so that such a discontinuity was not simulated
(see L08). For wide leads (e.g., L =5 km), the nonlocal scheme is not used any more starting already aty <L so
that the results resemble those of the local scheme for the region downstream of the lead. As Figure 5a shows,
this holds also for a much smaller F,; than the value assumed by L08, for example, Fj;=0.1 Wm 2

Also the vertical velocity variances w z (Equation 26) approach zero already at y<L (Figure 5b).
Consequently, the simulated total heat ux above the second half of the lead is mainly due to local effects
when the L08 closure is applied to wide leads. Furthermore, the convection does not penetrate into the inver-
sion causing less entrainment than with LES. This prevents the stabilization of the downstream ABL and
strati cation remains unstable (Figure 4d).

As expected, the patterns of horizontal wind speed and momentum uxes are similar to the patterns
obtained with the local closure (Figures 4f and 4h) since L08 use a nonlocal approach for heat but a local
closure for momentum (section 2.2.2). Thus, although small improvements are obvious with the L08
scheme, also these results show discrepancies to the LES when L exceeds the lead width considered by
LO8 (see also Figure S1).

5. New Turbulence Parametrization
5.1. Principles and Derivation

The LO08 parametrization was developed for narrow leads (L 1km) and, thus, it is not surprising that the
application outside of its range of applicability to the much wider lead (L =5 km) results in the discussed
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Figure 4. Results obtained with METRAS using the local mixing length closure (left column) and using the L08 parametrization (right column) for case L5¢ U5 of
heat uxinWm 2 (a, b), vertical potential temperature gradient in K per 100 m (c, d), horizontal wind speed in ms 1 (e, f), and vertical momentum ux in Nm
(g, h). The position of the lead is between 0 km and the vertical dashed black line. The distance between heat ux contour lines is 5Wm Zfor negative uxes. The
solid gray lines in the right column show the upper IBL height according to Equation 11. Corresponding LES results are shown in Figures 2c, 2d, 3c, and 3d.
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Figure 5. Results of the nonlocal heat ux Fp = ocpKp in Wm 2 (a) and vertical velocity variance w? (Equation 26) in m?s 2 (b) obtained with METRAS
using the LO8 parametrization for case L5c U5. In (a), the dashed dotted black contour line denotes where Fp, ) =0.1 Wm 2 and colored contour levels start
at Fpni=2Wm 2 In (b), the solid gray line shows the upper IBL height according to Equation 11.

dif culties. Therefore, in the following, we present a modi ed version of the L08 parametrization that will
avoid the discussed drawbacks. It includes L as a parameter and is as robust against variations of the
upstream wind speed U, ABL height z;, and sea ice lead surface temperature differences as the original
closure. The basic ideas, namely, the separation of the turbulence regimes inside and outside the plume
regions and the assumption of decaying turbulence downstream of the lead, remain unchanged. However,
in the LO8 parametrization, the decay of turbulence starts for simplicity already at the lead's upstream
edge, while in our new version, we assume fully developed convection above the lead and apply a decay
function only over sea ice. Thus, we will adjust the convective velocity scale w(y), which has
consequences also for the IBL height (y). For reasons that are explained below, we modify also the
convective temperature scale | and the parametrization of decaying convection on the lead's downstream
side. A similar approach has been proposed by Gollnik (2008), but his determination of the parameters is
based on rough estimations compared to the methods described here (see below). Furthermore, based on
an LES study of decaying convection (Nieuwstadt & Brost, 1986), we consider two different decay length
scales, one for the decay of vertical wind uctuations, Dy, and one for the decay of temperature

uctuations, D (see Appendix Al). Unlike L08 and Gollnik (2008), we apply a nonlocal closure also for
the momentum  uxes.

The basic equations of the new parametrization are the same as in L08 (Equations 5,16, and 18). However,
unlike LO08, we account for the different behavior above and downstream of the lead by de ning the vertical
velocity scale as

8
2¢O |GyHB, E’:S; 0y L
w0y b Y. _ 19
& > o3 1&/EB) B exp % ; y>L; 49)
w

where D,, is the decay length scale for vertical wind uctuations (similar to D in L08) and where c is a
parameter. By this de nition, the decay of w; starts over the downstream lead edge rather than over the
upstream edge as in L08. Moreover, the determination of both D,, and c differs from L08 (see below).
Besides these differences, the second line of Equation 19 results in the limit L 0 in the same equation as
in LO8.

