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Abstract

This paper focuses on the use of an acoustic sounder, or sodar, during the 2003 Antarctic Tropospheric Chemistry
Investigation (ANTCI), to document the behavior of very shallow (< 50 m) stable boundary layers thought to be one of the
critical factors for explaining the very high levels of nitric oxide (NO) found in past field experiments at the South Pole. The
use of a tethered balloon, profiling wind, temperature, NO, and ozone provided for a detailed interpretation of sodar data
for the period 12-30 December 2003. For the same period, sonic anemometer 2-m turbulence measurements, averaged to
0.5h, linked surface processes to the evolution of the boundary layer in response to changing radiative balance and
synoptic weather changes. A mixing-layer detection method was developed and applied to half-hour average sodar
amplitude profiles for the period 23 November—30 December 2003. These data also allowed for testing of simple diagnostic
equations for the mixing-layer depth as well as estimates of vertical diffusion rates under stable conditions, the latter being
important for the effective depth of the mixing layer vis-a-vis the nonlinear NO chemistry postulated from earlier analyses.
With the extended sampling period, two sub-seasonal regimes were examined: (1) a late-December period, with the full
suite of supporting measurements, where the earlier results that shallow mixing layers associated with light winds and
strong surface stability can be among the dominant factors leading to high NO Ilevels were repeated and (2) a late
November period that revealed additional complexities with very high NO concentrations appearing at times in concert
with higher winds, weaker surface stability, and deeper mixing layers. The latter results are only consistent with a more
complicated picture of how NO can build to very high levels that involves invoking the previously expressed dependence of
elevated NO levels on nonlinear NO, (NO, = NO + NO,) chemistry, greater fluxes of NO, from the snowpack than
previously observed at the South Pole, and the potential for enhanced NO, accumulation effects involving air parcels
draining off the high plateau. The results of ANTCI from 2003 thus argue for more complete future observations of
boundary layer conditions over the high Antarctic Plateau and determination of the spatial and temporal variability of
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snow nitrate concentrations over the high plateau and their relation to NO recycling and the snow accumulation/ablation/

erosion cycle.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Observations in the Austral Spring of 1998 during
the Investigation of Sulfur Chemistry in the
Antarctic Troposphere (ISCAT) project at the
South Pole revealed unexpectedly high near-surface
concentrations of nitric oxide, [NO], linked to
photodenitrification of the snow and subsequent
flux of NO into the boundary layer (BL) (Davis et
al., 2001). A follow-on study in the spring of 2000
stimulated further analysis that suggested that the
extremely high [NO] could be explained by a
combination of factors including non-linear chemi-
cal processes, shallow BLs, and NO, accumulation
in air parcels as they drain off the high plateau
toward the South Pole (Davis et al., 2004). During
the 2000 field program, surface turbulence data were
collected using a sonic anemometer. These were
then used to estimate the boundary layer heights
over nearly a two-week period using empirical
relations based on similarity theory and analyses
of spectral and cospectral behavior (Oncley et al.,
2004). Comparison of [NO] with inferred depths
revealed an inverse relationship (Davis et al., 2004).
However, the inferred depths of ~50m at high [NO]
of ~500 pptv were not altogether consistent with the
predictions of Davis et al. (2004) who suggested that
such high concentrations would be more in-line with
depths of ~20 m, based on a fixed NO, flux estimate
of 3.9 x 10® moleculescm s~ (Oncley et al., 2004).
To address the need to provide independent
confirmation of the BL depth, several profiling
techniques were used during a more recent field
program carried out in the austral summer of 2003,
the Antarctic Tropospheric Chemistry Investigation
(ANTCI: Eisele et al., 2007). To provide continuous
measurements of the BL, a high-resolution, short-
range (15-180m) acoustic sounder (minisodar) was
deployed for the full experimental period. Routine
wind (1 level) and temperature (3 levels) were
measured on the station’s 22-m tower. Twice-daily
rawinsondes were also available. For the last two
and a half weeks of the program, tethered-balloon
measurements provided a series of temperature and
wind profiles together with profiles of ozone (Os)

and NO along with sonic anemometers providing
surface fluxes of sensible heat and momentum
(Helmig et al., 2007a). We describe here the results
from the analysis of these measurements and the
insight they provide into the behavior of the BL at
the South Pole and its effect on surface [NOJ.

2. Boundary layer measurement methods

The ANTCI experiment was carried out at the
South Pole in the Atmospheric Research Observa-
tory (ARO) building, and as shown in Fig. 1, both
the meteorological tower and sodar systems were
about 100m from this building. In general, the
South Pole is characterized by very persistent
surface winds from the northeast throughout the
year due to a combination of katabatic forcing
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Fig. 1. Map of facility and instrument locations together with
view from the new station to the east-northeast showing the 22-m
meteorological tower, sodar, and Atmospheric Research Ob-
servatory (ARO) building. Photo courtesy of D. Gottas, NOAA/
ESRL.
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(arising from the presence of a temperature inver-
sion overlying a sloped surface) and the typically
downslope orientation of the synoptic-scale pressure
gradient at the South Pole (Neff, 1980). This
persistence has been exploited to avoid contamina-
tion of air samples for atmospheric monitoring by
designating the area from 340° to 110° as a ““clean
air sector.” Measurements were thus located on the
boundaries of this sector as shown in the figure. The
suite of instruments and analysis methods described
below were designed to monitor the state of the BL
to aid in the interpretation of processes that may
lead to high [NOJ]. For the purposes of this paper we
will take the BL to be the turbulent layer nearest the
surface that provides fluxes of momentum and heat
to/from the surface. It should be noted that
although there may be a shallow temperature
inversion associated with this surface-based BL, it
is often a component of a deeper inversion layer
that results from large-scale weather processes
(Neff, 1980).

