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1 Introduction and background

1.1 Importance of leads

The ocean and atmosphere exert stresses on sea ice that create leads (elongated cracks or open-
ings) where the ocean is exposed directly to the atmosphere (Smith et al. 1990). Leads cover
5-12% of the total ice cover in summer and only 1-2% of the total ice cover in winter (Fichefet and
Maqueda 1995), yet they tend to dominate the vertical exchange of energy. Fig. 1a is a spectac-
ular visualization of upward mass and energy flux over leads, and Moore et al. (2014) recently
attributed key aspects of mercury chemistry to lead-initiated shallow convection in the stable Arc-
tic boundary layer. Extreme air-water temperature contrasts in winter (20-40◦C) support turbulent
heat fluxes over leads that can be orders of magnitude larger than over thick ice (Maykut 1982,
1986, Andreas and Murphy 1986). Andreas et al. (1979) measured sensible and latent turbulent
heat fluxes exceeding 400 W m−2 and 130 W m−2, respectively, above open leads during winter.
These fluxes are nearly two orders of magnitude larger than those over the pack ice (Andreas
1980). Thus, leads contribute about half of the surface sensible heat flux, and nearly all of the
surface moisture flux, that the atmosphere over the Arctic Ocean receives during winter. Obser-
vational and modeling analyses indicate that surface-atmosphere fluxes can depend markedly on
the width of leads and their orientation relative to atmospheric flows (Andreas and Murphy 1986,
Alam and Curry 1997, Marcq and Weiss 2012).

Figure 1: (a) Aerial photo of sea ice leads near Barrow, Alaska. Photo by Lars Kaleschke, pub-
lished on phys.org. (b) Aerial photo of lead-generated clouds. Photo by T. Arbetter, University
of Colorado. (c) MODIS image from northern Sea of Okhotsk on 8 February 2016, published on
nasa.gov. Lead-modulated clouds are prominently visible over the left half of this image.

The effects of fluxes from leads were thought to be confined to a thin layer of the atmosphere
near the surface until observations by Schnell et al. (1989) showed that lead-generated plumes
can penetrate the Arctic wintertime inversion and spread condensate up to 250 km downwind
(Fig. 1b,c). Lead-produced condensate plumes can significantly alter the surface infrared (IR) ra-
diation budget (Curry et al. 1993). Pinto and Curry (1995) calculated that lead-induced cloudiness
increases the downwelling IR flux at the surface by up to 70 W m−2. Observations during the
SHEBA (Surface Heat Budget of the Arctic Ocean) experiment show that low clouds in winter can
increase the downwelling IR flux by as much as 100 W m−2 (Intrieri et al. 2002). Lead-induced
low-level ice crystal clouds may make a significant contribution to the wintertime cloud fraction

http://phys.org
http://nasa.gov


   

Arctic Leads

Lead and associated plume. Photo taken on BASE flight
16, October 12, 1994, over the Beaufort Sea.

Motivation:

• Extreme temperature differences between open wa-
ter and winter atmosphere may result in surface
fluxes up two orders of magnitude greater than
those from snow/ice surface

• Thus, leads may have a significant impact upon the
Arctic climate.

• Small-scale features such as leads can’t be directly
resolved by large-scale models
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Remote Sensing of Leads at SHEBA

60 km x 60 km SAR images from January 17 and Jan-
uary 20, 1998 (rotated so north is at top). Copyright
c©1998 by Canadian Space Agency.

NOAA-14 1 km high resolution IR image from January
21, 1998. Image provided to SHEBA by SSEC at the
University of Wisconsin.
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Figure 2: Lead width distribu-
tion (exponential function) in
the SHEBA region for 24 May
1998, derived from a Airborne
Imaging Microwave Radiome-
ter (AIMR) (using the 90 GHz
channel) and high spatial res-
olution video observations,
and derived from b AVHRR.
Adapted from (Tschudi et al.

2002)

Figure 3: Gray-scale thin ice concentra-
tions (TIC, i.e., leads) derived from AMSR-
E overlaying the MODIS band 3 of 1 km
pixel size, with leads visible as dark lin-
ear objects. One can easily see that TIC
matches MODIS well for wider leads but
not narrower ones.

detection success rate based on a comparison with MODIS imagery primarily because the coarse
resolution of the AMSR-E cannot detect leads narrower than 3 km, while MODIS can clearly map
them (Figure 3). This algorithm does not work for warmer months when melt ponds are widely de-
veloped (June-September), because the melt pond signal is similar to that for new ice (nilas). More
details on available remote sensing data and associated project analyses are given in Section 3.3.

Brohan and Kaleschke (2014) used the Hough transform method to derive lead orientation
for each day in cold months from 2002-2011 based on the derived leads from AMSR-E (Rohrs

and Kaleschke 2012). Figure 4 gives examples of monthly mean lead orientation for the AMSR-E
period. Lead orientations vary especially in the central Arctic and for months from February to April
as compared to the average over all years. More leads are detected at the beginning of winter with
lead occurrence largest in the Beaufort Sea. For the Beaufort Sea, the number of leads that are
orientated perpendicular to the coastline of Alaska decreases into winter. In the Fram Strait exit
region, between Greenland and Svalbard, leads are orientated almost parallel to the Greenwich
meridian in November and become more perpendicular to the Greenwich meridian as the winter
season advances. Leads oriented parallel to the coast of Siberia develop from December/January
to April. In the central Arctic, leads perpendicular to Greenwich meridian tend to tilt parallel to
the coastline of Alaska with ongoing season. Willmes and Heinemann (2016) presented lead
distributions and frequencies (daily and 1.5 km spatial resolution) for the wintertime (January to
April) of 2003 to 2015 based on their newly developed algorithm for lead detection from daily
MODIS thermal infrared imagery (Willmes and Heinemann 2015). Their results indicate that the
marginal ice zones in the Fram Strait and Barents Sea are the primary regions for lead activity,
and predominant fracture zones are in the Beaufort Sea and along the shelf-breaks, mainly in the
Siberian sector of the Arctic and well-known polynya. This product, however, also has limitations
and uncertainties as indicated in the associated publications. Substantial recent advances have

been made in the detection and analysis of leads, and a comprehensive study of leads across a
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Figure 4: January mean lead orientation for

2003-2011. On each symbol, grey shading in-

dicates the number of leads and bar width indi-

cates the standard deviation of all lead orienta-

tions in a 200 km × 200 km cell. White dots on

top of a line indicate that the lead orientations

are distributed on a confidence level of 99%.

Adapted from (Brohan and Kaleschke 2014).

broad range of remote sensing products is now needed to provide definitive bounds on observed

lead size and orientation distributions.

2 Project objectives and overview of methods

A variety of observational and modeling results suggest an increasing presence and importance of

leads in the climate system. Thick, multi-year ice has been replaced by thin, first-year ice (Maslanik

et al. 2011), and ice drift and wind stress have gradually accelerated in the Arctic over the past

50 years (Hakkinen et al. 2008). Rampal et al. (2009) report concurrent significant increases in

sea ice mean strain rate (+51% per decade for winter and +52% for summer), and associated

increases in deformation are consistent with stronger fracturing and lead opening. There has

also been a marked widening of the marginal ice zone (39%) over the satellite era, indicating that

an increasing area and fraction of the total ice cover consists of broken ice (Strong and Rigor

2013). Leads are a crucially important driver of atmosphere-surface fluxes, and their increasing

prominence makes the need for their adequate representation in Earth System Models especially

pressing.

We will use a broad array of observations, featuring ARM data, along with models to investi-

gate how leads affect surface fluxes and clouds over the Arctic Ocean, and develop a “lead-flux”

parameterization to account for these effects in ESM frameworks. Serving the aims of the ASR

focus on boundary layer clouds and aligning with the DOE modeling vision of transformative mul-

tiscale algorithms, we will develop a lead-flux parameterization using observations in conjunction

with a simulation hierarchy spanning a broad range of spatiotemporal scales: high resolution lead-

resolving simulations, coarse-scale single-column model testing, and coupled ESM deployment.

The overarching project objectives are:

1. Investigate how leads impact cloud and boundary properties and cloud radiative effects using

Atmospheric Radiation Measurement (ARM) observations and remote sensing of clouds and

leads (Section 3).