As L08, we consider Equation 10 to determine the upper IBL height (y) assuming (y)=0 at the lead's
upstream edge (y=0) as lower boundary condition. To arrive at the nal equation for (y), we use
Equation 10, but limit (y) to z;. We obtain after integration of Equation 10 with Equation 19
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with the parameter a de ned as described below. This formulation guarantees continuity of (y) aty=L.
In this work, the limit (y) z;is reached for y<L in all cases with L=5km and L =10 km (wide leads).
Equation 20 is valid for any possible value of L. For L 0, also (y) 0. ForL , two cases have to be
regarded. If | <z, (y) L If .=z, also (y)=z.

For parametrizing the decaying convection, unlike L08, we do not assume that (y) approaches z; fory Jif
the limit (y) zjisnotreachedaty L. Notonly for wide leads, (y) reaches z; anyway already aty <L but
also for narrow leads, the convection reaches z; in almost all cases between approximately 1 <y <8 km (see
entrainment uxes in LES results of L08, their Figures 3 and 8). Thus, we cannot obtain the decay length
scale D, from Equation 20 as in L08. Our modi ed approach for this parameter is explained in Appendix
Al, and we obtain
P
Dy Yady - UB'—' (22)

1=
[

where d,, is a parameter (see Appendix Al).

Unlike L08, we apply an exponential decay function also for the convective temperature scale | to account
for the decay of temperature uctuations at y>L. We obtain

8
0 O
30 0y L
W|Q/D
|6j bYvy __° ) (23)
gwoﬁsexpu ; y>L
W|6/p D '
where D is the decay length scale for temperature with
2
D Yd - UBll_;?; (24)

where d is a parameter (see Appendix Al). In Figure 6, we illustrate the necessity of using Equation 23
instead of Equation 8 by showing the effect of both equations on the nonlocal term , exemplarily for case
L5c U5. The dashed lines in Figure 6 show that would increase for y>L especially in the upper part of
the ABL if we did not consider the second line of Equation 23. This would result in unrealistically increas-
ing heat uxes at y>L, which contradicts also LES (Figure 2, left column).

Downstream of the lead, we adopt the assumption of L08 that mixing far away from the plume is dominated
by local effects. Thus, we also take 4(y) as switching line. Unlike L08, we set Fgi; = 0.1 Wm 2 since com-
pared with LES the simulated entrainment was underestimated using the original value (not shown). This
new value was found by a systematic variation of F; in small steps and comparing results for all cases with
LES. The modi cation of the closure has consequences also for the values of the other unknown parameters.

Since the new closure assumes no decay of turbulence over the lead, values obtained for the convective velo-
city scale w; with this closure are higher than with the corresponding Equation 9 of the L08 closure. A higher
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35 i ' ' 4 value of w; results in a smaller inclination of the plume. Thus, the para-
i J meters c and nally a, which also determine the plume inclination, need
30 ¢ i R to be lowered relative to the values ¢ = 1.6 and a= 2.3 used by L08, when a
: ) similar quality of agreement shall be reached as for the L08 closure. With
= 25 | | ) | our assumption that convection over a lead is similar to convective condi-
IE o0 | i ,,' | tions over homogeneous surfaces, we obtain wy=w if the limit (y) =z;is
\a i ’ reached above the lead (see Equations 6 and 19); hence, we set c=1. This
™ i / value was con rmed by determining ¢ with the help of LES results (see
,C_> 157 i ," | Appendix B1). ¢ might depend on L, but a comparison with LES showed
: : J that this dependence can be neglected and, thus, the value c =1 is applic-

10 : /' | able for the cases considered here.

5@ ‘—:&:: - -:;«:;:—__ Tl For a, and a,,, we apply the same ranges as determined by L08 (sec-
i \Q = ::::: tion 2.2.2). With c=1 and a=a.an¢, we obtain a=1+0.6, which is also
k lower than in L08. Based on the simulated plume inclinations, our results

0 J
0 1 2 3 4 5 6 7 8 9 10 agree best with LES if we set a=1.2 (see also Table B1 in Appendix B1 and
distance from upwind lead edge (km) Figures 54 and S5).