2.1. Minisodar

Acoustic sounders, or sodars for sound detection
and ranging, operate by transmitting a short burst
of sound in a focused direction in the atmosphere
and then listening for a signal scattered back from
turbulence-induced acoustic refractive index struc-
ture. Sodars that operate at higher frequencies,
short ranges, short transmitted pulses, and/or with
smaller antennas are often referred to as “‘miniso-
dars.” A minisodar was deployed at the South Pole
from November 18 to December 27, 2003. It was
located about 140 m west of the ARO. The sound
source was a compression driver located at the focal
point of a parabolic dish some 1.2m in diameter. A
separate receiving antenna system was located next
to the transmitting antenna: this so-called bistatic
arrangement reduced the effect of reverberations in
the system and provided a lower minimum range.
When the antennas were first deployed on the snow
surface we found a minimum range of about 4m.
However, when the antennas were elevated to avoid
drifting of snow, the minimum range increased to
about 14m because of reverberation of sound
between the antenna and the snow surface.

The operating frequency was 2100 Hz, the pulse
repetition period was 1.18s, and the pulse length
was 0.020s. The pulse length of 0.020s provided a
resolution of about 3m whereas the period of the
sounding gave a maximum range of about

180+2.5m, depending on air temperature. In the
course of one hour approximately 3000 scans are
accumulated to provide a detailed time-height cross-
section of the strength of the scattered signal.
The latter documents in great detail the behavior
of the BL.

The backscattering itself arises from the interac-
tion of the acoustic wave with small scale (one-half
the wavelength of the sound, which is usually a few
tens of centimeters) turbulent refractive index
variations (mostly temperature). In idealized, stati-
cally stable conditions the scattering can be
approximated by the equation (Neff, 1988):

k}/? 23 Rf 1/3 o0 5/3

where ¢ is the scattering cross-section per unit
volume per unit solid angle, k; the acoustic wave
number for wavelength A, Ky the eddy diffusion
coefficient for temperature given by the relation
w0 = —Ky00/0z, where the covariance of vertical
velocity and potential temperature fluctuations is
the vertical potential temperature flux, 7T the
absolute temperature, Rf the flux Richardson
number, and 6 the potential temperature. The flux
Richardson number is given by

Ky

Rf = Ri <KM> ©)

where Ky is given by w/'w = —Ky0U/0z (v is the
fluctuation in the horizontal wind speed, aligned
along the mean wind direction, and w’ the fluctua-
tion in vertical velocity; U is aligned along the mean
wind direction) and the gradient Richardson num-
ber Ri for a dry atmosphere is given by

RiY 00/0z
T [@U /0z)* + @V [0z)°]”

(€)

where g is 9.8ms 2, T is the absolute temperature,
U and V are the horizontal components of the mean
wind, and 00/0z is the potential temperature
gradient, which is the normal temperature gradient
plus an adiabatic correction of about +0.98 °C/100 m.
From Eqgs. (1)-(3), several aspects of the acoustic
scattering under statically stable conditions can be
seen:

e Noting the weak dependence on the term in
Eq. (1) involving Rf, the strongest sensitivity is to
the vertical potential temperature profile but
turbulence must exist (Kg>0) to produce a
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return signal from any given region of the
atmosphere. In a statically stable atmosphere,
spatially and temporally intermittent turbulence
will produce isolated regions of scattering. Near
the surface there should also be a region of
turbulence produced by wind shear that results
from surface friction. We will take the top of this
layer as the top of the boundary layer.

® Ky should also be sensitive to the vertical
potential temperature profile, i.e. increasing
stability should reduce the eddy diffusion for
the same wind shear. Thus, Eq. (1) indicates a
fairly nonlinear response to the vertical tempera-
ture gradient.

o At small Ri (due to strong wind shear or weak
potential temperature gradients) the scattering is
small; similarly, at larger Ri, the scattering
should be reduced because of decreasing K.
Application of a second-order turbulence closure
model confirms this behavior as shown by (Neff,
1988).

In contrast to the stable case, the so-called “‘free-
convection” case predicts that the acoustic scatter-
ing will falloff with height z as Q¥/3z=*/where Q, is
the surface heat flux (Wyngaard et al., 1971).
Although rare, there are periods at the South Pole
where convection does occur, sometimes during
cold frontal passages when the air is relatively
colder than the underlying snow surface or in
the presence of warm clouds aloft that shift the
radiative balance toward a net heat input to the
snow. In addition, in these cases, the overlying
atmosphere is usually statically stable and the
convection erodes into this statically stable layer,
creating a capping inversion layer. The fact that Q,
is typically quite small under South Pole conditions
allows convective BL echo-profiles to be discrimi-
nated from stable BL echo-profiles by virtue of
small signal strength.

2.2. Tethered balloon

The tethered balloon operations during the
experimental period have been described in detail
by Helmig et al. (2007a). In summary, the balloon
site was located about 100 m southeast of the ARO
with 128 profiles (ascent and descent) obtained from
10 December to 31 December. Both O; and NO
were measured from the balloon. Temperature,
wind speed and direction, relative humidity, and
pressure were measured using a Vaisala TSP-5A-SP

tethersonde, which transmits to a ground station.
The ascent rate was typically 0.2-0.3ms™', with a
typical 1-2 s response time for the balloon tempera-
ture and wind sensors. Typically, two to four
samples were collected over each meter of height
and then averaged over two and five meters. The O;
sensor had a response of about 30s which was
clearly evident in comparing ascent and descent
profiles. The NO measurements were corrected for
long-sampling-line delays as described by Helmig
et al. (2007b). The balloon was raised and lowered
using a winch which was heated to maintain its
hydraulic fluids at an appropriate operating tem-
perature. Under very light wind conditions
(<2ms™") temperatures during ascent were ob-
served to be high by about 1 °C for the first 10-20 m,
possibly because of the longer residence time of the
sensor package in the vicinity of the winch prior to
launch. For this reason, only descents were used to
calculate stability as presented in our figures.
Another source of error occurs under light wind
conditions with significant azimuthal shear: in these
situations, the balloon on descent can be drawn
across the mean wind, adding a transverse wind
component and an error in wind direction of on the
order of 20°. However, the local variation with
height appeared to be unaffected in the calculation
of the local Richardson number. Supplementary
wind and temperature sounding data were also
available from the twice-daily rawinsonde launches
at the station. These used a Vaisala GPS-based
system which produces much lower resolution data
than the tethered balloon package because of its
faster ascent rate.