2. Complete the parameterization of the large scale effects of leads on atmospheric fluxes and

clouds, and test formulations in a single column model (Sections 4-5.1).

3. Implement the parameterization in the DOE-supported ACME global climate model for sensi-

tivity analysis and evaluation of surface and atmospheric response (Secs. 5.2-5.3).
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Investigation of plume penetration height

Motivation:

• the depth over which lead has direct impact

• plume height affects how quickly heat/moisture is
“reabsorbed”

Physics:

A number of factors may influence plume development,
and thus the enhanced surface fluxes

• ambient wind speed and orientation (magnitude of
fluxes, Brunt Väisälä period)

• lead width (total heat released, Brunt Väisälä pe-
riod, enhanced surface wind feedback)

• latent heating & liquid/ice microphysics (release of
additional heat to the plume)

• cloud cover and radiative forcing (winter—IR only)

• atmospheric temperature and stability

• lead refreezing (air-lead temperature difference)
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Plume penetration height

• Plume height determines the depth of the layer affected by
the lead’s convective fluxes.

• Prediction requires a plume model.

• Primary input is the integrated surface buoyancy flux, which
can strongly depend on the plume circulation itself.

• Prediction is not possible using a 1D boundary layer model.



    

University of Utah Cloud-Resolving Model

• 2-D non-hydrostatic resolved dynamics

• third-moment turbulence closure

• Fu-Liou radiative transfer code

• stability-dependent surface fluxes

• three phase bulk cloud microphysics

Basic Simulation Parameters (as in Glendening and
Burk, 1992)

• ∂θ/∂z = 10 K km−1

• surface air temperature of −27◦C

• ice temperature of −29◦C

• water temperature of −2◦C

• geostrophic wind of 2.5 m s−1 (varying orientation)

• latitude of 79◦N
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Analytical Expressions for Plume Penetration Height

• For cases where there is no large-scale cross-lead
wind, a similarity solution can be obtained as in Emanuel
(1994).

With constant, stable stratification, it simplifies to:

h ∼ F 1/3
0 N−1

where: F0 ≡ buoyancy flux at surface

N2 ≡ g/θ0 ∂θ/∂z (N = Brunt Väisälä frequency)

• For cases where there is significant large-scale cross-
lead wind, Glendening and Burk (1992), using dimen-
sional arguments, derived a modified expression:

h ∼ F 1/3
0 N−1

(
W

U
N

)1/3

where: W ≡ lead width

U ≡ cross-lead wind component

For case with no cross-lead wind: h ∼ W 1/3

For case with cross-lead wind: h ∼ W 2/3
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When the wind has a cross-lead component, Glendening and Burk (1992) proposed that the

plume height h also depends on the advective time scale L/U , where L is the lead width and U is

the wind speed component perpendicular to the lead:

h = C2F
1/3N−1

�
L

U
N

�1/3

, (2)

which implies that h ∼ L2/3 because F ∼ L. However, Zulauf and Krueger (2003b) found that

h ∼ L1/2 provides a better match to the lead-resolving model results. Fig. 7 compares the theoret-

ical plume heights from (1) and (2) to those simulated for various lead widths.

of the near-surface air (a negative feedback) and increased
near-surface wind speed (a positive feedback). The
increased near-surface wind speed appears to be due to
both the presence of a lead-scale circulation, and of vertical
mixing of higher momentum air down to the surface. For
the 3200 m lead, the increase in S is more substantial, over
an 18% increase when compared with the 200 m lead,
mainly due to the increased strength of the lead-induced
circulation that forms over the wider opening. Figure 9
illustrates the competition between the feedbacks as seen in
both the 1600 and 3200 m leads. Despite the substantial
warming of the near-surface air (thus lessening the air-sea
temperature difference), the fluxes over the 3200 m lead are
markedly increased when compared with the 1600 m lead,
due to the increased near-surface wind speeds. Near the
downwind edge of the 3200 m lead, the wind speeds level
off, and S begins to decrease, a consequence of the still
increasing near-surface air temperature.

5. Comparisons With Theoretical Results

[31] For idealized cases such as are being investigated
here, theoretical methods can provide a valuable check of
the solutions. Following the method detailed by Emanuel
[1994] for plumes emanating from a point source, a sim-
ilarity solution is easily obtained for plumes emanating from
a line source with no large-scale cross-wind [Zulauf, 2001].
If a constant stratification is assumed, the similarity solution
collapses to a simple expression for plume penetration
height:

h ¼ C1F
1=3
0 N"1; ð1Þ

where C1 is a proportionality constant, F0 is the total
buoyancy flux of the line source, and N is the Brunt Väisälä
frequency. The total buoyancy flux may be written as

F0 ¼
gWS

rq0cp
; ð2Þ

where g is the acceleration of gravity, W is the lead width, S
is the average surface sensible heat flux over the lead, r is a
reference air density, q0 is a reference potential temperature,
and cp is the specific heat of dry air at constant pressure. As
F0 varies directly with W (neglecting any changes in S due
to feedbacks), (1) dictates that h will vary with lead width as
W 1/3. This type of similarity solution was first investigated
by Morton et al. [1956], and was found to show excellent
agreement with laboratory experiments. It is worth reiter-
ating that F0 in (1) refers to the total buoyancy released by
the lead to the atmosphere as a whole, not to individual air
parcels. It is due to the effects of entrainment of
environmental air (a process which is included in the
similarity solution), that one cannot simply focus on the
heat that undiluted individual parcels receive.
[32] As was seen in section 4.1, various feedbacks can

work to alter S with increasing lead width; this is especially
true for simulations in which the large-scale wind field is
parallel to the lead. As a means of reducing the impact of
these feedbacks, a series of runs were performed in which
the surface sensible heat flux was defined as a constant, and
in which there was no large-scale cross-lead wind compo-
nent. Figure 10 compares the plume penetration heights
obtained by CRM simulations with those obtained by the

theoretical solution (1), for a specified surface sensible heat
flux of 250 W m"2. The proportionality constant C1 has
been determined using the results from the initial 200 m
lead. Obviously, the CRM and the similarity solution yield
excellent agreement over a wide range of lead widths. A
substantial difficulty remains, however, in predicting the
heat flux that would occur naturally over varying widths of
leads, as the feedbacks described earlier may have a
significant impact.
[33] Under realistic conditions, it is more likely that there

will be a significant cross-lead component to the large-scale
wind. Obviously, in these circumstances (1) will not apply.
Glendening and Burk [1992] developed an expression to
account for cross-lead winds, based upon the earlier work of
Turner [1973]. This expression employs dimensional argu-
ments, and is a modification of (1) that contains the ratio
between the advective time scale of the lead (W/U ) and the
buoyancy time scale (N"1) of the atmosphere, where U is
the cross-lead component of the large-scale wind:

h ¼ C2F
1=3
0 N"1 W

U
N

! "1=3

; ð3Þ

where C2 is another proportionality constant, which was
determined by Glendening and Burk [1992] to be
approximately unity, based on their results from LES. An
interesting point is that plume height for leads with no
cross-wind varies with W 1/3 holding other parameters
constant, but for cases with a cross-wind, (3) predicts that
plume height should vary as W 2/3 (since F0 varies directly
with W ). Furthermore, when the dimensional solution
proposed by Glendening and Burk [1992] is written in the
form shown in (3), it becomes unclear why the dimension-
less W

U N
# $

term should be raised to the 1/3 power. In a
dimensional sense this exponent appears to be arbitrary.
[34] As was done in section 3, by holding the lead width

constant and varying the direction of the large-scale wind,
the response of plume height to changes in the strength of
the cross-lead component of wind can be tested. Since the
surface fluxes were not seen to vary too greatly for a 200 m

