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Abstract. A simple model of the convective (thermal) internal boundary layer has been developed
for climatological studies of air-sea-ice interaction, where in situ observations are scarce and first-
order estimates of surface heat fluxes are required. It is a mixed-layer slab model, based on a steady-
state solution of the conservation of potential temperature equation, assuming a balance between
advection and turbulent heat-flux convergence. Both the potential temperature and the surface heat
flux are allowed to vary with fetch, so the subsequent boundary-layer modification alters the flux
convergence and thus the boundary-layer growth rate. For simplicity, microphysical and radiative
processes are neglected.

The model is validated using several case studies. For a clear-sky cold-air outbreak over a coastal
polynya the observed boundary-layer heights, mixed-layer potential temperatures and surface heat
fluxes are all well reproduced. In other cases, where clouds are present, the model still captures
most of the observed boundary-layer modification, although there are increasing discrepancies with
fetch, due to the neglected microphysical and radiative processes. The application of the model to
climatological studies of air-sea interaction within coastal polynyas is discussed.

Keywords: Cold-air outbreak, Surface heat fluxes, Polynyas, Ronne Ice Shelf, Thermal internal
boundary layer.

1. Introduction

A convective internal boundary layer generally develops in two archetypal at-
mospheric flows. The first is when relatively cold maritime air is advected over
a warm land surface, whereupon a positive surface sensible heat flux into the
boundary layer triggers convection and leads to a deepening of the mixed layer.
The second is when relatively cold continental air is advected over a warm ocean
or lake, and again a positive surface sensible heat flux triggers convection and
boundary-layer deepening (Figure 1). The boundary-layer that develops is termed
a thermal internal boundary layer, as it arises primarily from a discontinuity in
surface temperature (e.g., Garratt, 1990). To emphasise that convective mixing is
taking place we shall use the abbreviation CIBL to mean a convective (thermal)
internal boundary layer, following Hsu (1984) and Chang and Braham (1991).
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Figure 1. A sketch of a convective (thermal) internal boundary layer development for a cold air
outbreak over relatively warm water. The model developed here can be used to predict the CIBL
height 2 (x), mixed-layer potential temperatuég, (x), and surface sensible heat fliék (x) from
upstream surface data, given an initial heiggtand an ambient stabilityy.

The first scenario, that of daytime CIBL growth over land, has received a fair
degree of research attention, as interest has been motivated by concerns over the
downward mixing of pollution from chimney stacks. During onshore flow, a chim-
ney stack located on the coast would have its exhaust plume advected downstream,
and at some point it will intercept the growing coastal CIBL. Here a downward
mixing of the plume by the convective turbulence in the mixed layer leads to
localised pollution at the surface, clearly a potentially serious health and envir-
onmental concern. Of the models developed to examine this situation, a number of
very simple ones appear to reproduce CIBL height observations well and compare
favourably to more complete boundary-layer models (e.g., Venkatram, 1977; Gamo
et al., 1983; Stunder and SethuRaman, 1985), although Venkatram (1986) points
out that the usefulness of these simple models is limited by the data set used to
tune the model parameters. The simple models often take the#foemCx?/?,
whereh is the CIBL height,x is fetch, andC is a constant, typically dependent
upon upstream stratification, mixed-layer wind speed, the surface heat flux, and
sometimes entrainment at the CIBL top.

The second scenario, that of relatively cold continental air flowing over a warm
ocean or lake, is somewhat more complicated as the ensuing boundary layer will
tend to be moist and cloud filled. Hence microphysical and radiative processes
will be important. A number of modelling studies have addressed this scenario
with models of varying complexity, for example, Stage and Businger (1981), Hsu
(1984), Boers et al. (1990), Pinto et al. (1995), and Flamant and Pelon (1996).
These models were generally developed to examine particular CIBL case studies
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and so were tailored to those cases. The model developed here will be used for
climatological studies of air-sea interaction over high latitude oceans, and in par-
ticular to allow estimates of heat exchange within coastal polynyas. Hence it would
be advantageous if our model was simple, and focussed on the changes in surface
heat flux with fetch, rather than on accurate prediction of the CIBL height.