2.3. Surface meteorology

Routine meteorological data were collected from
the 22-m tower located about 100 m to the north-
northeast of the ARO. This facility is operated by
the Global Monitoring Division (GMD) of the
Earth System Research Laboratory at NOAA.
Wind was recorded at 17m while aspirated tem-
perature data were collected at 2, 13, and 22 m. The
temperature at 13 m was only recorded with 0.1°C
resolution and therefore is not used in subsequent
gradient calculations. These data were nominally
averaged to 1-h intervals although special ANTCI
recording occurred at 10-min averaging intervals. In
addition, simultaneous measurements from the
ARO of NO were made at ~10m and O; at 17m
above the snow surface for the same 10-min
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intervals for the entire experimental period. The
GMD also collects radiation data including up- and
down-welling infrared radiation, as well as solar
downwelling and reflected radiation. These pro-
vided data with which to separate effects of
radiative changes from advective ones on BL
structure.

2.4. Turbulence

An additional 2-m tower was also set up near the
tethered balloon sounding site with a conventional
cup and vane anemometer, an aspirated thermo-
couple temperature sensor, and a 3-axis sonic
anemometer (CSAT-3, Campbell Sci., Logan, UT)
that was provided courtesy of the National Center
for Atmospheric Research. The data were processed
as described in more detail by Cohen et al. (2007).
The sonic anemometer data were processed in one-
half hour blocks to assure reasonably stable spectral
estimates and to match the averaging time for
mixing-layer heights determined from time-aver-
aged sodar data. The data were quality controlled
through inspection of the behavior of the spectra
and cospectral. “Errors” in the sonic data are

typically in the realm of electronic noise (spiking) or
those associated with a limited time average. For
wind directions ranging from east to southeast, the
sonic was downwind of the tethered balloon winch,
creating the potential for thermal contamination.
Under light easterly wind conditions, upward heat
fluxes were occasionally observed despite overall
strong static stability as recorded on the 22-m tower
several hundred meters distance away. These data
were rejected for further use.

3. Mixing layer interpretation and diagnostics
3.1. Overview

The experimental period extended from mid-
November through late December. Fig. 2 indicates,
schematically, the daily average cloud cover, the
vertical temperature differences from the 22m
tower, and the periods of operation of key instru-
ment systems. Two periods of moderate-to-strong
stability were selected for more detailed analyses.
The early period during Days 325-339 (21 November—
5 December) was characterized by partly-cloudy to
clear conditions. The late period with nearly clear
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Fig. 2. Time series of daily cloud cover, temperature difference between 2 and 22 m, and operational periods for key measurement systems
used in the current analysis. A general data gap occurred on Day 334. Two periods of strong stability (also coupled with light winds) occur;
detailed analyses were possible in the second period, Day 355-359. Only a few periods are evident when convection is possible
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conditions, Days 355-358 (21-24 December), fol-
lowed a cloudy, windy, well-mixed regime that
included periods of convective activity. This late
period, with sonic anemometer and balloon profile
information available, provided for detailed ana-
lyses of mixing layer behavior as described below.

3.2. Echo interpretation and processing

3.2.1. Low-level jet

Fig. 3 shows (a) typical profiles of wind speed,
temperature, and [NO], (b) the Richardson number
calculated with fine (2m) and coarse (5m) aver-
aging, and (c) the corresponding sodar facsimile
recording. The meteorological data were all ob-
tained from a simultaneous tethersonde sounding
that began its descent just before 0400 UTC as
indicated in Fig. 3(c). The basic features of the
surface mixing layer (to about 25 m with Ri<0.25),
a decrease in echo strength (just above 30 m, with
Ri>1.0), and sporadic turbulence above 40m are

evident. In many of such cases, the wind speed
maximum is a region of large Richardson number,
confining turbulence to the region below the jet. The
jet phenomenon can be seen in the sodar record with
Kelvin—Helmholtz billow-like echoes forming in the
shear region below the jet. The slope of these
structures indicates wind speed increasing with
height, with the top of each billow appearing higher
in the sodar beam first and then descending as the
structures advect through the beam (Neff and
Coulter, 1985). Conversely, with the wind decreas-
ing with height above the jet, the slope of these
structures is opposite. Above the primary echo
layers, intermittent turbulent patches appear which
indicate isolated regions of vertical mixing aloft.
Because of the terrain slope at the South Pole, such
low-level jets are a dominant feature of the
boundary layer under clear-sky conditions.

Fig. 3 shows profiles of [NO] to 110 m, together
with sodar and sounding data. In this case, high
[NO] is confined to the lowest turbulent layer only
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Fig. 3. December 21, 2003 (Day 355): (a) Tethersonde profile of smoothed wind speed (short dashed line), temperature (solid line), and
profile of [NO] (long-dashed line). (b) Derived Ri with averaging over 2m (thin line) and Sm (thick line). Ri = 0.25 indicated by dashed
line. Shading indicates where thermal stability is the greatest and where Ri is also large. (c) Sodar record showing this period in detail with
the path of the tethered balloon approximated by the dashed line. Note that the primary sodar echoes appear below the height of
maximum Ri. This fairly common event includes a low-level jet, instabilities (the herringbone pattern in the facsimile record) in the strong-

shear region below the jet and a mixing layer near the surface.
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and the bulk amount of it is seen situated well below December 2003) during which stability increased
the height of the amplitude maximum from the and the mixing-layer depth decreased in the course
sodar. In fact, the decrease of [NO] with height of the day, coincident with a doubling of [NO] over
within the mixing layer is almost exponential in about 12 h. Sodar facsimile records at the beginning,
agreement with the numerical simulations of Wang Fig. 4(a), and end of the day, Fig. 4(c), reveal how
et al. (2007). Thus, from the standpoint of the mixing layer (marked by the surface-based echo
determining the maximum height, through which layer) descends below the 22-m level on the
NO might mix, this is one of the simplest situations. meteorological tower during the day. This is
consistent with an interpretation of the warming