Figure 10. Comparison of CRM derived plume penetra-
tion heights with theoretical solution for cases with
specified surface fluxes, varying lead width, and no large-
scale cross-wind.
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lead with varying wind direction, fluxes were calculated
using the standard formulation, rather than specified as for
the previous example. Figure 11 compares results from the
CRM with LES results of Glendening [1994] and the
expression given by (3). One problem with (3) is readily
apparent in the way that the predicted plume height
approaches infinity at low wind angles, where (1) should
be more applicable. For angles greater than approximately
10!, the dimensional solution shows good agreement with
both CRM and LES results, which also show good agree-
ment with each other.
[35] The question remains whether the W 2/3 dependence

of plume height predicted by (3) is accurate. To address this
issue, Figure 12 compares results from the CRM with the
dimensional solution predicted by (3) for increasing lead
width. The CRM results are those that were tabulated in
Table 1. Again, as S was not greatly affected by increasing
lead width, fluxes were calculated in the standard fashion. It
is clear from Figure 12 that the results from the CRM and
(3) diverge rapidly as the lead width increases. Burk et al.
[1997] obtained similar results using their two-dimensional
steady-state boundary layer model. These results seem to
put some doubt on the validity of (3) and theW 2/3 scaling of
plume heights when there are significant cross-lead winds.
It is possible, however, that the dependence of plume
penetration height upon lead width may differ depending
upon the ratio of lead crossing and the buoyant response
times. Assuming we include the effects of entrainment, this
ratio may be written as

R ¼ W

U

! "

= 0:6Pð Þ: ð4Þ

For R < 1, the plume is of the bent-over type, while for R >
1 the resulting plume is more upright. Under the simulated
conditions, the R = 1 dividing line occurs at a lead width of
approximately 500 m. Although it is difficult to say
conclusively based only upon the three lead widths
corresponding to R < 1, it still appears as if the CRM
results diverge from the solution proposed in (3); the
dimensional expression underpredicts the plume height for

the 100 m lead, but overpredicts the height for the 400 m
lead. For the lead widths corresponding with R > 1 the
discrepancy between the analytical expression and CRM
results is much more obvious.
[36] Included in Figure 12 is a line displaying a W 1/2

scaling for plume penetration height, which appears to yield
a much better fit for the CRM results. Whereas there has
been significant work studying the behavior of point-source
plumes in the presence of cross flows [e.g., Lavelle, 1997]),
there has been relatively little work studying the behavior of
finite width line-source plumes under the same conditions.
Unfortunately, it appears to be very difficult to translate the
findings relevant to point source plumes to finite width line
source plumes. On the other hand, the W1/3 scaling for the
case where there is no large-scale cross-lead wind, which is
based upon the more robust foundation of a similarity
solution, seems to hold true for both numerical simulations
and laboratory experiments.

6. Effects of Additional Physics

[37] For reasons of computational efficiency or model
complexity, many studies modeling the impacts of lead
induced plumes have neglected microphysical and radiative
processes. Burk et al. [1997] did include these effects in
their study, but did not conduct sensitivity experiments to
determine their relative importance. Pinto et al. [1995] did
investigate these sensitivities, but their model was one-
dimensional, and did not resolve the circulations that can
develop when both ice and water surfaces are present.
Instead, their study examined the development of a thermal
internal boundary layer as profiles of cold air were advected
over very wide, open leads.
[38] For the most part, the omission of these processes is

a valid simplification, because at the temperatures and time
scales of interest, sensible heating is thought to be the
dominant process. Nonetheless, these other processes need
to be investigated, especially since the addition of moisture
to the Arctic atmosphere is of primary interest. As we are
presently interested in the Arctic winter, solar radiation need
not be considered.

Figure 11. Comparison of CRM and LES [from Glenden-
ing, 1994] (labeled as G94) derived plume penetration
heights with theoretical solution for cases with natural
fluxes and varying large-scale wind angle.

Figure 12. Comparison of CRM derived plume penetra-
tion heights with theoretical solution for cases with natural
fluxes, varying lead width, and large-scale cross-wind.
Included in the plot is the improved W 1/2 scaling.
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Figure 7: Comparison of simulation-derived and theoretical plume heights for various lead widths

when the large-scale wind is lead-parallel (left), and for various large-scale wind angles for a 200-m

wide lead (right). From Zulauf and Krueger (2003b).

Given a lead’s width, orientation, and ice thickness (of freezing leads), we can estimate the

integrated surface buoyancy flux, F , over the lead from large-scale atmospheric conditions using

the fetch-dependent flux formulation described in Andreas and Cash (1999). Therefore, if the joint

distributions of lead width, orientation, and ice thickness are known, or can be parameterized, we

can estimate the plume height distribution, as well as the ensemble plume mass flux and mass

detrainment rate profiles. The mass flux profile (per unit lead length) for a plume from a lead with

integrated buoyancy flux Fi in an unstratified atmosphere is

Mi(Fi, z) = 1.8 (π/32)1/2ρ(z)F 1/3
i z, (3)

where ρ is the air density (Emanuel 1994). This formula is approximately valid even in a stratified

atmosphere at levels below the non-buoyancy level where entrainment is the dominant buoyancy-

decreasing process. We will apply (3) up to the non-buoyancy level, where the mass flux vanishes.

The detrainment rate, Di, is simply Mi at the non-buoyancy level. Note that both Mi and Di depend

on lead width through the integrated buoyancy flux Fi.

The large-scale effects of the penetrating convective plumes include heating and drying due

to plume-induced subsidence as well as moistening and cloud generation due to detrainment

(Arakawa and Schubert 1974). The large-scale tendencies of potential temperature, θ, water

vapor mixing ratio, qv, and cloud ice mixing ratio, qi, due to an ensemble of penetrating convective
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Figure 8: Ensemble plume mass flux and mass detrainment rate profiles, for an ensemble of leads

with a width distribution described by (8) with a = 2.1, plume height calculated by (1), and with

F = 1000 W m−2 and N = 0.02 s−1.

In order to perform radiative transfer calculations in a GCM, the spatial distribution of the con-

densate must be specified. One method is to relate the cloud fraction to the condensate mixing

ratio (Xu and Randall 1996). Another promising approach has recently been implemented in the

Community Atmosphere Model (Bogenschutz et al. 2013) based on the assumed PDF method. A

closely related parameterization has been implemented in SAM (Section 5.1). This will allow this

aspect of the lead parameterization to be tested in the single column model version of SAM.

5 Single-column testing and deployment in global climate model

We will implement our lead-effects parameterization in a Lagrangian single column version of SAM

with surface ice conditions corresponding to observed air mass trajectories, and compare the out-

put to cloud and boundary layer outcomes observed at the ARM NSA site. We will also use SAM

to better estimate how lead-generated surface fluxes affect Arctic cloud cover, directly through the

modulation of clouds and indirectly by increasing atmospheric moisture, and the surface heat bud-

get of the Arctic Ocean. We will use three basic types of simulations: limited domain idealized over

small leads, large domain idealized over leads, and large domain with realistic lead width distri-

butions based on remote sensing analyses (Section 3.3). To connect with prior observational and

modeling results, we will run the single-column model (with and without the lead-effects plume and

surface flux parameterizations) using ECMWF-analyzed winter-time large-scale advective tenden-
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When the wind has a cross-lead component, Glendening and Burk (1992) proposed that the

plume height h also depends on the advective time scale L/U , where L is the lead width and U is

the wind speed component perpendicular to the lead:

h = C2F
1/3N−1

�
L

U
N

�1/3

, (2)

which implies that h ∼ L2/3 because F ∼ L. However, Zulauf and Krueger (2003b) found that

h ∼ L1/2 provides a better match to the lead-resolving model results. Fig. 7 compares the theoret-

ical plume heights from (1) and (2) to those simulated for various lead widths.

of the near-surface air (a negative feedback) and increased
near-surface wind speed (a positive feedback). The
increased near-surface wind speed appears to be due to
both the presence of a lead-scale circulation, and of vertical
mixing of higher momentum air down to the surface. For
the 3200 m lead, the increase in S is more substantial, over
an 18% increase when compared with the 200 m lead,
mainly due to the increased strength of the lead-induced
circulation that forms over the wider opening. Figure 9
illustrates the competition between the feedbacks as seen in
both the 1600 and 3200 m leads. Despite the substantial
warming of the near-surface air (thus lessening the air-sea
temperature difference), the fluxes over the 3200 m lead are
markedly increased when compared with the 1600 m lead,
due to the increased near-surface wind speeds. Near the
downwind edge of the 3200 m lead, the wind speeds level
off, and S begins to decrease, a consequence of the still
increasing near-surface air temperature.