Coastal polynyas around the Antarctic are typically 5-50 km wide (Smith et al.,
1990; Markus et al., 1998), so the model should be appropriate for this scale. Over
such distances, a certain amount of boundary-layer modification occurs, most not-
ably a warming and moistening of the CIBL with fetch, due primarily to heat and
moisture flux convergence (e.g., Grossman and Betts, 1990; Chang and Braham,
1991; Brimmer, 1997; Renfrew and Moore, 1999). This leads to a decrease in the
surface heat flux with fetch, given a constant wind speed and sea surface temper-
ature. In the model described here both the mixed-layer potential temperature and
surface sensible heat flux are allowed to vary with fetch. This modification makes
the CIBL model more appropriate for maritime cold-air outbreaks. For simplicity,
processes of secondary importance, i.e., microphysical and radiative processes, are
neglected in the model formulation.

The paper is organised as follows — in Section 2 the model equations are de-
rived and the solution method is described, and in Section 3 the model is tested
and validated with several sets of data. The first validation uses data from the
Ronne Polynya Experiment (ROPEX), an international oceanographic experiment
that was centred on a cruise by HM=hduranceduring January and February
1998. A second validation is made through data taken from a set of CIBL aircraft
observations of a cold-air outbreak over Lake Michigan, U.S.A., detailed in Chang
and Braham (1991). A third validation uses a pseudo-climatology of the Arctic
marginal ice zone based on radiosonde ascents and described in Guest et al. (1995).
The application of the CIBL model to coastal polynyas is discussed in detail in
Section 4 and a summary of our results is presented in Section 5.

2. The Model

Figure 1 illustrates the boundary-layer modification that takes place when an in-

ternal boundary layer develops as cold air is advected over a warm ocean. In this
situation, observational evidence shows thatghimary contribution to boundary-

layer warming is generally through turbulent heat-flux convergence (Chang and
Braham, 1991; Brimmer, 1997). Following Garratt (1992), for example, and as-

suming a one dimensional slab-model, the basic equations governing the growth of
the CIBL may be simplified to

m
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whereg,, is the mixed-layer potential temperatukds the CIBL height,andw’6’),

and (w'@), are the kinematic heat fluxes at the surface and the inversion height
respectivelyAd is the potential temperature jump at the inversion, gne 960 /9z

is the upstream stratification. Equation (1) is the one-dimensional conservation of
energy equation integrated over the depth of the mixed layer. Equation (2) is the
equation for a zero-order jump éat i, with the vertical velocity at neglected.
Assuming a zero-order jump #halso implies (e.g., Garratt, 1992):

— dh
0", = —AO—. 3
(w8 o7 )
Equations (1)—(3) can be combined with a closure expression, which assumes that
the entrainment heat flux atis a constant proportion of the surface heat flux,

(w6, = —Bw'8);, (4)
to give a homogeneous differential equatiomié

I ah  AO(L+ B) ok
=Yy— — —

, 5
o % Bh o1 ©)

with solution A6 = y,Bh/(1 + 28), following Garratt (1992). Substituting this
into (2) and rearranging, we have an equation for the evolutign of

d(h2/2 1+28) —
(a/ ) :( + ﬂ)(w/e/)s. (©)
t 1z

Assuming asteady stateolution for the CIBL a Lagrangian transformation of
the time derivatives in (1) and (6) gives:

[ —
== W)L+ B/ h, 7

Un

2
Mm% = M(W)s, (8)

dx Ve
whereu,, is the mixed-layer mean wind speed.

If the surface heat flux is assumed to be constant then Equations (7) and (8) can
be integrated analytically. Indeed with a suitable surface heat-flux parameteriza-
tion this results in essentially the simple model of Venkatram (1977), or without
an entrainment term (i.e4 = 0) the model suggested by Weisman (1976) and
Gamo et al. (1983). However, as discussed in the Introduction a constant surface
heat flux is inappropriate for mesoscale fetches, where considerable boundary-
layer modification leads to a significant increasedjnwith fetch. We therefore
consider solutions where botl), and the surface heat flui, vary with fetch.
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Noting thatH, = pc,(w'd’);, wherep is air density and:, is the specific heat
capacity, Equations (7) and (8) can be rewritten as
(1+8) H;(x)

Gm(x) = Gm(o) + UnC, ,O(X)]’l(X) dx, (9)

20426 [ H) 4

h?(x) = h?(0) +
UmYoCp ,O(X)

(10)

To close the model equation set a parameterizatiorHfox) is required. A stand-
ard bulk flux formulation is used,

