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Local scaling characteristics of Antarctic surface layer turbulence
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Abstract. Over the past years, several studies have validate@bukhov (M-O) similarity theoryNlonin and Yaglom1971;
Nieuwstadt’s local scaling hypothesis by utilizing turbulence Sorbjan 1989. The M-O similarity theory is strictly valid in
observations from the mid-latitude, nocturnal stable bound-the surface layer (lowest 10% of the ABL), whereas local
ary layers. In this work, we probe into the local scaling char-scaling describes the turbulent structure of the entire stable
acteristics of polar, long-lived stable boundary layers by an-boundary layer (SBLNieuwstadt1984ab, 1985.

alyzing turbulence data from the South Pole region of the | ocal scaling has numerous ramifications for several fields
antarctic plateau. in atmospheric science and meteorology. Foremost, it allows
us to systematically merge field observations from different
field experiments (with variable sensor heights) for exten-
sive statistical analyses, and in turn, to gain valuable insights
on SBL Heinemann2004). Therefore, it is not surpris-

More than two and a half decades aieuwstad(1984ab ing that it has been termed as a “powerful reductionist tech-
1985 introduced the concept of local scaling for stably strat- hique for analysis and prediction” lBrown et al.(1994. In

ified atmospheric boundary layer (ABL) flows. Based on the recent past, in the absence.of a formal (universally ac-
several second-order moment equations, he hypothesize pted) theory of SBL, local scaling-based results have quite

that the dimensionless combinations of turbulent variable rqugntly served as benchmarks for new-generation stably
(fluxes, (co-)variances, eddy viscosities etc.), which are mea-StratIfleol turbulence modeling approaches (for an example

sured at the same height could be expressed as ,,umvel_s_eeBasu and PogtAgel 200§. Local scaling is also an
sal’ functions of the so-called stability parametep?. As integral part of numerous local closure-based present-day at-

a corollary to this hypothesis, he also deduced that in therznooosphﬁrictwqiiﬁls (e.g{S,tsle_znr:evgllttd et_aIrZIOC_)GtErown T.t ‘3"](. Id
asymptotic limit oft — oo (known as the z-less stratification 9. Lastly, it has established its niche in the applied fie

regime;Wyngaard 1973, the dimensionless turbulent quan- of dispersion modelmgi!\cwe etal.2000.
tities should approach constant values. Local scaling could When the local scaling concept was proposed, observa-

be viewed as a generalization of the well established Monin{ional data from a 200 m tall tower at Cabauw in the Nether-
lands provided strong support for this remarkable hypothe-

sis (Nieuwstadt 19843ab). Over the years, several studies
Correspondence tdS. Basu have provided independent validation for the local scaling
BY (sukantabasu@ncsu.edu) hypothesis (e.gl-enschow et a).1988 Basu et al.20086.
1The stability parametez) equals to zero for neutrally strati- However, most of these studies have primarily focused on

fied condition.¢ greater (less) than zero signifies stable (unstable)the mid-latitude SBLs. Only a handful have considered SBL
regime. turbulence in the polar regions (sekinemann2004 and

1 Introduction
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the references therein). The present study intends to shed In this paper, we further assess the universality of the local
more light on the local scaling characteristics of polar SBLsscaling concept by analyzing data from the deep interior part
by performing rigorous statistical analyses of turbulence dataof the antarctic continent, which is climatologically quite dif-
from the South Pole region of the antarctic plateau. ferent from the coastal ice shelves.

The structure of this paper is as follows. In the follow-
ing section, we briefly delineate the distinctive features of ) o
polar SBLs with respect to mid-latitude nocturnal SBLs. In 3 Siteé characteristics

Sect. 3, we provide the general characteristics of the Soutq_h South Pol . £ th tarctic plat i
Pole region. Our data processing and quality control pro- e sou o€ région of the antarclic plateau provides an

cedures are described in Sect. 4. Comprehensive results a?é(cellent site for the SBL resgarch_. The terrain has a gen-
tle slope of ~ 0.001 m/m, which virtually eliminates the

given in Sect. 5. Section 6 concludes this paper. In order tq X )

enhance the readability of this paper, a glossary of symbolénfluence of strpng topographical for.cmgs'on 'the bo.und-

is presented in Appendix A. ary layer evoIL_Jtlons. Furthermqre, this region is devoid of_
several complicated atmospheric processes (e.g., hydraulic
jump, barrier winds, flow splitting), which are omnipresent
in some other parts of the antarctic continent. The predom-