5. Comparisons With Theoretical Results

[31] For idealized cases such as are being investigated
here, theoretical methods can provide a valuable check of
the solutions. Following the method detailed by Emanuel
[1994] for plumes emanating from a point source, a sim-
ilarity solution is easily obtained for plumes emanating from
a line source with no large-scale cross-wind [Zulauf, 2001].
If a constant stratification is assumed, the similarity solution
collapses to a simple expression for plume penetration
height:

h ¼ C1F
1=3
0 N"1; ð1Þ

where C1 is a proportionality constant, F0 is the total
buoyancy flux of the line source, and N is the Brunt Väisälä
frequency. The total buoyancy flux may be written as

F0 ¼
gWS

rq0cp
; ð2Þ

where g is the acceleration of gravity, W is the lead width, S
is the average surface sensible heat flux over the lead, r is a
reference air density, q0 is a reference potential temperature,
and cp is the specific heat of dry air at constant pressure. As
F0 varies directly with W (neglecting any changes in S due
to feedbacks), (1) dictates that h will vary with lead width as
W 1/3. This type of similarity solution was first investigated
by Morton et al. [1956], and was found to show excellent
agreement with laboratory experiments. It is worth reiter-
ating that F0 in (1) refers to the total buoyancy released by
the lead to the atmosphere as a whole, not to individual air
parcels. It is due to the effects of entrainment of
environmental air (a process which is included in the
similarity solution), that one cannot simply focus on the
heat that undiluted individual parcels receive.
[32] As was seen in section 4.1, various feedbacks can

work to alter S with increasing lead width; this is especially
true for simulations in which the large-scale wind field is
parallel to the lead. As a means of reducing the impact of
these feedbacks, a series of runs were performed in which
the surface sensible heat flux was defined as a constant, and
in which there was no large-scale cross-lead wind compo-
nent. Figure 10 compares the plume penetration heights
obtained by CRM simulations with those obtained by the

theoretical solution (1), for a specified surface sensible heat
flux of 250 W m"2. The proportionality constant C1 has
been determined using the results from the initial 200 m
lead. Obviously, the CRM and the similarity solution yield
excellent agreement over a wide range of lead widths. A
substantial difficulty remains, however, in predicting the
heat flux that would occur naturally over varying widths of
leads, as the feedbacks described earlier may have a
significant impact.
[33] Under realistic conditions, it is more likely that there

will be a significant cross-lead component to the large-scale
wind. Obviously, in these circumstances (1) will not apply.
Glendening and Burk [1992] developed an expression to
account for cross-lead winds, based upon the earlier work of
Turner [1973]. This expression employs dimensional argu-
ments, and is a modification of (1) that contains the ratio
between the advective time scale of the lead (W/U ) and the
buoyancy time scale (N"1) of the atmosphere, where U is
the cross-lead component of the large-scale wind:

h ¼ C2F
1=3
0 N"1 W

U
N

! "1=3

; ð3Þ

where C2 is another proportionality constant, which was
determined by Glendening and Burk [1992] to be
approximately unity, based on their results from LES. An
interesting point is that plume height for leads with no
cross-wind varies with W 1/3 holding other parameters
constant, but for cases with a cross-wind, (3) predicts that
plume height should vary as W 2/3 (since F0 varies directly
with W ). Furthermore, when the dimensional solution
proposed by Glendening and Burk [1992] is written in the
form shown in (3), it becomes unclear why the dimension-
less W

U N
# $

term should be raised to the 1/3 power. In a
dimensional sense this exponent appears to be arbitrary.
[34] As was done in section 3, by holding the lead width

constant and varying the direction of the large-scale wind,
the response of plume height to changes in the strength of
the cross-lead component of wind can be tested. Since the
surface fluxes were not seen to vary too greatly for a 200 m

Figure 10. Comparison of CRM derived plume penetra-
tion heights with theoretical solution for cases with
specified surface fluxes, varying lead width, and no large-
scale cross-wind.
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lead with varying wind direction, fluxes were calculated
using the standard formulation, rather than specified as for
the previous example. Figure 11 compares results from the
CRM with LES results of Glendening [1994] and the
expression given by (3). One problem with (3) is readily
apparent in the way that the predicted plume height
approaches infinity at low wind angles, where (1) should
be more applicable. For angles greater than approximately
10!, the dimensional solution shows good agreement with
both CRM and LES results, which also show good agree-
ment with each other.
[35] The question remains whether the W 2/3 dependence

of plume height predicted by (3) is accurate. To address this
issue, Figure 12 compares results from the CRM with the
dimensional solution predicted by (3) for increasing lead
width. The CRM results are those that were tabulated in
Table 1. Again, as S was not greatly affected by increasing
lead width, fluxes were calculated in the standard fashion. It
is clear from Figure 12 that the results from the CRM and
(3) diverge rapidly as the lead width increases. Burk et al.
[1997] obtained similar results using their two-dimensional
steady-state boundary layer model. These results seem to
put some doubt on the validity of (3) and theW 2/3 scaling of
plume heights when there are significant cross-lead winds.
It is possible, however, that the dependence of plume
penetration height upon lead width may differ depending
upon the ratio of lead crossing and the buoyant response
times. Assuming we include the effects of entrainment, this
ratio may be written as

R ¼ W

U

! "

= 0:6Pð Þ: ð4Þ

For R < 1, the plume is of the bent-over type, while for R >
1 the resulting plume is more upright. Under the simulated
conditions, the R = 1 dividing line occurs at a lead width of
approximately 500 m. Although it is difficult to say
conclusively based only upon the three lead widths
corresponding to R < 1, it still appears as if the CRM
results diverge from the solution proposed in (3); the
dimensional expression underpredicts the plume height for

the 100 m lead, but overpredicts the height for the 400 m
lead. For the lead widths corresponding with R > 1 the
discrepancy between the analytical expression and CRM
results is much more obvious.
[36] Included in Figure 12 is a line displaying a W 1/2

scaling for plume penetration height, which appears to yield
a much better fit for the CRM results. Whereas there has
been significant work studying the behavior of point-source
plumes in the presence of cross flows [e.g., Lavelle, 1997]),
there has been relatively little work studying the behavior of
finite width line-source plumes under the same conditions.
Unfortunately, it appears to be very difficult to translate the
findings relevant to point source plumes to finite width line
source plumes. On the other hand, the W1/3 scaling for the
case where there is no large-scale cross-lead wind, which is
based upon the more robust foundation of a similarity
solution, seems to hold true for both numerical simulations
and laboratory experiments.

6. Effects of Additional Physics

[37] For reasons of computational efficiency or model
complexity, many studies modeling the impacts of lead
induced plumes have neglected microphysical and radiative
processes. Burk et al. [1997] did include these effects in
their study, but did not conduct sensitivity experiments to
determine their relative importance. Pinto et al. [1995] did
investigate these sensitivities, but their model was one-
dimensional, and did not resolve the circulations that can
develop when both ice and water surfaces are present.
Instead, their study examined the development of a thermal
internal boundary layer as profiles of cold air were advected
over very wide, open leads.
[38] For the most part, the omission of these processes is

a valid simplification, because at the temperatures and time
scales of interest, sensible heating is thought to be the
dominant process. Nonetheless, these other processes need
to be investigated, especially since the addition of moisture
to the Arctic atmosphere is of primary interest. As we are
presently interested in the Arctic winter, solar radiation need
not be considered.

Figure 11. Comparison of CRM and LES [from Glenden-
ing, 1994] (labeled as G94) derived plume penetration
heights with theoretical solution for cases with natural
fluxes and varying large-scale wind angle.

Figure 12. Comparison of CRM derived plume penetra-
tion heights with theoretical solution for cases with natural
fluxes, varying lead width, and large-scale cross-wind.
Included in the plot is the improved W 1/2 scaling.
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Figure 7: Comparison of simulation-derived and theoretical plume heights for various lead widths

when the large-scale wind is lead-parallel (left), and for various large-scale wind angles for a 200-m

wide lead (right). From Zulauf and Krueger (2003b).