Hi(x) = Cyp(x)cpuro@sst — Om(x)), (11)

whereCy is the heat transfer coefficientyg is the 10-m wind speed, artt}sr
is the sea surface potential temperature. The formulation used here is based on
that of Smith (1988), which was designed for climatological use over oceans.
It is also applicable to polynyas, beyond any microscale effects at the polynya
edge (Andreas and Murphy, 1986; Smith et al., 1990). The neutral heat exchange
coefficient is constant and set @y = 1.14 x 1072 using the revised flux coef-
ficients of DeCosmo et al. (1996). The calculation(pf from Cpy is based upon
well-established surface-layer similarity theory, and incorporates Businger-Dyer
flux-gradient relations to correct for stability effects. A modified Charnock for-
mula is used, with an iteration scheme to estimate the friction velocity and the
surface-layer scaling temperature from surface-layer bulk variables.

The model equation set (9)—(11) are solved by numerical integration, and an
iteration scheme where:

1. Hy(x;) is calculated via (11), using, (x;_1) as a first guess.
2. Equations (9) and (10) are solved fpn(x;) andh(x;).
3. 0,,(x;) is then used to give a revised estimatefx;).

Steps 2 and 3 are repeated uritiiconverges to within a defined criterion (set
as one metre), which usually required only two iterations. The accuracy of the
numerical integration can be checked by compa#idrom the bulk formula and

as calculated from Equations (7) and (8); they typically agreed to within 2 m
The numerical solution outlined here is rapid enough for climatological use.

The model has been designed for estimating CIBL development, and in par-
ticular surface sensible heat fluxes, given only a limited amount of input data.
Basically u,,, 6,,0 = 6,,(0) andhg = h(0) are required as input for the model
Equations (9) and (10); and these are also the input variables for the bulk flux
formulation (11), where appropriate measurement heights must be set. From an
automatic weather station (AWS), one typically has auyface-layel(i.e., 1-3 m)
measurements of pressure, temperature, humidity and winds. Using these as model
input we estimater,, from u, by correcting to the initial mixed-layer height,
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using a stability-based similarity correction suggested by Brutsaert and Parlange
(1996, their equations (3) and (7)). This is an extension into the mixed layer of
the well-known Monin—Obukhov theory, valid when the surface layer is unstable.
The mixed-layer potential temperature is used uncorrected 9j.e.= 6,,. For

input into the bulk flux formulayy, is taken at its measurement height of 3 m, and
0.0 = Oy is taken as a ‘measurement’ of the mixed layer over the water at height
50 m. For the moment we assume that the upstream temperature profile is simply
constant all the way to the ground, i.gs,is independent of height (Figure 1). The
use of other upstream temperature profiles is discussed in Section 4. At an AWS
the initial CIBL heighthg, the entrainment parametgrand the stability parameter

yp are all unknown, so must be taken from climatology or estimated from periods
of field work.

3. Model Results and Validation

3.1. TEST RESULTS

Results from the CIBL model are shown in Figures 2 and 3. The three panels
in each figure show CIBL heighit, mixed-layer potential temperaturé,( and
surface sensible heat flu¥i(). The input data for these model runs are ‘typical’
for offshore flow during the winter from an ice shelf; =5 m s (sou,, =5.2 to
5.6 m st depending upohy), 6,,0 = 253 K, po = 1.37 kg nT3 (i.e., taking a surface
pressure of 1000 mb¥ssy = 271 K, and the entrainment paramefeset at 0.2
(e.g., Garratt, 1992). In Figure 2 three model runs are shown, with the initial CIBL
height varied between 50, 100 and 150 m, and the stability paramegteet to
9.2 Kkm. In all three curves the shape of the CIBL height closely resembles the
x%/2 dependence that one would expect for a constant heat flux. However, there is a
monotonic increase iy, of approximately 4 K, resulting in a decreaseHpfrom
240 to around 180 W it (~25%) over the 50 km fetch. The modification of the
CIBL for these typical conditions would clearly be significant in quantifying air-
sea interaction over coastal polynyas. In terms of model sensitivity to the variation
in the initial CIBL height,s converges in the three runs to just over 600 mxby
= 50 km. The variation irkg has little effect on the final height, with differences
of less than 10 m~2%). Both6,, and H; are relatively insensitive tag, with
differences ak = 50 km of only 0.7 K and less than 10 W$(~5%).