We change also b, which determines the magnitude of (Equation 18).

. - 3 1, - . . . .
Figure 6. METRAS results of the nonlocal term  (in 10°Km “)inthenew  pye to the application of smaller values for ¢ and a, results obtained with

parametrization (section 5.1) at different heights (colored) obtained with
either Equation 8 (dashed) or Equation 23 (solid) for the convective
temperature scale |aty>L. Black: z=20m, red: z=100 m, brown: z=200

the value of L08 (b = 0.6) disagree with LES (see Figure S2), namely, due to
an underestimated counter gradient transport. We obtain the best agree-

m, and blue: z=290 m. Case is L5c U5, and the lead is between 0 and 5km ~ ment with LES, if we set b=2. This agrees perfectly with the value pro-

distance.

posed originally for b used in by Holtslag and Moeng (1991) on the

basis of LES for convection over homogeneous surfaces and whose
approach forms the basis for our parametrization. For d,, and d , we obtaind,, 1.7andd 0.51 also based
on LES (see Appendix Al).

Regarding the momentum uxes, we found that results obtained with a nonlocal instead of a local approach
for the eddy diffusivity K, agree better with LES. We obtain Ky, following Lipkes and Schliinzen (1996),
where we apply the corresponding equation only inside the convective plume:

!

Kn¥aky o p p WP T
mlz, miz, Wiz, O/P

Wykz gk (25)

where , is the Monin Obukhov similarity function for momentum and w2 is the vertical velocity var-
iance, which is parametrized as in L08 via

_ h ip=3
wlyleu? & zZP7p 0:5938%za  0:9z87 (26)

with S and Z calculated via Equations 14 and 15. Originally, Equation 26 was derived by Holtslag and
Moeng (1991) for horizontally homogeneous convection based on LES and observations.

5.2. Results for Wide Leads

Simulation results of METRAS obtained with the new closure (section 5.1) are discussed in the following,
mainly for the same cases as in section 3.
5.2.1. Cold Cases
Basically, the simulated patterns of both heat uxes (Figure 7, left column) and ABL strati cation (Figure 7,
right column) agree well with the corresponding LES results (Figure 2). Using the new closure, the overall
shapes of the convective plumes, the positions of the maximum heat uxes, and the magnitudes of the simu-
lated entrainment uxes do not differ considerably from the LES results. Also the maximum values of heat
uxes at z=100m and z=200 m agree well with the LES values (Table 1). Furthermore, the simulated
plume boundaries downstream of the lead are clearly visible, which was not the case in the METRAS results
using the local or the nonmodi ed L08 closure (Figures 4a and 4b). Thus, in contrast to those results, a
slightly stable strati cation is now simulated downstream of the lead for all cases in good agreement with
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Figure 7. Heat ux (Wm 2) and vertical potential temperature gradient (K per 100 m) for the same cases as for the LES results in Figure 2, but obtained with
METRAS using the new parametrization (section 5.1). The solid gray lines show the upper IBL height according to Equation 20.

the LES results. Furthermore, similar effects as simulated with LES are shown for increasing wind speed
(Figures 73, 7c, 7e) and lead width (Figure 7g).

Some details are, however, not reproduced with METRAS using the new closure. For instance, an increase in
ABL thickness with increasing fetch over the lead is not as pronounced as with LES. Furthermore,

MICHAELIS ET AL. 17 of 37



A )
NI Journal of Geophysical Research: Atmospheres 10.1029/2019JD031996
(2) (b)
350 - 350 , ~ 026
1 10.24
300 3.8 300 : 10.22
250 3.6
E200 34 :
£ 150 32
(0]
<400 3.0
2.8
%0 2.6
© ©
350 -
5.8
5.6
54
52
5.0
4.8
4.6
4.4
4.2
4.0