Given a lead’s width, orientation, and ice thickness (of freezing leads), we can estimate the

integrated surface buoyancy flux, F , over the lead from large-scale atmospheric conditions using

the fetch-dependent flux formulation described in Andreas and Cash (1999). Therefore, if the joint

distributions of lead width, orientation, and ice thickness are known, or can be parameterized, we

can estimate the plume height distribution, as well as the ensemble plume mass flux and mass

detrainment rate profiles. The mass flux profile (per unit lead length) for a plume from a lead with

integrated buoyancy flux Fi in an unstratified atmosphere is

Mi(Fi, z) = 1.8 (π/32)1/2ρ(z)F 1/3
i z, (3)

where ρ is the air density (Emanuel 1994). This formula is approximately valid even in a stratified

atmosphere at levels below the non-buoyancy level where entrainment is the dominant buoyancy-

decreasing process. We will apply (3) up to the non-buoyancy level, where the mass flux vanishes.

The detrainment rate, Di, is simply Mi at the non-buoyancy level. Note that both Mi and Di depend

on lead width through the integrated buoyancy flux Fi.

The large-scale effects of the penetrating convective plumes include heating and drying due

to plume-induced subsidence as well as moistening and cloud generation due to detrainment

(Arakawa and Schubert 1974). The large-scale tendencies of potential temperature, θ, water

vapor mixing ratio, qv, and cloud ice mixing ratio, qi, due to an ensemble of penetrating convective

STRONG: Lead-modulated clouds 13

plumes are

ρ
∂θ̄

∂t
= M

∂θ̄

∂z
+D(θ̂ − θ̄), (4)

ρ
∂qv
∂t

= M
∂qv
∂z

+D( �qv − qv), (5)

ρ
∂qi
∂t

= M
∂qi
∂z

+D(�qi − qi), (6)

where M is the ensemble plume mass flux and D is the ensemble plume detrainment rate. Both
are calculated from (3) and the frequency distribution of lead widths.

Figure 8 shows the plume mass flux and mass detrainment rate profiles calculated as de-
scribed above for two ensembles of leads under typical mid-winter Arctic conditions. The ensem-
ble mass flux and mass detrainment rate profiles are obtained by weighting the contributions from
each subensemble by its frequency of occurrence as estimated by Marcq and Weiss (2012), which
is given by (8) in Section 5.2. The upper pair of plots is for leads between 1 and 10 m in width,
while the lower pair is for leads between 10 and 2000 m in width. It is evident that the numerous
but narrow leads between 1 and 35 m in width produce plumes that do not penetrate more than
130 m above the surface, while the rare but wide leads greater than 35 m in width produce plumes
that can penetrate to 500 m.

Persistent stratiform clouds may be produced by plumes emanating from wide leads (Fig. 6).
The amount of condensate detrained as a function of height may be estimated from the steady-
state plume budgets for sensible heat, water vapor, and condensate. To obtain plume properties as
a function of height, accurate estimates of the plume properties just above the lead are required.
Such properties can be calculated by a lead-resolving simulation (e.g., Figs. 7 and 9 in Zulauf
and Krueger 2003b), but will need to be parameterized when leads are not resolved. As shown
in Fig. 6 of Zulauf and Krueger (2003b), a plume over a large lead with lead-parallel large-scale
surface winds originates over a small region of the lead where the two shallow TIBLs (a few tens
of meters deep) from the sides of the lead converge. A plume over a large lead with cross-lead
large-scale surface winds originates over the downstream edge of the lead (Fig. 1 of Zulauf and
Krueger (2003b)). The results presented in Zulauf and Krueger (2003b) suggest that plume-base
properties can be parameterized as functions of lead width, lead orientation, a fetch-dependent
surface flux, and atmospheric stability. We will combine TIBL theory and lead-resolving simulations
to produce such a parameterization.

A fraction of the condensate may precipitate near the lead, while the remainder will be de-
trained to the large-scale environment. Lead-resolving simulations will provide guidance for pa-
rameterizing this source of large-scale condensate, but there will be uncertainties due to the ice
microphysics parameterizations (see section 5.1).

A simple yet general approach to including the ensemble effects of a realistic lead distribution,
with many small leads and few large ones, would be to represent the heating and moistening
effects of the many shallow plumes from small leads by specifying their ensemble flux profiles. The
simplest profile shape for these fluxes would be linear, equal to the known values at the surface
and to zero at the maximum height of the shallow plumes. An exponential profile shape will also
be considered. The ensemble effects of deep plumes from large leads would be represented as
described above for penetrative plumes. It seems likely that plumes of intermediate size may best
be represented by a mixture of a flux profile and a subensemble of penetrating plumes. The effects
of the lead-induced turbulent mixing on chemical species can be represented by enhancing the
turbulent mixing up to the height of the deepest plumes in the large-scale boundary layer model.



      

Conclusions:

• In comparisons with earlier LES results, UU CRM
findings are generally in good general agreement.

• When lead crossing time of a parcel is significantly
less than Brunt Väisälä period, resulting plumes are
of “bent-over” type.

• When lead crossing time of a parcel is significantly
greater than Brunt Väisälä period, resulting plumes
are of “upright” type.

• The similarity solution accurately predicts plume
penetration height for the case where there is no
significant cross-lead wind (W 1/3 scaling).

• The dimensional solution overpredicts plume pene-
tration height for the case where there is significant
cross-lead wind (W 2/3 scaling).

• There exist a number of feedbacks which can alter
the magnitude of the surface fluxes over the lead,
and thus the plume penetration height:
1. lead width ⇒ circulation strength (+)
2. lead width ⇒ vertical mixing (+)
3. lead width ⇒ near-surface air temperature (−)

• The inclusion of microphysical and radiative pro-
cesses can increase plume penetration height mini-
mally for narrow leads, more so for wider leads.
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model employs a stretched grid in the vertical direction,
with an average spacing of 12 m, and a minimum spacing of
4 m at the surface.
[26] The most obvious feature in Figures 4–6 is that the

plume depth increases with increasing lead width. This is as
would be expected from the primary effect of increased
surface area. The average surface fluxes over the leads are
approximately 256 W m!2 for the 200 m lead, 252 W m!2

for the 400 m lead, and 270 W m!2 for the 800 m lead.
Further analysis illustrates that the increased air temperature

feedback decreases the sensible heat flux for the 400 m lead
slightly, but then the increased strength of the circulation
overcomes this negative feedback for the 800 m lead, and S
increases noticeably. These competing feedbacks are dis-
played in Figure 7, which illustrates the increases in near-
surface wind speed and surface air temperatures for the 800
m lead when compared with the 400 m lead. In this
instance, the increase in near-surface wind speed is domi-
nant, and the resulting surface fluxes are also increased in
the 800 m lead when compared with the narrower 400 m
lead. In general, these feedbacks are relatively modest, and
probably do not influence plume development greatly at this
scale. The plumes penetrate to a depth of approximately
180, 220, and 300 m for the 200, 400, and 800 m leads,
respectively. As can be seen in the plots of vertical velocity
and turbulent kinetic energy, the plumes that form over the
wider leads are substantially more vigorous, with maximum
vertical velocities increasing by approximately 1 m s!1 for
each doubling in lead width, and with similar increases seen
for the turbulent kinetic energy.

Figure 7. Comparison of near-surface inflow wind speed
(top), near-surface air temperature (middle), and surface
sensible heat fluxes (bottom) as a function of fractional lead
width for 400 and 800 m leads with lead parallel large-scale
wind.