3.2.2. Very stable surface layer seen at 22-m, Fig. 4(b), as due to the descent of the
Fig. 2 revealed two periods with persistent strong inversion below that sensor level. Two periods of
surface stability, namely Days 325-330 and Days surface cooling at 2m appear in Fig. 4(b): the
355-358. Fig. 4 provides a more detailed look at one cooling at midday coincides with a period of net
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Fig. 4. Data from Day 356 (22 December 2003) showing the effect of increasing stability and decreasing mixing-layer depth on surface
[NOJ: (a) Sodar record from the beginning of the day showing a mixing layer extending well above the 22-m tower. (b) Time series of
temperature at 2-, 13-, and 22-m through the day. Sodar sample intervals at the beginning and end of the day are indicated by vertical gray
stripes. (¢) Sodar record at the end of the day when the surface inversion and boundary layer have subsided below the 22-m level of the
tower. (d) Time series of [NO], wind speed at 13 m (WS), and wind direction at 13 m (WD) showing a doubling of [NO] during a time when
the wind speed remained relatively constant but the boundary layer depth decreased by about a factor of two. Note that the wind shift at
1600 UTC was associated with a decrease in temperature but not with any change in [NO].
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speed or direction) whereas the second occurs with a
small positive radiation gain (+5W m™?) as seen in
GMD radiation data. During the latter period the
wind direction (Fig. 4(d)) changes to a more
downslope direction and presumably reflects an
advective change in temperature. On 22 December,
the daily climatology recorded clear sky conditions
although hourly observer reports documented a
few clouds present <ftp://amrc.ssec.wisc.edu/pub/
southpole/)>. Micro-pulse lidar records also indi-
cated clear sky conditions <{http://mplnet.gsfc.
nasa.gov/ ).

The wind profile during the day (not shown)
evolved from a moderate (5ms™") jet at about 35m
to a profile with weak but multiple wind maxima at
15 and 40 m, corresponding to the two echo layers
seen in Fig. 4(c). At higher levels, a well-defined jet
was present above 100 m which then weakened and
lifted above 150 m by the end of the day. During the
same period, turbulence levels measured by the
sonic anemometer decreased by a factor of two,
with only a minor change in the 13-m wind speed.
As we will show later, [NO] during this later period
has a well-defined inverse relationship to surface
stress.

3.2.3. Convection with a capping inversion

The vertical temperature difference in Fig. 2
showed that the surface layer during the ANTCI
field experiment varied between very stable and
convective conditions. In particular, on Day 353,
there are a number of periods during which the
temperature lapse rate is greater than the adiabatic
rate, conductive to thermal convection from the
surface and more efficient dilution of the surface
fluxes of NO,. On this day, cloud cover varied from
solid overcast, to broken, to almost clear condi-
tions. Inspection of net radiation data (not shown)
reveal generally positive values that track the
sensible heat flux in sign. Interestingly, upward
sensible heat fluxes usually occur during cloud to
partly cloudy conditions whereas, under clear sky
conditions, radiative losses (in the infrared) from
the surface exceed the gain from the incident solar
radiation (Cohen et al., 2007; King et al., 2006)
resulting in a surface temperature inversion.

Fig. 5 shows an analysis of sodar data for the period
centered on 0400 UTC on Day 353. During this fairly
rare convective event, the upward sensible heat flux
accounts for about half of the net radiation available at
the surface. The remaining radiative heat input should

a Ozone (ppbv) b
10 20 30 40
400
Ascent
‘ +
6 Descent
350 { © ;
oot 'L
300 pylie S g
125 “ g
250
E E 100
£200 —y E
g 3 rature\ E‘
A\ Ozone 75 !
150 e
2 tic laps
100 :
50
Slightly super-
adiabatic
0 | : - - ‘
26 25 24 23 22 375 385 395 405 415  4.2F
Temp (C) Hours

Fig. 5. (a) Convection with a capping inversion on Day 353 (19 December 2003) showing a nearly adiabatic lapse rate to 165m with a
capping inversion. (b) Corresponding sodar record (with a different height scale). The sodar height range is shown as shading in (a). The
record shows convective plume echoes below 75m and a layer of echoes above 150 m marking the beginning of the elevated temperature

inversion.
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heat the snow in the short term. Normally, in the
summer, the solar flux only serves to minimize radiative
losses while the continuing sensible heat flux into the
snow accounts for the major heat storage mechanism
during summer (Carroll, 1982). In this case, the sodar
record shows echoes characteristic of convective plumes
while the temperature profile reveals an almost
adiabatic layer that extends to about 165m, just below
a capping inversion. The isothermal layer appears to be
the source of the echoes on the sodar record between
150 and 180m. [NO] measurements (not shown)
obtained during this event were made to a height of
85m: concentrations were highest at the surface,
~T73 pptv, and fell off to about 50 pptv at a height of
40m. The ozone profile reveals that it is well mixed
under the capping inversion with a falloff through the
inversion. Because of the slow time constant for the O3
sensors (~30s: ~9m at 0.3ms "), the actual falloff
would be somewhat faster than indicated.