QORNDD 00 NNNNNO®O®o
ocwodhrOPONMPOIDOM

a ~0.26

5.8 0.24

0.22

56 0.20

5.4 0.18

5.2 0.16

0.14

50 2 ' 0.12

4.8 o >’ 111010

4.6 0.08

4.4 y v Q L e\ | (008

4.2 S . : S 0.04

‘ - 11 10.02

#“ n n n n n n n n n n n n n 40 0 | . L . HIE . h @ 0.00
012 3456 7 8 9101112131415 012 3 4546 7 8 9101112131415

distance from upwind lead edge (km) distance from upwind lead edge (km)

Figure 8. Results obtained with METRAS using the new parametrization as in Figure 7, but horizontal wind speed in ms ! (left column) and vertical momentum
uxin Nm 2 (right column) are shown. The corresponding LES results are shown in Figure 3.

fetch dependent positions of the maximum heat uxes above the lead are not simulated and entrainment is
weaker.

In all four cases an LLJ is simulated with its core in the upper third of the ABL near the lead's upstream edge
(Figure 8, left column) and the core region is also inclined towards the surface with increasing fetch. A clear
weakening of the LLJ over the lead center is shown in all cases. Especially for case L5c¢ U3, a secondary
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Figure 9. (a, b) LES results as shown in Figures 2c and 2d and (c, d) results obtained with METRAS using new parametrization (section 5.1) as shown in
Figures 7c and 7d, but results of heat ux in Wm 2 (left column) and vertical potential temperature gradient in K per 100 m (right column) are shown for

case L5w U5.

maximum is simulated at z=50 m above the second half of the lead (Figure 8a). Downwind of the convective
plume, in most cases a regeneration of the LLJ is shown. These simulated wind eld structures agree well
with the LES results (Figure 3, left column). Note that similar effects have been measured by Tetzlaff
et al. (2015), which supports both our LES results and considering nonlocal effects in the new
parametrization also for Ky,. Only for case L5¢c U7 (Figure 8e) the destruction and regeneration of the LLJ
obtained with the new parametrization are not as pronounced as with LES.

Unlike L08, we consider also momentum uxes (Figure 8, right column). Their general pattern and the posi-
tions of their maxima near the upstream edges are simulated in fair agreement with LES results (Figure 3,
right column) if the new closure is used. However, the maxima simulated with METRAS are slightly less pro-
nounced than with LES. Furthermore, except for case L5c U3, the secondary maxima near the lead's down-
stream edge are not reproduced and the downstream decay seems to be too weak as compared to LES.
5.2.2. Warm Cases
In Figure 9, heat uxand strati cation patterns from both models are shown for case L5w U5. Thus, we con-
sider the effect of strongly increased in ow temperature. The LES results (Figures 9a and 9b) show that the
smaller temperature difference in case L5w U5 in comparison to L5¢ U5 (Figures 2c and 2d) has several
effects on the ow characteristics over the lead: weaker heat uxes, increased plume inclination, and slightly
less pronounced strati cation downstream of the lead. Basically, the corresponding METRAS results
obtained with the new parametrization (Figures 9c and 9d) agree well with the LES. This holds for both heat
uxes and ABL strati cation. Again, differences concern mainly the positions of the maximum heat uxes
and the magnitude of the entrainment uxes.
5.2.3. Variance of Vertical Velocity

Basically, also results of the vertical velocity variance w? (Equation 26) obtained with the new closure agree
with LES (Figure 10). With LES, the highest values are simulated in the center of the convective regions for
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Figure 10. Vertical velocity variancew ° (mzs 2) from LES (left column) and METRAS using the new parametrization from section 5.1 (right column) for L5c U3
(a, b), L5¢c U5 (c, d), L5c U7 (e, f), and L10c U5 (g, h). In the right column, the solid gray lines show the upper IBL height according to Equation 20.

all cases and downstream of the lead w ? decreases (Figure 10, left column). This is well reproduced with
METRAS using the new closure (Figure 10, right column). Differences between the results of both models

concern mainly the horizontal inhomogeneity of w? in the convective core regions, which is especially
shown in the LES of the cases L5c U3 and L10c U5 (Figures 10a and 10g), but not reproduced with the
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new closure (Figures 10b and 10h). Furthermore, with LES, the maxima of w? are up to 40% higher.