Figure 8. Mean vertical velocity (cm s!1, with 10 cm s!1

contour intervals) for a 10 km lead, no geostrophic wind,
from the CRM (top), and Alam and Curry [1995, Figure 6]
(bottom). Alam and Curry axes labeled in km.
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[27] Figures 4–6 also well illustrate the nature of the
turbulent length scale as it is calculated within the CRM.
The resolved motions that occur in the inflow to the main
updrafts are eddies that span the depth of the shallow
turbulent inflow layer. This is evident by comparing Figures
4 with 5 and 6. The turbulent length scale increases greatly
in the main updraft, and the formerly resolved motions
become turbulence. Because of this, we generally do not
separate the unresolved and resolved fluxes; the distinction
depends on the local turbulent length scale, which varies in
both space and time.
[28] As the lead width is increased, the various feedbacks

may become more substantial. Figure 8 displays the mean
vertical velocity for a simulation where the feedbacks on
surface flux have a greater impact. Results are compared for
simulations by the CRM and the two-dimensional model of
Alam and Curry [1995]. In this instance, a 10-km-wide lead
is placed in a 70 km domain, with an initially quiescent
atmosphere (no large-scale wind field, either cross-lead or
along-lead). The average sensible heat flux over the 10 km
lead is 422 W m!2 (CRM results), an increase of over 60%
when compared with the 200 m lead, despite the fact that no
large-scale wind is applied. This is an indication of how the
lead-induced inflow for a lead this size can be quite
substantial. Note that the Alam and Curry [1995] plot is
scaled using their stretched vertical coordinate, and that
units on their axes are in km rather than m. After 6 hours of
integration the convective plume as modeled by the CRM
reached a height of less than 800 m, and was in a near quasi-
steady state. Conversely, the plume as modeled by Alam
and Curry [1995] has reached a height of approximately 2
km, and is apparently still growing at a significant rate. A
possible explanation for the disparities between these results
is the more advanced turbulence scheme employed by the
CRM (third order closure) in the present study compared
with that used by Alam and Curry (second order closure).
The less sophisticated turbulence scheme of the earlier study
may be underestimating entrainment of environmental air
into the plume, which would allow the plume to penetrate to
unrealistic heights. Comparisons with theoretical methods
in section 5 lead us to believe that the CRM is producing
accurate results in this instance.

4.2. Cases With Substantial Cross-Lead
Large-Scale Wind

[29] As was seen in section 3, the presence of a sub-
stantial cross-lead component in the large-scale wind field
can significantly alter the development of convective
plumes. Despite this fact, most of the same mechanisms
work to affect the plume height as were seen for cases
without substantial cross-lead winds.

[30] Table 1 displays the CRM simulated plume penetra-
tion heights and average surface sensible heat fluxes
obtained from a series of simulations in which the lead
width is increased, holding other physical properties con-
stant. For these simulations, the large-scale wind is perpen-
dicular to the lead. It is interesting that initially S increases
quite slowly with increasing lead width, only a 4% increase
when comparing the flux over a 1600 m lead as compared
with a 200 m lead. This appears to be due to an approximate
balance between the competing feedbacks of the warming

Table 1. Impact of Lead Width (W ) on Plume Height (h) and
Surface Sensible Heat Flux (S ) for Cases With Large-Scale Cross-
Lead Wind

W, m h, m S, W m!2

100 "55 241
200 "65 244
400 "85 248
800 "95 253
1600 "170 253
3200 "270 289

Figure 9. Comparison of near-surface inflow wind speed
(top), near-surface air temperature (middle), and surface
sensible heat fluxes (bottom) as a function of fractional lead
width for 1600 and 3200 m leads with large-scale cross-lead
wind.

SHE 26 - 8 ZULAUF AND KRUEGER: ARCTIC LEADS AND PLUME PENETRATION HEIGHT



[27] Figures 4–6 also well illustrate the nature of the
turbulent length scale as it is calculated within the CRM.
The resolved motions that occur in the inflow to the main
updrafts are eddies that span the depth of the shallow
turbulent inflow layer. This is evident by comparing Figures
4 with 5 and 6. The turbulent length scale increases greatly
in the main updraft, and the formerly resolved motions
become turbulence. Because of this, we generally do not
separate the unresolved and resolved fluxes; the distinction
depends on the local turbulent length scale, which varies in
both space and time.
[28] As the lead width is increased, the various feedbacks

may become more substantial. Figure 8 displays the mean
vertical velocity for a simulation where the feedbacks on
surface flux have a greater impact. Results are compared for
simulations by the CRM and the two-dimensional model of
Alam and Curry [1995]. In this instance, a 10-km-wide lead
is placed in a 70 km domain, with an initially quiescent
atmosphere (no large-scale wind field, either cross-lead or
along-lead). The average sensible heat flux over the 10 km
lead is 422 W m!2 (CRM results), an increase of over 60%
when compared with the 200 m lead, despite the fact that no
large-scale wind is applied. This is an indication of how the
lead-induced inflow for a lead this size can be quite
substantial. Note that the Alam and Curry [1995] plot is
scaled using their stretched vertical coordinate, and that
units on their axes are in km rather than m. After 6 hours of
integration the convective plume as modeled by the CRM
reached a height of less than 800 m, and was in a near quasi-
steady state. Conversely, the plume as modeled by Alam
and Curry [1995] has reached a height of approximately 2
km, and is apparently still growing at a significant rate. A
possible explanation for the disparities between these results
is the more advanced turbulence scheme employed by the
CRM (third order closure) in the present study compared
with that used by Alam and Curry (second order closure).
The less sophisticated turbulence scheme of the earlier study
may be underestimating entrainment of environmental air
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accurate results in this instance.
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Large-Scale Wind

[29] As was seen in section 3, the presence of a sub-
stantial cross-lead component in the large-scale wind field
can significantly alter the development of convective
plumes. Despite this fact, most of the same mechanisms
work to affect the plume height as were seen for cases
without substantial cross-lead winds.

[30] Table 1 displays the CRM simulated plume penetra-
tion heights and average surface sensible heat fluxes
obtained from a series of simulations in which the lead
width is increased, holding other physical properties con-
stant. For these simulations, the large-scale wind is perpen-
dicular to the lead. It is interesting that initially S increases
quite slowly with increasing lead width, only a 4% increase
when comparing the flux over a 1600 m lead as compared
with a 200 m lead. This appears to be due to an approximate
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Conclusions:

• In comparisons with earlier LES results, UU CRM
findings are generally in good general agreement.

• When lead crossing time of a parcel is significantly
less than Brunt Väisälä period, resulting plumes are
of “bent-over” type.

• When lead crossing time of a parcel is significantly
greater than Brunt Väisälä period, resulting plumes
are of “upright” type.

• The similarity solution accurately predicts plume
penetration height for the case where there is no
significant cross-lead wind (W 1/3 scaling).

• The dimensional solution overpredicts plume pene-
tration height for the case where there is significant
cross-lead wind (W 2/3 scaling).

• There exist a number of feedbacks which can alter
the magnitude of the surface fluxes over the lead,
and thus the plume penetration height:
1. lead width ⇒ circulation strength (+)
2. lead width ⇒ vertical mixing (+)
3. lead width ⇒ near-surface air temperature (−)

• The inclusion of microphysical and radiative pro-
cesses can increase plume penetration height mini-
mally for narrow leads, more so for wider leads.
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[39] As a means of gauging the importance of micro-
physical and radiative processes, it was decided to imple-
ment the effects in two steps. First, simulations that included
moist processes but no radiative effects would be compared
with a dry simulation. Next, a simulation that included both
microphysics and radiative effects would be examined. It
was decided that it would not be overly helpful to investigate
a simulation that included radiation but not microphysics, as
it would be unlikely that the handling of radiative effects
would be very realistic in the absence of condensed phases.
[40] Table 2 displays the impacts of adding the additional

levels of physics upon plume height with increasing lead
width. The heights are denoted as hdry for the initial
simulations that neglect microphysics and radiation, hmoist
for simulations that include the effects of microphysics but
not radiation, and hrad for those that include both micro-
physics and radiation (i.e., a ‘‘full-physics’’ simulation). As
Table 2 clearly shows, the effects of additional physics are

more significant in the instance of the wider leads. For a 200
m lead, the addition of microphysics increases the plume
depth by approximately 3%. The inclusion of radiation
further increases the plume depth by the same amount.
For the 6400 m lead, the increases are significantly larger in
proportion. By including moist processes, the plume pene-
trates 12% higher than in the baseline case. The radiative
processes increase the depth a further 10%. Thus, whereas
the ‘‘full-physics’’ cases increase the plume depth by less
than 6% for the 200 m lead, the plume depth is increased by
over 22% for the 6400 m lead, results which agree broadly
with those of Pinto et al. [1995]. Figure 13 displays some
features of the ‘‘full-physics’’ 6400 m lead.
[41] The resulting cloud is composed primarily of cloud

ice. It reaches its highest mixing ratios of approximately
0.16 g kg!1 in the central updraft region of the plume, but
significant amounts do extend laterally over a wider area.
This cloud has a substantial effect on the longwave trans-
port. The IR heating rate is most positive (warming) directly
over the lead adjacent to the surface, where longwave
absorption by the relatively clear air is dominant. Con-
versely, the rate is most negative (cooling) at the cloud top,
due to an imbalance between upwelling longwave emitted
and downwelling longwave absorbed by the relatively high
optical density portion of the cloud. The combination of
latent heating, longwave near-surface heating and cloud top
cooling works to intensify the lead-induced circulation
substantially.