Figure 3 showg, 6,, and H; as before, withg fixed at 100 m and the stability
parametery, varying between 6.4, 9.2 and 12.0 K kfa The values ofy, are
the climatological winter values: one standard deviation, at the Halley Research
Station on the Brunt Ice Shelf, Antarctica (from King et al., 1998). A lower stability
allows a more vigorous CIBL development, resulting in a higher boundary-layer
top, but a lowe,, as a taller column of air is being modified by the surface heat
fluxes. The lowel,, maintains higher surface fluxes, as the sea-air temperature
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Figure 2.Model results showing CIBL heiglit (m), mixed-layer potential temperatuig (K), and
surface sensible heat flu%, (W m*2). The three model results are for a ‘typical’ cold air outbreak
(see text) withyy = 9.2 K km~1 and the initial height:g varied between 50, 100 and 150 m as
indicated.
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difference is higher. For the range shown in Figure 3 the model heights vary quite
substantially, from 575 to 800 m by the end of the domain. But agjaand partic-
ularly H, are relatively insensitive to this variation in stability, with differences at

x =50 km of 1 K and 10 W m? (~5%) respectively. The lack of sensitivity of the
surface heat flux téy andyy is encouraging, given that these parameters must be
set from climatology or field work when the model is applied to remote locations
such as coastal polynyas.

3.2. MODEL VALIDATION USING RONNE POLYNYA EXPERIMENT DATA

The Ronne Polynya Experiment (ROPEX) was centred around a cruise by HMS
Enduranceduring January and February 1998 in the southern Weddell Sea. The
aim of the cruise was to obtain observations of the atmospheric boundary layer, of
the ocean, and of the sea ice conditions. In addition, moorings were deployed and
bathymetric measurements were made (Nicholls et al., 1998). Figure 4 shows the
geographic location of the ROPEX experiment, the southern Weddell Sea and the
Ronne Ice Shelf. The figure shows an AVHRR visible satellite image at 1824 UTC
4 February 1998, received at the British Antarctic Survey’s Rothera Station. The
image is largely cloud free, allowing a clear contrast between the lighter shades of
the ice shelf and the continent, and the dark waters of the Weddell Sea. Overlaid
on the image are the locations of an AWS (deployed in January 1998), and the end
points of a section of radiosonde profiles taken on this day. The radiosondes were
released from th&ndurance between 0.3 and 16.2 km off the Ice Shelf front, as
the ship steamed directly offshore approximately in the direction of the surface
wind. Data from the Vaisala RS80 radiosondes were recorded at 10 s intervals by
the MW15 Digicora ground station. Figure 5 plots potential temperature profiles
for the lowest 1000 m of the five sondes released. The sonde release times were
1219, 1347, 1432, 1524 and 1609 UTC. All of the sondes show an unstable surface
layer below a shallow mixed layer of near-neutral stability, capped by a strong
inversion. Due to the relatively poor vertical resolution of the soundirgsO(m)
the depth or structure of the surface layer is not known, although it is worth not-
ing that the sea surface potential temperature was approximately 272 K. All the
sondes indicate a mixed layer that reached around 100-200 m in height, capped
by an inversion and a strongly stable free atmosphere. The sondes show a general
warming with downstream distance (and with time). Figure 6 shows hourly surface-
layer data on 4 February 1998 from the AWS located at (38W775.50 S),
about 15 km upstream from the start of the radiosonde section. Figure 6a plots
2 m temperature and specific humidity; there was an increase in both from around
0600 UTC through the day till 1900 UTC. Figure 6b plots 3-m wind speed and
direction; there was steady offshore flow of 6—7 m setween 0900 and 1900
UTC, encompassing the time of the radiosonde section.