2 A brief comparison of polar and mid-latitude SBLs inant plateau “high” provides cold dry conditions through-
out the yearKing and Turner1997 Turner and Pendlebury

In many aspects, SBLs over the polar regions differ signifi-2004. Some other notable site characteristics are: mostly

cantly from their mid-latitude counterpartsitig, 1993. For clear skies, strong surface inversion, infrequent formation of

example, in the mid-latitude, surface inversions over landprecipitation, light & 5ms-1) northeast winds, and an aver-

predominantly form during the nighttime hours. In con- age annual temperature 6#9.4°C (King and Turney1997,

trast, due to the mere shortage of insolation (and high surTurner and Pendlebur2004).

face albedo), the surface inversions over the polar regions

are of long-lived (aka persistent) nature. Based on ten years

of temperature data at the South Pdtydson and Brandt 4 Description of data

(2009 found that the lapse conditions within a near-surface _ )

layer (2—22 m) were observed only 26% and 8% of the time©One of the challenging tasks_ anyone faces when venturln_g

during austral summer and winter, respectively. They alsgPut to do research on antarctic boundary layer turbulence is

reported that throughout these years no signatures of diurndf find high-resolution datasets. We are fortunate to have
cycles were found at the South Pole. access to an extensive public-domain archive of such data

collected during the Investigation of Sulfur Chemistry in the

Over the mid-latitude, near-neutral residual layers (rem- . .
v ! " ) ou vers ( Antarctic Troposphere (ISCAT) project. The ISCAT 2000

nants of the previous day’s mixed layer) typically form over- ' : : .
lying the nighttime SBLs. Due to the dearth of lapse con- field campaign took place over the time period of 15 Novem-

ditions and diurnal cycles, such layers are rarely presen?er to 31 December in the year 2000 at the South Pole

over the polar regions. As a result, quite frequently, the po- Davis et al, 2004. A 22m instrumented meteorological

lar SBLs become directly coupled with the free atmosphere.tower located near the Atmospheric Research Observatory at

This means that, in comparison to the mid-latitude SBL tur—the Sog:jh Pole was usid dturlng this f'eldt can;lpalgn 0 meal-l
bulence, the polar SBL turbulence gets significantly influ- sur;a € y-(iovarlangg t%a an tmlozmoeon ug1 luxesi als we
enced by the gravity wave activities aloHilitinkevich and as temperature gradientSdvis et al, 4 Oncley et al,

i : 2009). In this work, we primarily use high-frequency (sam-
I 2 Zilitinkevich, 2 . X .
Calanca200q Zilitinkevich, 2002 Sodemansi2003 pling rate of 20 Hz) velocity and temperatémata from two

sonic anemometers (ATI K-probes) mounted on the tower at
heights of 3.1 m and 7 m above the snow surface.

Davis et al.(2004 provided detailed information on the
synoptic scale meteorological conditions during ISCAT 2000
and this information will not be repeated here for brevity.

X From a micrometeorological perspective, it is important to
17m and 32m, the corresponding values wefé/1-0.01 point out that, during the early part of the ISCAT 2000 cam-

and 155+ 0.01. These numbers were within the range of __. o
X . - h f I fl I I
reported mid-latitude values. Other statistics (e.g., correlaP2'9": the surface layer flow condition was always stably

. fici . 50 | stratified and the wind was coming from the clean-air sector
tion coet icients) documenteq bgmg (1990 Were aiso in (wind direction of 0—100). After 12 December, both stable
the vicinity of the corresponding mid-latitude valuéteine-
mann(2004) drew similar inferences. He found that the local ~ 2sppic anemometers measure acoustic virtual temperature
scaling hypothesis was valid even for strong katabatic wind(s;) which is related to air temperature’) as follows: 7c =
conditions. T (1+0.51g). Heregq is specific humidity in g kg?.

In spite of these physical differences, the local scaling
properties of SBLs over an antarctic ice sh&fng, 1990
and the Greenland ice sheétdinemann2004 were found
to be in good agreement with corresponding mid-latitude val-
ues.King (1990 reported that the mean value of normalized
vertical variance at 5m was approximatelyt2+0.01. At
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Fig. 1. Time-series (left panel) and diurnal cycle (right panel) of

potential (sonic) temperature observed during the ISCAT 2000 field
campaign.

and unstable conditions were observed in conjunction with
large fluctuations of wind directionQncley et al. 2004).
However, it is quite evident from Fid. that throughout the
duration of the campaign a surface inversion prevailed. No
sign of diurnal cycle can be seen. In other words, the ISCAT
2000 archive, even though representative of the austral sum-
mer, (likely) contains a substantial amount of long-lived SBL
turbulence data.