Figure 13. Cloud ice (upper left, g kg!1), IR heating rate (upper right, 10!3 K s!1), downward IR flux
(lower left, W m!2), and upward IR flux (lower right, W m!2) for a 6400 m lead under a ‘‘full-physics’’
simulation with no large-scale cross-wind.

Table 2. Impact of Additional Physics Upon Plume Penetration
Height for Various Lead Widthsa

W, m hdry , m hmoist, m hrad, m

200 "180 "185 "190
400 "220 "235 "240
3200 "430 "460 "475
6400 "580 "650 "710

aFor cases with no large-scale cross-lead wind.
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[42] According to similarity theory for dry plumes as
shown in (1), when there is no cross-lead wind component
the plume height is proportional to F0

1/3, where F0 is the
total surface buoyancy flux, which in turn is proportional to
W S, where W is the lead width, and S is the average surface
sensible heat flux.
[43] As shown in Tables 2 and 3, including water vapor

fluxes from the lead (and associated cloud formation), and
radiative transfer, increases the plume height. The new
quantity H is the sum of the sensible (S), latent (E), and
net IR heat fluxes at the surface, and thus represents the net
total surface heat flux. Table 3 shows that the plume height
increases are associated with increases in the net surface
heat fluxes. If we assume that the additional surface latent
heat fluxes and radiative fluxes act to increase the plume’s
buoyancy just as the surface sensible heat fluxes do, then we
can use similarity theory to estimate the height of the
plumes that result when these additional physical processes
are included.
[44] By replacing S with H in (2), F0 now represents a

total surface buoyancy flux including the effects from latent
and radiative fluxes. This newly redefined F0 may them be
utilized in (1) to predict plume penetration height. Alter-
natively, given a plume height associated with one value of
H, a second plume height can be obtained for a second heat
flux under the same atmospheric conditions and lead width
using the relation

h2 ¼ h1
H2

H1

! "1=3

: ð5Þ

For example h1 could represent the simulated plume height
for the dry case, which has total surface heat flux H1, and h2
is the predicted plume height when the total surface heat
flux is H2 (which may include latent and radiative fluxes).
[45] As shown in Figure 10 and Table 3, (1) underpredicts

the plume penetration height for the basic dry case by
approximately 6.2%. By augmenting the surface buoyancy
flux with the surface latent and radiative fluxes, the result-
ing parameterization underpredicts the plume penetration
height for the ‘‘moist’’ and ‘‘rad’’ cases by approximately
6.5%, only slightly more than for the dry plume. If a better
value were to be obtained for the dry plume height, this
improvement would be passed on to the plume heights with
the inclusion of additional physics. As an example, if the
CRM derived value of penetration height is used for the dry
plume in (5), then the parameterized ‘‘moist’’ and ‘‘rad’’
plume heights are only in error by $0.3% when compared
with their CRM derived values.

7. Summary and Conclusions

[46] A two-dimensional numerical model is used to
examine the factors that impact the development of con-

vective plumes that can develop in the vicinity of Arctic
leads. These factors include variations in wind orientation
with respect to the lead, variations in lead width, and the
inclusion of additional physical processes. In addition,
comparisons are made with theoretical results, both for
plumes created in the absence of large-scale cross-lead
winds, and for those created when there is substantial
cross-lead component to the wind field.
[47] To ease the interpretation of results, as well as to

facilitate comparisons with previous results, the CRM was
initialized and forced using the idealized conditions of
Glendening and Burk [1992] and Glendening [1994]. By
varying the direction of the large-scale wind with respect to
the lead, the nature of the convective plume is modified.
When the crossing time of an air parcel is substantially
greater than 0.6 P where P is the Brunt Väisälä period, the
plume develops primarily over the lead and assumes a
relatively ‘‘upright’’ alignment. When the crossing time is
much less than 0.6 P, the resulting plume is more ‘‘bent-
over.’’ When comparisons are made between the two-
dimensional results of the present study and the earlier
three-dimensional LES results, the agreement is typically
quite good. Plume penetration heights, surface fluxes, and
vertical turbulent temperature fluxes are in close agreement.
For a 200-m-wide lead with 2.5 m s$1 cross-lead wind, the
CRM predicted a plume penetration height of approxi-
mately 65 m, and an average surface sensible heat flux of
244 W m$2; for the LES, the results were 65 m and 245 W
m$2. In contrast, when the large-scale wind is oriented so
that it is parallel to the lead, the plumes penetrate to heights
of 180 m and 160 m for the CRM and the LES, respectively,
whereas the average surface sensible heat fluxes are 263 W
m$2 and 281 W m$2. The simple analytical expression of
Glendening and Burk [1992] seems to work well for this
initial case of a relatively narrow lead and varying wind
direction, and quite accurately predicts plume penetration
height.
[48] When the lead width is varied and other parameters

held constant, the effects again depend strongly upon the
orientation of the large-scale wind with respect to the lead.
When the large-scale wind is parallel to the lead, the plume
penetration height follows a W 1/3 scaling, and is well
predicted by the analytical expression given in this study.
It is notable that the W 1/3 scaling is predicted by similarity
theory, and has been shown to agree well with laboratory
experiments. The various feedbacks dependent upon plume
development can greatly modify the surface sensible heat
fluxes over the lead. In the instance of a 10-km-wide lead in
the absence of any large-scale wind, the plume penetrates to
a height of approximately 800 m, and the average surface
sensible heat flux is 422 W m$2. A similar simulation by
Alam and Curry [1995] yielded a significantly higher
penetration height (significantly exceeding that predicted

Table 3. Results From CRM Simulations and Parameterizations for the Basic ‘‘Dry,’’ ‘‘Moist,’’ and‘‘Rad’’
Casesa

Case h, m S, W m$2 E, W m$2 net IR, W m$2 H, W m$2 hparam, m error in hparam, %

Dry %580 311 n/a n/a 311 %544 $6.2
Moist %650 328 107 n/a 435 %608 $6.5
Rad %710 349 112 105 566 %664 $6.5

aThe moist case includes the effects of microphysics, and the ‘‘rad’’ case includes radiative effects (all for a 6400 m lead with
no large-scale cross-lead wind).
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The SHEBA Ice Station
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SHEBA Ice Station Drift Track
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Leads Simulations Based Upon Mid-Winter SHEBA
Conditions

Motivation:

• Extreme temperature differences between open wa-
ter and winter atmosphere may result in surface
fluxes up two orders of magnitude greater than
those from snow/ice surface

• Thus, leads may have a significant impact upon the
Arctic climate.

• Small-scale features such as leads can’t be directly
resolved by large-scale models

Methodology:

• Modify the UU CRM to more accurately model Tsfc

and the surface energy balance on snow/ice

• Design a “typical” mid-winter case based on SHEBA
observations (Surface Heat Budget of the Arctic
Ocean)

• Use the CRM in 2-D mode to resolve and model
atmospheric circulations that form in response to a
large lead under mid-winter conditions

• Use the CRM in 1-D mode to examine “mosaic”
parameterization

• Examine the impact of convective plumes upon large-
scale surface fluxes
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Most previous studies have handled Tsfc very simplisti-
cally (ie. Tsfc held constant on snow/ice).

To accurately model surface fluxes, an improved surface
temperature formulation is required.