3.3. Mixing-height estimation

The examples above reveal a broad range of BL
states, from the simple to the complex, that are
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observed even in the ideal conditions at the South
Pole (uniform fetch and no diurnal cycle). For
purposes of explaining the BL mixing component to
surface [NO] variations, we analyzed the sodar
amplitude profile data averaged over 0.5h so as to
provide a comparison with surface turbulence mea-
surements obtained over the same period. Fig. 6
summarizes the typical profiles that encompass most
of the experimental period. In Fig. 6(a), three classes
of deeper mixing-layer regimes are shown: (1)
convective with no apparent capping inversion below
the sodar’s maximum range of 180m, (2) convection
with a capping inversion at or below 180m, and (3)
windy with weak-to-neutral stability. In each of these
cases there is a “noise level” reference line. The reason
for this reference level is that there is a range
multiplier for the sodar amplitude to compensate
for the spreading of the signal with range so as to
create a realistic looking profile. Unfortunately, the
sodar is also sensitive to the background noise,
typically due to nearly constant wind effects on the
antenna structure, which is then subject to the same
ramp function. The noise level was determined by the
total signal at the maximum range of the sodar; when
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Fig. 6. Five basic echo profiles used to guide automated analysis of 0.5-h averaged sodar data. Mixing layer depths indicated by solid
diamonds. (a) Convective (solid line), convective with a capping inversion (short-dashed line) and windy (long-dashed line) profiles: the
depth was determined where the signal level approached within 15% of the background noise level (straight lines: coded the same as the
echo profiles) working down from 175m. (b) Stable cases: the height of the peak amplitude was used for the elevated echo layer (dashed
line) whereas 50% of maximum amplitude was used when no well-defined maximum occurred (solid line).
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there are echoes present, these distort the reference
profile as is the case with the situation of the
“elevated” inversion in Fig. 6(a). In each of these
cases the height was found, working from the top of
the profile down, at which the signal level exceeded
the background noise reference level by 15% (noted
in the figure), a criterion that provided the most
consistent results. In Fig. 6(b), two stable layer cases
are shown. In these cases, the simplest approach,
because of the echoes confined below 75 m, would be
to pick the height at which the amplitude falls off to,
say 50%, of its largest value. However in one of the
profiles, a well-identified peak amplitude is present
and then a falloff of echo amplitude above and below
similar to that shown in Fig. 3, where the area of
mixing (small Richardson number) was shown to be
confined at heights below that of the peak. For this
reason, the height of the peak was chosen as the
mixing-layer height. In the second case, there is no
distinct peak, so the height at which the amplitude fell
to 50% of its maximum value was chosen as the
mixing-layer height. The rationale for the 50% level
was that the falloff of the average signal strength
often represents movement of an echo layer with a
distinct upper boundary up or down during the 0.5-h
averaging period: the 50% level would thus represent
the average height. In some very stable cases, with
weak echoes, permanent echoes (due to reflections
from nearby objects) can appear in the lowest 30 m of
the sodar record and appear as a small perturbation
of the profile and bias the peak-picking results: in
these cases an amplitude-weighted height was used.

In the stable cases, the mixing-layer height
determined from the sodar data can be viewed as
an estimated upper boundary for mixing processes.
Because acoustic scattering depends on both turbu-
lence levels and the vertical temperature gradient,
there is no direct comparison with the common
“rule-of-thumb” for the stable boundary layer
depth of a falloff of turbulence to 10% of its
surface value. A final mixing height data set was
generated following an examination of the time
series for outliers using the raw profile averages as
well as the original facsimile records.

4. Mixing-height/[NO] analyses
4.1. Sodar mixing height time series
Sodar estimates of the mixing-layer depth were

available for the entire ANTCI 2003 experimental
period as shown in Fig. 7(a). Altogether, there were

1873 0.5-h profiles generated. In 408 profiles, no
mixing layer top was detected within the sodar
range of 180 m. For the remaining 1437 profiles, the
median mixing-layer depth was 59.0 m whereas the
mean was 76.3m with a standard deviation of
49.6 m. The lowest quartile was below 30.2 m.

Three periods of shallow BLs are evident, during
Days 323-333, briefly on Day 346 (when chemical
measurements at the ARO were contaminated by
the station’s power plant plume), and again on Days
355-359. These periods correspond to increased
near-surface stratification as shown in Fig. 2 and as
was observed in previous experiments (Davis et al.,
2004). The time series of [NO] (Fig. 7(b)) and sodar
mixing-layer depth for the experimental period
(Fig. 7(a)) shows a generally inverse relationship
similar to that found by Davis et al. (2004).
However, for the period of Days 326-329, [NO] is
somewhat higher for mixing-layer depths that are
comparable to those seen at the end of December
(Days 355-358). For Days 323-329, the average
wind was 3.6ms™' from 89° while the average
temperature difference from 2 to 22 m was 0.47 °C.
For the 8-day period prior to this episode, the
average wind was 4.0ms~! from 64° with a 2-22m
temperature difference of 0.72°C. During the
episode at the end of December, the average wind
was lighter at 2.5ms™' from 78° with a 2-22m
temperature difference of 0.77°C. A fourth period
of interest in Figs. 7(a) and (b) is just prior to Day
335 when the BL depth appears to increase
significantly and the wind speed is higher while,
surprisingly, [NO] remains extremely high as seen in
Table 1.

In particular, Table 1 compares both meteorology
and [NO] for shorter periods of maximum [NO],
namely Days 327-330, Days 332-335, Day 335, and
Days 355-358. More interesting, however, with
similar mixing-layer depths and higher wind speeds,
the first period shows much higher levels of [NO]
than the last period. The second period, and Day
335 in particular shows high [NO] despite a much
deeper mixing layer depth and much higher wind
speed. In fact on Day 335 there is no shallow stable
layer. The only obvious differences between the first
two periods and the last one lie in the fact that in the
first periods, in late November, there had been a
sustained statically stable downslope flow off the
high plateau for at least 10 days whereas the last
event, in late December, followed an extended
period of well-mixed, windy, cloudy, and sometimes
convective conditions. Another consideration is the
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Fig. 7. (a) Time series of sodar-derived 0.5-h averaged mixing-layer height (solid squares) for Days 323-362 of the ANTCI experimental
period. Elevated capping inversions are indicated by solid diamonds (175 m); periods of no detectable mixing layer top within the range of
the sodar are indicated by open diamonds (180 m). (b) Time series of [NO] for the same period with multi-day periods from the Table 1
indicated by shading.

