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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

2



   

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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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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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.
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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.
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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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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

14



       

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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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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“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

steve krueger

steve krueger

steve krueger

steve krueger

steve krueger

steve krueger

steve krueger

steve krueger



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.



    

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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The SHEBA Ice Station
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SHEBA Ice Station Drift Track
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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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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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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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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

27
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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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