Tsfc is diagnosed to satisfy energy balance at the surface:

Fcd = (IR ↑ − IR ↓) + S + E

snow

ice

water

Tsfc

Tmelt

IR ! IR "E S

Fcd 

Conductive heat flux is calculated using the internal
snow/ice temperature profile, which is integrated in time
using the one-dimensional heat equation:

(ρc)
∂T

∂t
=

∂

∂z

(
k
∂T

∂z

)

Each surface point is assigned depths of snow and ice,
each with respective values for density (ρ), heat capacity
(c), and thermal conductivity (k).
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Thin ice on partially refrozen leads still allows for signif-
icantly enhanced surface fluxes.
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The parameters used in calculating this balance are:

• IR ↓ = 140 W m−2

• Tair = 240 K

• RH = 80% with respect to liquid water

• 10 m wind U = 5 m s−1

• z0 = 2 × 10−4 m
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Modeling the evolution of surface temperature:
effects on surface fluxes

Tsfc prescribed Tsfc diagnosed
water ice LS water ice LS

S 260.0 -2.1 30.6 260.0 -14.7 19.6
E 78.6 0.0 9.8 78.6 -0.5 9.4
IR ↑ 305.7 201.3 214.3 305.7 163.7 181.5
IR ↓ 132.0 131.9 131.9 132.0 131.5 131.5

net 512.4 67.3 122.9 512.4 17.1 79.0

“Background” surface fluxes calculated for simulations
in which the surface temperature of the ice/snow is
prescribed as a constant, and in which it is diagnosed.
Large-scale (LS) values calculated using an area-average
as in a GCM type parameterization (flead = 12.5%).

Tsfc prescribed Tsfc diagnosed
water ice LS water ice LS

S 333.6 -3.7 38.5 353.3 -13.4 32.4
E 103.3 -0.1 12.9 103.5 -0.5 12.5
IR ↑ 305.7 201.3 214.3 305.7 166.6 183.9
IR ↓ 193.8 140.0 146.8 196.4 138.9 146.1

net 548.7 57.5 118.9 566.0 13.8 82.8

Same as above, except for simulations that explicitly
resolve a 3.2 km lead and lead-induced circulation in a
25.6 km domain (flead = 12.5%). Large-scale wind of
2.5 m s−1 oriented parallel to lead.
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Observed atmospheric soundings from SHEBA rawin-
sondes for Jan 18, 1998, 23:16 UTC, and the simplified
profiles used in initializing the CRM.
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University of Utah Cloud-Resolving Model

• 2-D non-hydrostatic resolved dynamics

• third-moment turbulence closure

• Fu-Liou radiative transfer code

• stability-dependent surface fluxes

• heat conducting snow/ice layer

Specifics:

• 256 points in horizontal direction, 200 m resolution
(51.2 km domain width)

• 80 points in vertical direction, stretched grid with
12 m resolution near the surface (1.44 km domain
height)

• dynamics time step of 1.25 s

• radiative and snow/ice thermal time step of 120 s

• statistics examined after 1.5 hours (wrap-around)
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Cloud ice for basic simulation of 3.2 km lead (f =
6.25%) after 1.5 hours.
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LIDAR imagery from the SHEBA site for January 20,
1998.
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Longer term evolution of “mosaic” and resolved
lead simulations

Extending the results from the these simulations to long-
er runs, with lead closure at 1.5 hours:
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By 4.5 hours (3 hours after lead closure), cloud ice in
“mosaic” simulation has dissipated; cloud ice persists in
resolved lead simulation beyond 6 hours.
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“Mosaic” Method for Parameterizing Lead Effects
in Large-Scale Models

• Calculate fluxes over snow/ice and open water in a
grid box using the (same) large-scale atmospheric
properties

• Modify the large-scale atmospheric properties us-
ing the area-weighted average of the fluxes over
snow/ice and open water in a grid box
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TABLES 42

Table 4: Relevant quantities for forcing fluxes, averaged over leads for various simulations.
Columns refer to simulations as described in Table 1.

initial resolved mosaic 1.6 km 6.4 km thin ice low RH
U (m s−1) 2.9 6.2 4.5 4.9 7.8 5.4 6.1
Tair (K) 238.4 242.2 241.0 240.6 244.2 241.7 242.0
Tsfc (K) 271.1 271.1 271.1 271.1 271.1 261.5 271.1
Tsky (K) 217.3 231.8 226.0 227.5 237.6 225.3 226.2
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TABLES 43

Table 5: Relevant quantities for forcing fluxes, averaged over snow/ice for various simula-
tions. Columns refer to simulations as described in Table 1.

initial resolved mosaic 1.6 km 6.4 km thin ice low RH
U (m s−1) 2.9 3.3 4.5 3.1 3.3 3.2 3.3
Tair (K) 238.4 237.6 241.0 236.7 238.7 237.0 237.1
Tsfc (K) 229.9 233.0 235.2 231.2 235.1 231.3 231.1
Tsky (K) 217.3 225.8 225.0 221.5 231.0 220.9 220.4
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“Mosaic” Method for Parameterizing Lead Effects
in Large-Scale Models

• Calculate fluxes over snow/ice and open water in a
grid box using the (same) large-scale atmospheric
properties

• Modify the large-scale atmospheric properties us-
ing the area-weighted average of the fluxes over
snow/ice and open water in a grid box
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TABLES 39

Table 1: Average surface fluxes over leads for various simulations, all values in W m−2.
The columns correspond with the following simulations, respectively: the “initial” condi-
tions for the basic simulation, the basic “resolved” lead simulation, the “mosaic” method
parameterization, a 1.6-km-wide resolved lead, a 6.4-km-wide resolved lead, a resolved lead
covered by a thin 2.5 cm ice layer, and a resolved lead with a lower initial relative humidity.
Except for the “initial” column, all results are calculated at 1.5 h.

initial resolved mosaic 1.6 km 6.4 km thin ice low RH
Sld 486 691 579 620 754 562 681
Eld 114 168 141 146 191 79 168
IR ↑ld 306 306 306 306 306 265 306
IR ↓ld 127 164 149 152 181 146 149
net IRld 179 141 157 154 125 119 157
net ↑ flux 779 1000 878 920 1069 759 1005
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TABLES 40

Table 2: Average surface fluxes over snow/ice for various simulations, all values in W m−2.
Columns refer to simulations as described in Table 1.

initial resolved mosaic 1.6 km 6.4 km thin ice low RH
Sice -15 -14 -30 -13 -14 -15 -17
Eice 0 -1 -2 -1 -1 -1 -1
IR ↑ice 158 167 174 162 174 163 162
IR ↓ice 127 148 146 137 162 135 134
net IRice 32 20 27 25 11 27 28
net ↑ flux 16 5 -4 12 -4 11 11
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TABLES 41

Table 3: Large-scale surface flux averages for various simulations, all values in W m−2.
Columns refer to simulations as described in Table 1.

initial resolved mosaic 1.6 km 6.4 km thin ice low RH
Sls 16 30 8 7 82 21 27
Els 7 10 7 4 23 4 10
IR ↑ls 168 176 182 167 190 169 171
IR ↓ls 127 149 146 137 165 136 135
net IRls 41 27 36 29 26 33 36
net ↑ flux 64 67 51 40 131 58 73
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Conclusions

• The surface temperature must be allowed to evolve to
realistically depict the surface energy budget.

• Recently frozen leads have thin ice with substantial sensible
heat fluxes, though reduced latent heat fluxes.

• In response to a large lead, the CRM develops a low-level
(though still elevated) ice cloud plume, similar to those
observed by lidar.

• The mosaic parameterization produces a quite different,
surface-based plume.

• Lead-generated plumes and their feedbacks to the surface
heat budget result from lead-scale surface, turbulent,
microphysical, and radiative processes.



   

Four basic simulations

1. resolved lead

• 3.2 km resolved lead in 51.2 km domain

• f = 6.25%

2. simple

• fluxes calculated over unbroken water/ice sur-
faces

• large-scale fluxes calculated using area-weighted
average assuming f = 6.25%

• no feedback exists between the over-water fluxes
and the over-snow fluxes

• fluxes are calculated using the initial conditions,
and do not evolve in time

3. mosaic

• fluxes calculated over unbroken water/ice sur-
faces

• large-scale fluxes calculated using area-weighted
average assuming f = 6.25%

• feedbacks do exist between the over-water fluxes
and the over-snow fluxes

• atmospheric conditions, and thus surface fluxes,
do evolve in time

4. thin ice

• 3.2 km resolved lead in 51.2 km domain

• f = 6.25%

• lead is covered with 2.5 cm of ice, reducing air-
surface temperature difference
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