Table 1

Comparison of meteorology and [NO] for shorter periods of maximum [NO]

Period Wind speed Wind direction AT for 22-2m (°C) Sodar mixing layer [NO]
(ms™") (deg) depth (m) (pptv)

Days 327-330 3.7 75 0.71 33.7 684

Days 332-335* 4.7 90 Missing 64.7 560

Day 335 5.2 95 0.07 108.0 483

Days 355-358 2.4 82 0.78 26.9 435

* Averaging carried out only where all variables were available except: ARO tower data missing for Days 333.3-335.04, wind speed and
direction obtained from the automatic weather station at the South Pole and adjusted to 17 m. The adjustment was a factor of 1.29 based
on the ratio of measurements at 2 and 17 m obtained on Day 332; Sodar data missing for Days 334.54-335.0.

potential variability in snow nitrate as suggested in However, the absence of either meteorological or
the modeling analysis of (Wang et al, 2007). chemical measurements on higher elevations to the
Another factor may result from longer accumula- east of the South Pole does not allow us to evaluate
tion times over the high plateau (Davis et al., 2004). these two hypotheses.
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4.2. Dependence of [NO] on mixing height and
surface turbulence

Fig. 8 shows a comparison of the height-[NO]
relationship for early and late periods during the
ANTCI experiment. The figure also includes the
best-fit line from Davis et al. (2004) which used
heights estimated using a spectral-peak estimation
method developed by Oncley et al. (2004). (In this
spectral method, the range of heights inferred from
the analysis is much smaller than the range observed
with the sodar: this may reflect differences in the
experimental periods or the possibility that spectra
near the surface do not reflect processes through the
entire stable BL). The results in Fig. 8 show that
there appears to be no simple relationship between
[NO] and mixing-layer depth which is consistent
with the suggestions of (Davis et al., 2004) that a
number of processes can affect [NO] and the
possibility that snow nitrate has significant temporal
and spatial variability over the high Plateau. These
results also speak to the value of the sodar data in
providing a consistent measurement of mixing-layer
depth in the evaluation of the various factors that
influence [NO] at the South Pole and in the
assessment of numerical simulation experiments
(Wang et al., 2007).
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Fig. 8. Comparing binned [NO] and sodar mixing height data for
early (Days 326-335: dashed line) and late (Days 355-359: solid
line) experimental periods. Results reported by (Davis et al.,
2004) are shown by the short solid line. Note that these latter
data, based on indirect estimates, have a more limited height
range than those observed with the sodar.

One can examine the dependence of [NO] on
surface stress at 2m, u+ (given by the covariance
ww,, ). The surface stress can be seen as one
measure of the strength of turbulence that will
diffuse NO upward into the BL. Fig. 9 shows the
relation between [NO] and u« for the period 12-29
December 2003, using binned [NO] data. With a
correlation of > =0.97, it is clear that [NO]
depends inversely on ux for this period. The results
in Figs. 8 and 9 also suggested a strong inter-
relationship between NO, the boundary layer depth,
and u- as a measure of the strength of the mixing
processes at the lower boundary.

The 2003 ANTCI data are still intriguing,
however, in regards to the interpretation one might
give concerning the effect of mixing-layer depth on
[NQO]. In particular, Davis et al. (2004) have shown
that the lifetime of NO, is a function of its
concentration (their Fig. 8). Given a fixed NO, flux
of 3.9 x 10® moleculescm~2s~" (Oncley et al., 2004)
and the assumption of a mixing layer of ~20m in
depth, Davis et al. (2004) found that [NO] in excess
of 400 pptv could be generated (their Fig. 10(a)).
However, Fig. 7 shows [NO] exceeding 500 pptv for
mixing-layer depths in excess of 100 m. Specifically,
as shown in Fig. 7, over a short time interval on Day
334, [NO] approached 900 pptv and the mixing layer
is greater than 100 m in depth. Although the 22-m
tower data were not available at this time, the 0828-
UTC rawinsonde and sodar data confirm the deep
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Fig. 9. Surface stress u« (u_star) averaged for [NO] binned in
100 pptv intervals for Days 346-362.
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mixing layer that was present (Fig. 10). The
rawinsonde reveals an almost adiabatic temperature
profile to 100m with relatively strong downslope
winds while the sodar data confirm stable lamina
above 125m, which overlie a well-mixed layer
(indicated by the descending striations indicative
of large eddies in the BL.) There appear to be
several factors involved in explaining this unique
time period.

First, as outlined by Davis et al. (2004), the NO,.
flux used in the earlier model studies may have a
sizable uncertainty. Flux evaluations are quite
challenging experimentally and their accuracy for
a one-time effort, as carried out at SP using the
modified Bowen Ratio technique, may be no better
than a factor of two and perhaps worse. If one were
to double the flux, the BL depth could be doubled
and still achieve the same NO, concentration level.
Further information is available from Wang et al.
(2007), who have inferred the NO emission fluxes
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Fig. 10. Radiosonde sounding (launched at 0828 UTC) and
sodar data (0800-0850 UTC) for Day 334 when [NO] was
increasing from about 600 pptv to almost 900 pptv. The wind
speed and direction are indicated at several heights.

required to produce the observed concentrations of
NO, (using a 1-D model with some model adjust-
ments to better approximate observed sodar mixing
layer depths). Their results are consistent with at
least a factor-of-three variation in flux through the
observing period, with peaks in the early period, 28
November—3  December, of about 6 x 108
moleculescm™2s~'. However, during this early
period, the model underestimates the BL depth by
a factor of two suggesting the NO, flux could be
perhaps a factor-of-two larger.

A second issue involves a lack of knowledge of
the morphology of BL flows that originate to the
east of South Pole Station. For example, one might
speculate that thin BLs might have formed on the
higher plateau to the east and that these air parcels
eventually would flow toward lower elevations like
the South Pole. During this transport period,
however, there could be a deepening of the BL
(such as below the 4.5 °C capping inversion shown
in Fig. 10). Thus, during an initial period involving
a thin-layer phase on the high plateau, the nonlinear
chemistry described earlier could have generated
exceptionally high [NO]. As the air parcels passed
over the high plateau toward the South Pole and the
mixing layer steadily increased in depth, further
accumulations of NO could have compensated for
the vertical expansion. In this way, the final parcel
sampled at Pole could have both the characteristics
of moderate BL and very high [NO]. It is also
interesting to note that during the period shown in
Fig. 10, Arimoto et al. (2007) found high levels of
sodium (from sea salt) and methanesulfonate
(MSA, which has a marine origin), which the
majority of their trajectory analyses indicated may
have originated from the Indian Ocean side of the
continent near 120°E.