Downstream of the lead, the decrease of w 2 starts at y =L near the surface but further downstream towards
zi (Figure 10, left column), which is also not reproduced with the new closure (Figure 10, right column). This
result is related to the same disagreement in the heat and momentum uxes (Figure 7, left column; Figure 8,
right column).

5.3. Results for Narrow Leads

Within the range of our applied wind regimes and temperature differences (see Table 1), the convective
plume over narrow leads does not penetrate into the inversion already above the lead. Thus, in contrast to
wide leads, for narrow leads the second line of Equation 20 is used for (y). We performed L1c U3, L1lc
U5, L1c U7, and L1w U10 simulations as in L08 (their Tables 1 and 2). To ensure comparability, we show
heat ux patterns and potential temperature distributions for a lead 10 km downstream of another lead
(Figure 11). New LES results of those scenarios are shown in Figure S3. Furthermore, LES and METRAS
results with both nonlocal closures are presented for a scenario with L=0.5km in Figure 12 (case L0.5¢
U5, Table 1).

5.3.1. Lead Width: 1km

As Figure 11 shows, the simulated patterns of both heat uxes and potential temperature agree again well
with our LES results (Figure S3). The latter differ only slightly from those shown by L08 (their Figures 3
and 8, lower row), but convection is already fully resolved by the LES close to the upstream lead edge, which
results in a more linear increase of the IBL than in the L08 LES result using lower resolution. METRAS
results for L =1 km obtained with the new closure agree also well with the results obtained with the original
L08 closure (see Figures 6 and 9, lower row of L08), especially plume inclinations and heat ux patterns.
Also, the simulated maximum heat uxes at z=100m and z=200 m agree well with the corresponding
values from LES, except for case L1c U3 where our results are about 25Wm 2 higher (Table 1). A clear
improvement is shown in our results concerning the position of the entrainment uxes as compared to
the METRAS results obtained with the L08 closure (see L08, their Figures 6 and 9, left columns).

5.3.2. Lead Width: 0.5 km

According to Figure 12, also for leads of width L =0.5 km results obtained with the new parametrization
(Figures 12e and 12f) agree well with LES (Figures 12a and 12b), mainly concerning plume inclination
and downstream strati cation. The plume inclination agrees with LES also if we use the closure of L08
(Figures 12c and 12d), but the magnitude of heat uxes downstream of the lead disagrees. This is due to
an overestimation of the nonlocal heat ux with the L08 closure (not shown).

5.4. Sensitivity Studies

5.4.1. Variation of parameters

The sensitivity of our results was tested with additional simulations using alternative values for the tunable
parameters in the new parametrization. For b, we considered simulations of case L5c U5 with the values
applied by Lupkes and Schliinzen (1996) (b=3) and by L08 (b=0.6), respectively. With b =3, maximum
heat uxesatz=100m and z=200 m are overestimated by about 25 Wm 2 with respect to LES and the sta-
bility especially in the upper part of the mixed layer is overestimated, too (Figures S2c and S2d). With b =0.6,
the magnitude of nonlocal heat uxes especially in the upper part of the mixed layer is underestimated. At,
for example, z =200 m, the maximum heat ux is then more than 40 Wm 2 lower than with LES and, in con-
trast to LES, the downstream ABL strati cation is slightly unstable (Figures S2a and S2b). Furthermore, with
b=0.6, positive uxes are obtained in the downwind mixed layer in contrast to strong negative uxes with
b =3, which are even stronger than with LES. This is caused by a redistribution of heat in the ABL by adjust-
ing b, where an increase of b causes lower temperatures near the surface and higher temperatures near the
ABL top (see also L08).

Due to our assumption w;=w for convection that reaches z; already aty <L, we set c =1 (Equation 19), and
we applied this also for narrow leads (section 5.1). Thus, ¢ 1 would mean that we assumed convection over
leads to be stronger or weaker as compared to homogeneous conditions, on average. This would cause a
drawback regarding our basic assumption formulated in section 5.1. Furthermore, L08 showed that a varia-
tion of ¢ by £25 % would have only small effects on the uxes. For this reason and also because the assump-
tion ¢ =1 is supported by our LES results (Appendix B1), we did not consider any variations of c.
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