The AWS and radiosonde data have been used as input and validation data
for the CIBL model. The model parameters were sefgs = 271 K, andy, =
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Figure 3.Model results showing, 6,,, andH; for a ‘typical’ cold air outbreak, witthg = 100 m and
the ambient stability, varied between 6.4, 9.2 and 12.0 K kth
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Figure 4. AVHRR visible satellite image of the Ronne ice shelf and southern Weddell Sea at 1824
UTC 4 February 1998. In the largely cloud-free conditions there is a distinct contrast between the
lighter shades of the ice shelf and continent, and the darkness of the open water. Annotated on the
image are the location of an AWS (automatic weather station) and the end points of a section of
radiosonde releases made from HEB8durance

6.4 K km1, the average stability of the five radiosondes between 0.5 to Bkm;

0.2 (e.g., Garratt, 1992), arkg = 100 m. The initial height was estimated as 100 m
after noting that the ice shelf was about 40 m above sea level, and assuming there
would be turbulent activity as the flow reaches the ice front. Figure 7 shows three
model runs using AWS data at 1100, 1200 and 1300 UTC to prawide,.o and

0o for input into the model as detailed in Section 2. The modelled surface fluxes
for these offshore-flow summer conditions were approximately 160-Wahthe

ice shelf front, falling to about 130 W m by x = 40 km. Validation data from

the radiosonde profiles are overlaid on Figure 7. The CIBL height observations
are plotted as vertical bars, with the bottom the highest observation of mixed-layer
air (mixed in bothg andg), and the top the lowest observation of air that is un-
ambiguously free-atmosphere air (e.g., following Chang and Braham, 1991). The
observed and modelled heights match reasonably initially, but are overestimated by
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Figure 6.Hourly surface data for 4 February 1998 from the AWS located at 88W075.50'S. Part
(a) shows 2-m temperature (solid line) and 2-m specific humidity (dashed line); part (b) shows 3-m
wind speed (solid line) and wind direction (dashed line).

the model beyond the first 10 km. In the second panel observatiahsart plot-

ted, wherg,, is taken as the average mixed layer value for each sonde (Figure 5).
For comparison with the steady-state model runsgthebservations have been
adjusted back from their release time and position to a standard time and position
(1200 UTC at the location of the AWS), by removing the tendencies in surface
temperatures observed at the AWS (Figure 6a). When this is done, the warming
with fetch in the observations and model match well. All &hevalues are within

1 K of the 1200 UTC model run, and the rate of warming with fetch is similar
between the observations and the model runs. Estimates of the surface sensible
heat fluxes are made from the sonde and AWS data (Figures 5 and 6). Overlaid
on the third panel in Figure 7 are bulk flux estimat&s ¢alculated as detailed in
Section 2, using,, from the sondes and a mean AWS wind of 6.4 h @djusted

to a height of 10 m). A mean AWS wind speed was used rather than the sonde
winds, as it was thought to be more representative than the point measurements
from the sonde. Error bars éf15% are shown to account for uncertainties in the
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exchange coefficients, as suggested by Garratt (1992). The bulk fluxes match well
with the model fluxes. The HM&ndurancewas also fitted with surface meteoro-
logical equipment run by the Southampton Oceanography Centre. Ship measured
temperatures and winds are used to provide a second set of surface sensible heat
fluxes; these observations are 10 minute mean values from heights of 10-20 m
above the surface. Note only one wind speed observation was useable (from 1300
UTC) as at all other times the wind direction relative to the ship precluded accurate
measurement. Given the steady wind conditions observed at the AWS upstream
(Figure 6), we have assumed the 1300 UTC observation is representative of the
cross-section. Ship-based fluxes are plottedl ¢n Figure 7 and match both the
radiosonde-based observations and the model predictions very well. For this case,
the simple model captures the CIBL development.

3.3. MODEL VALIDATION USING LAKE MICHIGAN DATA

A second model validation has been carried out using observational data from a
CIBL development over Lake Michigan, U.S.A., documented by Chang and Bra-
ham (1991). Their aircraft observations provide a comprehensive set of data for
a cold-air outbreak over a fetch of 150 km across Lake Michigan. Their study
details CIBL height measurements, mixed-layer equivalent potential temperatures
and turbulent surface heat fluxes with fetch. Note for use here, their equivalent
potential temperatures were converted into potential temperatures (taking tem-
perature equal to the equivalent potential temperature). This is done purely for
comparison purposes, since our model does not include moist processes. For the
model validation, input data were taken from Chang and Braham (figure 5 and
section 4):u,, = 10 m s, 6,0 = 246.8 K, pp = 1.4 kg nT3, hg = 200 m,y, =