Yet a third factor may also lie in the pattern of
snow accumulation and loss at the SP. Significant
accumulation of snow occurred in September
(~0.11m, during a period of record high winds
which may have resulted in extensive drifting:
{ ftp://amrc.ssec.wisc.edu/pub/southpole/ > followed
by ablation and/or erosion of the snow in October
(—0.05m) and November (—0.01 m). One must then
question whether high-nitrate snow was exposed in
the ablation/erosion process leading to the high NO
flux values inferred in the modeling results of Wang
et al. (2007). These results suggest that much more
needs to be learned about the distribution and
recycling of snow nitrate over the high plateau. For
these reasons, future studies would do well to
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provide more extensive surface and profile chemical
and meteorological data over the high plateau
as well as better characterization of snow nitrate
concentrations.

4.3. Depth scaling from surface turbulence data

The availability of both profile information and
surface turbulence data suggested a closer look at
potential scaling laws that might apply to the stable
BL at the South Pole. One motivation for such an
analysis is the possibility of using a more limited
instrument suite to infer mixing-layer depth in
future field programs. The development of simple
scaling laws for the stable BL has received
considerable attention in the literature (e.g. Vickers
and Mahrt, 2004; Zilitinkevich and Baklanov, 2002;
Zilitinkevich et al., 2002) with a broad range of
diagnostic equations having been proposed. Appli-
cation to the conditions at the South Pole provides a
unique opportunity because the location’s lack of a
diurnal cycle of insolation makes it possible for the
BL to approach equilibrium depths: At sites further
away from the South Pole, the presence of a diurnal
cycle can lead to periods of thermal convection and
highly effective vertical mixing, particularly over the
high part of the Antarctic Plateau where latent heat
effects are small (Argentini et al., 2005; King et al.,
2006). Such convection limits the ability of the BL
to achieve an equilibrium state.

Early studies at the South Pole (Neff, 1980), using
a high-resolution 1-D numerical model, examined
several scaling approaches. Observationally, those
using parameters derived from the surface heat flux
were problematic because of the small and highly
variable flux values (due to rapid variations in the
surface radiation balance). In this early work, model
results documented the very slow response of the BL
depth to changes in the surface cooling rate (~10h)
leading to inconsistencies in short-term observa-
tional comparisons. However, a measure of success
was obtained using the very simple expression of
Pollard et al. (1973):

H = 12u,(fNg) "/, 4)

where f is the Coriolis parameter, and Ny is the
Brunt—Viisidld parameter given by

_9 [90
Ny = T Voz )

Note that this formulation for H is relatively
insensitive to the vertical potential temperature

difference insofar as it occurs as a fourth root.
The Pollard et al. relationship was derived as an
equilibrium solution after invoking a constant stress
at the surface of a rotating fluid with an initial,
constant Ng where erosion of turbulence into the
fluid is arrested after one inertial period (at the
South Pole this is 12 h). A zero heat flux is assumed,
which is not unreasonable for the South Pole data
with heat losses of less than 5W m™2 under clear
sky, stable conditions. Both this formulation and
the following alternative based on eddy viscosity
scaling have been described by Zilitinkevich et al.
(2002):

H = C3u.L/|fD'""?, (6)
where Cs~0.7 and L is the Obukhov length given by
L =—u;T,/kgQs, ()

where T, is the temperature, Q, the surface heat
flux, k the von Karman’s constant (~0.4). An early
version of this expression was given by Zilitinkevich
(1975) and examined using a numerical model by
Brost and Wyngaard (1978) with reasonable suc-
cess. Zilitinkevich et al. (2002), however, argue that
while Eq. (6) works well at mid-latitudes, the fact
that it overestimates the depth at high latitudes
(King and Turner, 1997), may be due to nonlocal
effects associated with vertical wave propagation.
The unique data set from the South Pole motivated
an examination of both expressions.

Fig. 11(a) shows the results of applying Eq. (4) for
cases with downward heat fluxes and positive
vertical temperature gradients. The temperature
difference was calculated using both the 2- to
22-m difference as well as that measured by the
rawinsonde (and then used for the subsequent
12-h period). In general, for shallow mixing layers,
Eq. (4) gives reasonable results, but overestimates
the depth as the mixing layer becomes deeper. The
use of the twice daily rawinsonde data gives
estimates that have more scatter but are not
inconsistent with the results using the higher
resolution 22-m tower data, reflecting the weak
dependence in Eq. (4) on the vertical temperature
difference.

Because both Egs. (4) and (6) reflect equilibrium
solutions (over at least the inertial period of 12h),
interpretation of the sodar data is a bit more
complicated. Namely, because of changes in wind
speed and stability during a day, a residual layer
effect may arise as periods of increased mixing may
cause the BL to grow followed by a collapse as
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Fig. 11. (a) Time series of sodar-observed mixing depth (solid circles) with estimates using Eq. (4) based on vertical temperature gradients
from the 22-m tower (gray circles) and the twice-daily rawinsonde (open diamonds, calculated for the 12 h following each sounding) and
(b) time series for Days 355-359 for sodar-derived mixing depth (open circles, thin line) and that estimated from Eq. (4) (thick line), from
Eq. (6) (gray line/solid squares), and with echo half-amplitude height (solid circles).

surface stability increases at times. The result in the
sodar record is then a multi-layered structure whose
0.5-h averaged profile appears like that in Fig. 6(b),
where no clear peak amplitude is present. Thus, for
the persistent shallow layer period for Days
355-359, we also estimated the depth from the
sodar data using the half-amplitude height in the
profile with the results shown in Fig. 11(b) where we
also compare the predictions from both Egs. (4) and
(6). As can be seen in the figure, the peak-detection
method emphasizes shorter term internal boundary
layers, which may actually be most relevant to
surface mixing processes, whereas the half-ampli-
tude method produces results more consistent with
Eq. (4). Thus, we will assert that the sodar, under

stable conditions provides both a quasi-equilibrium
depth that reflects the history of the flow as well as
the instantaneous depth that is more likely to
represent current mixing conditions and is more
relevant to surface [NO].

4.4. Implications for vertical diffusion

It should also be noted that Fig. 3 showed that
the highest [NO] occurred at the bottom of what we
have identified as the “mixing layer,” which we
characterized as an upper boundary for the mixing.
Because stable BLs are characterized by very slow
upward diffusion (Brost and Wyngaard, 1978),
short-term variability in surface processes may
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dominate the surface accumulation of NO com-
pared to the depth reflected in the sodar echo layer
analysis. Therefore, it seemed useful to estimate the
vertical diffusion times using the data available
from ANTCI 2003. For example, Brost and
Wyngaard (1978) pointed out the slow diffusion of
changes at the surface into a stable BL using a crude
scaling approximation based on the turbulent
analogy to molecular diffusion: the diffusion time

1= H?/Ky, (®)

where H is the depth of the BL and Ky; the
exchange coefficient for momentum where the
streamwise covariance for the turbulent vertical
momentum transfer is given by

ww = —KyoU oz, )

Brost and Wyngaard point out that Ky peaks at a
height of between 0.1H and 02H with
Ky (max) = 0.03ku, H. This approach provides the
maximum value of Kys. Thus,

t~H?/(0.03ku, H) = H/0.03ku,, (10)

provides a minimum estimate of the vertical
diffusion time scale. For example, with H = 20m,
k=035, and u, =0.1ms~', then t~5h. Because
we did not have measurements of the vertical shear
of the horizontal wind. We used the expression
w0 = —Ky A0/Az to estimate Ky and assumed
that Kgy~Ky, 1.e. a turbulent Prandtl number of
order unity (as a very rough estimate in the absence
of wave phenomena). We used a AO measured
between 2 and 22 m (essentially between 0.06 H and
0.7H for H =30m). The temperature flux was
measured at 2m. This calculation for Days
355-359 produced a mean diffusion time of
8.9+2.9h. The implication for [NO], following the
calculations of (Davis et al., 2004), is that for the
purposes of estimating when nonlinear chemistry
might kick in, the “effective’” mixing depth for NO
could be much lesser than that observed by the
sodar. For example, long vertical-diffusion times
would favor nonlinear NO chemistry in the lowest
portion of the boundary layer. The latter argument
is not inconsistent with the [NO] profile shown in
Fig. 3(a). However, the major uncertainty in this
argument lies in not being able to quantify the NO
loss terms as a function of height in these very stable
conditions.

5. Conclusions

The 2003 ANTCI experiment provided an ex-
tensive followup to the 2000 and 1998 ISCAT
experiments, seeking to understand the origin of
extremely high surface concentrations of NO at the
South Pole. Here, we have focused on the inter-
pretation and analysis of acoustic sounder, or sodar,
measurements of the BL. The sodar provided
extensive insights into the BL behavior between 15
and 180m over the entire ANTCI experimental
period. Our height-detection routine provided esti-
mated mixing-layer heights from the sodar at 0.5h
intervals, corresponding to the averaging time used
in the processing of surface turbulence fluxes.
Analysis of these heights confirmed a strong inverse
relation to surface [NO] as found in early work.
While the sodar deployment in ANTCI was designed
specifically to detect shallow boundary layers, future
field programs would be well advised to use high and
low modes so as to capture the full inversion depth
as well as its shallow boundary layer component.

Analysis of surface turbulence data using simple
diagnostic expressions showed success with very
shallow (<50 m) mixing layers and overestimation
for greater depths in comparison with sodar data.
The surface stress was found to be the most robust
surface parameter controlling boundary layer mix-
ing. Comparison with balloon profiling of [NO]
suggested that the sodar-determined mixing height
was only an upper bound on the “effective” mixing
height with slow diffusion a likely explanation for
the rapid falloff with height of [NO] within the
mixing layer. One of the dominant features on the
high plateau that led to shallow mixing layers and
high [NO] was the presence of low-level jets with
wind maxima at heights typically between 20 and
40 m. Because of the zero wind shear at the wind
maximum and resulting large Richardson number,
turbulence as well as chemical exchange with the
surface was confined below this level.

Concerning the relationship between BL depth
and [NO], we found two subseasonal regimes.
Observations in the last half of December were
consistent with the hypothesis developed from the
earlier experiments, namely that very shallow BLs
(occurring under light wind, strong stability condi-
tions), on the order of 20m deep, in conjunction
with nonlinear NO, chemistry can lead to high
concentrations of NO. Conditions during late
December ranged from windy, convective BLs (with
low-to-moderate [NO], <100 pptv) to very shallow

Please cite this article as: Neff, W., et al., A study of boundary layer behavior associated with high NO concentrations at the South Pole
using a minisodar, tethered balloon, and..., Atmospheric Environment (2007), doi:10.1016/j.atmosenv.2007.01.033



dx.doi.org/10.1016/j.atmosenv.2007.01.033

W. Neff et al. | Atmospheric Environment 1 (1ill) 111-111 17

ones (with high [NO], 100-600 pptv). During this
period, prolonged accumulation times on the high
plateau prior to the South Pole episodes were
unlikely. However, during late November and early
December, [NO] was sustained at persistently high
levels despite a mixing layer that reached over 100 m
in depth at times in concert with higher winds and
weaker stability. This regime, unlike that during the
late December period, was preceded by conditions
(lighter winds, strong stability) that could have been
conducive to high [NO] and further accumulations
of NO could have compensated for increasing BL
depths during air parcels’ movement toward South
Pole. In addition, modeling results of Wang et al.
(2007) suggest that much larger fluxes of NO from
the snow characterized this earlier period. Thus,
from an observational perspective we also found
that the sodar provided a consistent measurement
method with which to compare two distinct [NO]
regimes and conclude that future programs look
more carefully at the spatial and temporal varia-
bility of snow nitrate levels and the low-level parcel
trajectories over the high plateau. In addition much
still needs to be learned about the recycling of NO
and its relation to snow accumulation/ablation/
erosion processes over the Antartic high plateau.
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