10 K m~! and a lake surface temperat#rg; = 274 K. The authors demonstrate
from upstream and downstream radiosonde ascents that the assumption of steady-
state conditions is a good one. Observations of the ratio of entrainment to surface
heat flux indicate8 = 0.2 close to the shore, decreasing to nearer 0.1 with fetch.
Hence two model runs, witl8 = 0.1 and 0.2, are shown in Figure 8, with val-
idation data from Chang and Braham (their tables 1 and 4) overlaid. The CIBL
observed and modelled heights match reasonably over the first four observations,
up to around 35 km, but at this point there is a discontinuity in the observations
that the authors attribute to a remnant CIBL that existed from the passage of the
air mass over Lake Superior. Clearly the obserkes systematically higher than

the model predictions by about 500 m, although the rate of changésaimilar.
Observations of,, (O) are marked on the second panel of Figure 8, showing that
observed mixed-layer warming with fetch is considerably greater than modelled.
In this case, the CIBL was cloud topped and snow filled, suggesting that significant
radiative flux convergence and latent heat release in the CIBL may have occurred
(along with a number of other complicated microphysical processes, e.g., evap-
oration of falling precipitation). None of these processes is accounted for in our
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simple advective turbulent-flux-convergence model. Chang and Braham observed
that the heat-flux convergence contribution was approximately 75% of the total
CIBL warming, and as this is the only process included in our model we have
plotted this flux-convergence contribution to the CIBL warming (i.e., 75% of the
warming) on Figure 8%. These values now match the model predictions extremely
well.

The bottom panel in Figure 8 showt observations from direct turbulent flux
measurements () and from bulk estimates) using the measuretl, andu,, (see
Section 2). There is a reasonable correspondence between the observed surface
heat fluxes and the model predictions. The trend of decreasing fluxes with fetch is
reproduced, although the discrepancies range up to 100%Vand are greater at
longer fetches. Atlong fetches, the neglected radiative and microphysical processes
imply the modelled boundary layer is too cold and hence the modelled surface
fluxes are too great. Clearly the physical complexities in this snow and cloud filled
CIBL cannot be reproduced accurately with our simple model. However, the gen-
eral trends are reproduced, and to a first-order approximation, the model adequately
represents the observed modification and growth of the boundary layer in this case.

3.4. MODEL VALIDATION USING MIZCLM DATA

A final validation of the CIBL model makes use of a pseudo-climatology of the
marginal ice zone (MIZCLM) detailed in Guest et al. (1995). The climatology is
based on a composite of over 1300 soundings from radiosonde ascents, carried out
over several field campaigns in the Arctic marginal ice zone. Approximately 950
soundings were made within 200 km of the ‘ice edge’, and we use a subset of
149 soundings taken from the spring seasons with an off-ice wind direction. The
soundings have been divided into 50-km bins perpendicular to the ice edge. Model
input temperature and inversion height data are taken from-8@&to 0 km bin

(45 data points) along with the mean wind for all bins. Wesgt= 7.5 m s?,

00 =259.5 K, pg = 1.3 kg nT3, andfssr = 272 K. To give an idea of the range

of possible CIBL developments the initial height and stability are both varied. The
inversion height data in Guest et al. have been plotted showing the median (125 m),
and first and third quartile limits (100 and 475 m), so these are uskgl\agues.

The stability is not documented and so we use valueg,6f 5 or 10 K nt! as
reasonable estimates. Model experimentsifp00 andy, = 10 K m, plus /g

= 475 andyy = 5 K m™1, are shown in Figure 9. Validation data from the 0-50,
50-100 and 100-150 km bins are overlain; these comprise 51, 28 and 16 data
respectively. Thé: data show median value¥) (with the first and third quartiles

as error bars; the medidt), from each 50-km bin is overlaid &son the second
panel. Bulk flux estimates (following Section 2) are calculated using the median
6,, and the median wind speeds from each 50-km bin. In general the model and
observations correspond quite well, especially given the range of the two model
runs. There is a discrepancy in the CIBL warming at longer fetches, which one
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CIBL growth model - validation using Lake Michigan data
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Figure 8.Model results for the Lake Michigan case as documented in Chang and Braham (1991). The
two model runs are fof = 0.1 and 0.2 as indicated. The validation data are CIBL heights; observed
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would suppose is due to the absence of radiative and microphysical processes in the
model, as for the Lake Michigan case. The correspondence of surface sensible heat
fluxes is remarkably good. The differences between the observed and maielled
are compensated for by the observed increase in wind speed with fetch.

4. Discussion

The model has been developed as part of a larger project examining air-sea-ice
interactions at high latitudes. Polynyas that periodically open at the edge of the
Antarctic continent allow intense air-sea interaction to take place, leading to an
increase in density of the surface waters due to surface cooling, evaporation, and
brine rejection as sea ice is formed. This increase in density leads indirectly to
the formation of Antarctic Bottom Water, in a process that is a key component in
the ocean’s thermohaline circulation, and hence the global climate system (e.g.,
Curry and Webster, 1999). A number of climatological studies of air-sea-ice in-
teraction have recently been carried out, for example, Markus et al. (1998), Van
Woert (1999). However these studies have not so far accounted for changes to
the atmospheric boundary layer as air flows over the polynya. The results of the
previous section indicate that changes in the boundary layer can be significant,
leading to changes in the surface sensible heat fluxes of order 25% of the initial
heat flux, over a fetch of 50 km. A systematic moderation of the surface fluxes of
this magnitude should be accounted for in estimates of air-sea-ice interaction.

To apply our CIBL model to flow over polynyas a number of issues need to
be addressed. The model described here aims to capture first-order changes to the
boundary layer for flow over polynyas, hence, as a first approximation, turbulent
heat-flux convergence balances the advection of air over the polynya. Observa-
tional studies of cold-air outbreaks have shown this is the primary contributor to
the boundary-layer heat budget (e.g., Chang and Braham, 1991; Brimmer, 1997).
The same was also found in a field study of boundary-layer development over
the coastal polynya off the Ronne Ice Shelf (Heinemann, 1988). In this study,
tethersonde data showed a 200-m deep well-mixed boundary layer, with a shallow
unstable surface layer over the polynya, with profiles similar to those illustrated
in Figure 5. In a case of off-shore flow, Heinemann documents a boundary-layer
warming of approximately 2 K, between the ice front and 20 km into the polynya.
A simulation with our CIBL model is consistent with this 2 K warming.

Secondary contributions to the boundary-layer heat budget are due to a number
of processes: namely, radiative flux convergence, horizontal and vertical temperat-
ure advection through the top of the boundary layer, condensation, and the evapor-
ation of sea spray. Chang and Braham (1991) found that 75% of the boundary-layer
warming in their case study was due to heat-flux convergence. However, in general,
this will not be appropriate. For example, in the cases summarised in Brimmer
(1997), the radiative flux convergence varied in sign, and the microphysical pro-
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CIBL growth model - validation using MIZCLM data
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Figure 9.Model results for the MIZCLM pseudo-climatology of the marginal ice zone documented
in Guest et al. (1995). Two model runs are shown, one wjtk10 K km~1 andsg = 100 m; the
second withyg = 5 K km~1 andiq = 475 m. Validation data*) are as described in the text.
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cesses varied considerably, although always warming the boundary layer over the
length scales studied. In Pinto et al. (1995) the development of a thermal internal
boundary layer over a lead was modelled with a detailed radiative transfer scheme,
second-order closure for turbulence and a bulk microphysical scheme. The addition
of radiative and microphysical processes perturbed the boundary-layer height by
10-20% in their simulations. They concluded that turbulence driven by the surface
heat flux was the dominant physical process in the evolution of the boundary layer.
When radiative transfer is not included in their simulations, the surface sensible
heat flux increases, as the air-sea temperature difference is greater in this clear-sky
case. From the above it would appear that neglecting radiative and microphys-
ical processes would, in general, lead to an underestimate in the boundary-layer
warming and hence an overestimate of the surface sensible heat fluxes.

Observations are scarce, but the limited number that exist suggest that there is
often an acceleration of off-ice winds towards open water (e.g., Guest et al., 1995;
Briimmer, 1996). This has been corroborated by a number of recent modelling stud-
ies of leads by Lo (1986), Glendening and Burk (1992), Alam and Curry (1995),
and of polynyas by Dare and Atkinson (1999). Dare and Atkinson (1999) found
that enhanced convective mixing produced a downward flux of momentum and
hence an acceleration of the horizontal wind over the polynya. The acceleration
was enhanced by a downwind horizontal pressure gradient, from over the ice to
over the polynya, induced by the differential surface heating. These processes lead
to wind speed increases from an initial 10 nt sip to 12—-13 m st over a fetch of
10-15 km, remaining at this elevated speed across the width of the polynya. The
acceleration actually leads to divergence and descent at the upwind edge of the
polynya. The details of the acceleration are related to the initial profiles of wind
and temperature specified in the model setup; their profiles show strong shear, from
10 to 14.6 m st through a neutral, 500-m deep boundary layer.

In our model, the wind is constant with fetch, with the mean mixed-layer wind
speed an input parameter to the model. Given the thermodynamic consistency
of the model, it was decided not to adjust artificially the wind speed across the
polynya. It would be possible to account for the acceleration noted by Dare and
Atkinson (1999) and others by increasing the input wind speed, but this would
be inappropriate over the innermost region (0—10 km). Hence, for the validation
results illustrated in Section 3, no maodification to the wind was made, other than
adjustments to the relevant level.

A final consideration in applying the CIBL model is the assumption of a con-
stant stability in the upstream air mass, ije.,constant (Figure 1). A useful cli-
matology of atmospheric profiles over the Arctic sea ice may be found in Guest
et al. (1995) and over an Antarctic ice shelf in King and Turner (1997) and King
et al. (1998). Over the ice shelf the approximation of a constant lapse rate in the
free atmosphere appears reasonable. However, in all seasons there is a shallow
(100-700 m) strongly stable layer. In summer the average surface inversion is just
1-2 K, but in winter the average inversion is closer to 10 K. The magnitude of



354 IAN A. RENFREW AND JOHN C. KING

the inversion is strongly related to surface wind speed, as mechanical mixing will
tend to reduce surface-layer gradients. When an air mass with this profile crosses a
coastal polynya, the surface layer will have to be eroded before the boundary layer
can become truly well mixed. Hence, for climatological studies, a modification of
the upstream temperature profile, to a piecewise linear profile for example, may be
required.

To summarise, very limited observational data and more complete modelling
studies indicate that, in general, the atmospheric boundary layer is modified in
the following manner as it passes over a polynya. There is a modest 10-20%
increase in wind speed over a fetch of 15 km, and a boundary-layer warming due
primarily to heat-flux convergence but which is, in general, enhanced by radiative
flux convergence and microphysical processes (making up perhaps 0-30% of the
warming between them). Neither the wind speed enhancement, nor radiative or mi-
crophysical processes, are included in our simple model. To an extent their absence
is compensating, as an increase in wind speed would tend to increase surface heat
fluxes, whereas a warmer boundary layer would tend to decrease the fluxes (e.g.,
Figure 9). Hence, for simplicity, these effects are not accounted for in our model.
However such assumptions should be born in mind when error estimates are carried
out for the CIBL model.

5. Conclusions

A simple steady-state convective (thermal) internal boundary layer model has been
described and validated with observations from a number of cases. The model
assumes a balance between advection of the mixed-layer potential temperature
and turbulent heat-flux convergence; radiative and microphysical processes are
neglected. The model has been designed to use surface temperature, wind and
pressure observations (e.g., from an automatic weather station) to predict the evol-
ution of the CIBL height &), the mixed-layer potential temperatu,] and the
surface sensible heat flu¥() with fetch. An initial CIBL height, an entrainment
parameter, and the ambient stability must be prescribed from fieldwork and clima-
tology, although fortunately the evolution f and H; is relatively insensitive to
these parameters.

The model has been validated for two cold air outbreaks, i.e., where air flows
off the relatively cold continent over warm waters. The first case is a cloud-free
situation of steady offshore flow from the Ronne Ice Shelf, and the model repro-
duces the observed boundary-layer modification and surface heat fluxes well. The
second case is a cloud-topped snow-filled CIBL over Lake Michigan, USA. The
model captures approximately 75% of the boundary-layer warming, but not that
part due to radiative convergence and microphysical processes. The model surface
sensible heat fluxes are within observed estimates over fetches up to 50 km, but
depart from those observed at greater fetches. A third validation is carried out by
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comparing the model simulations with the MIZCLM radiosonde climatology of
Guest et al. (1995). Here, although the model mixed layer is too cold due to the
neglected physical processes, there is compensation from increased winds, leading
to a good correspondence in the surface sensible heat fluxes.

In applying the model to flow over polynyas, we argue that the physical pro-
cesses neglected are of secondary importance to those included in the model. There-
fore the model is highly suited for climatological studies of air-sea-ice interac-
tion, where first-order boundary-layer modifications are of primary concern. We
note that a modification of the upstream temperature profile may be advisable,
dependent upon the upstream climatology.
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