Rigorous validation of ABL similarity theories (including
local scaling) require turbulence measurements which are of
pristine quality. Given that the ISCAT 2000 data were col-
lected in the harsh environment of the South Pole, a signif-
icant portion of the present work was devoted to stringent
quality control and preprocessing of the data. In this regard,
we closely followed the suggestions Wickers and Mahrt
(1997, Mahrt (1998, andBasu et al(2006. Specifically,
we follow these steps (see flow chart in F2y.

1. We divided the entire ISCAT 2000 dataset into individ-
ual runs of 30 min durations. At the outset we had a total
of 1559 runs from the 3.1 m sonic anemometer and the
same number of runs from the 7 m sonic anemometer.
Each run consisted of four time-series: three compo-

www.the-cryosphere.net/4/325/2010/
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Fig. 2. Flow chart of the quality control and preprocessing steps.

nents of velocity ¢, v, andw) and sonic temperature
(tc). We would like to emphasize that all the four time-
series were needed to compute the stability parameter
(¢). So, if our quality control and preprocessing steps
(elaborated below) detected any problem with one time-
series, the entire corresponding run was discarded.

. We discarded runs if they contained more than 1% of

missing data.

. Oncley et al.(2009 found spurious spikes in the 7m

sonic anemometer time-series. These spikes were likely
the manifestations of electronic interference. For de-
spiking all the time-series data (including the data from
the 3.1m sonic anemometer), we utilized the algo-
rithm by Vickers and Mahrt{(1997. Since this algo-
rithm involves computing localized standard deviations,
it is susceptible to any low-frequency components (e.g.,
mesoscale motions) present in the time-series. So, we
removed any mesoscale component from each time-
series (see Step (5) below for further details) prior to
the application of the despiking algorithm. Upon com-
pletion of the despiking procedure, the mesoscale com-
ponent was added back to the time-series. A run was
discarded if the total number of spikes detected and re-
moved exceeded 1% of the total data points in that time-
series.

. Itis well-known in the boundary-layer meteorology lit-

erature that small tilts in the sonic anemometer ori-
entation (with respect to true vertical direction) can
cause significant biases in the flux estimations. So, in
this study, we performed tilt-corrections of the sonic
anemometer data using the “planar-fit" method pro-
posed byWilczak et al.(2001). From every day’s col-
lective runs (if there is no missing run, for each sonic
anemometer there are 48 runs of 30 min durations in
that day) one set of tilt angles were computed. We also
performed yaw rotation followinjVilczak et al.(2007)
(specifically their Egs. 45 and 46).

The Cryosphere, 4,352010
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Table 1. Number of runs discarded by quality control and other Table 2. Summary statistics of normalized flux differences.
criteria.

Criterion 31m 7m
Missing data 196 201
Spike 12 113
Skewness 17 17
Kurtosis 44 56
Nonstationarity 238 260
£<0m 345 329
e/-e3t<0k 34 34
M<1ms1 63 52
uy <0.01mst 3 6

|(wel) |<0001Kms?t 146 122

5. Mesoscale motions do not obey similarity the-
ory and should be removed from the turbulent
fluctuations when studying similarity relationships
(Vickers and Mahrt2003.  Following Basu et al.
(20069, we partitioned turbulent-mesoscale motions
(similar to high-pass filtering) using discrete wavelet
transform (Symmlet-8 wavelet) with a gap-scale of
100 s (see Fig. 1 dasu et al.2008 for an illustration).

6. After all these steps, we arrived at a set of runs which
were despiked, tilt-corrected, and filtered. Next, these
runs were tested to detect possible instrument problems
Following Vickers and Mahr{1997), the skewness and
kurtosis values of each time-series were calculated. If
for any time-series, the skewness was outside the range
of (—2,2) or the kurtosis was outside the rangg hig),
the corresponding run was discarded.

7. To check for nonstationarities, we subdivided each
time-series in six equal intervals and computed the stan-
dard deviation of each sub-series;,(i =1:6). If
max(o;)/min(o;) > 2, the time-series, and in turn, the
corresponding run was discarded.

8. The runs were further restricted to satisfy the following
constraints:

— ¢ > 0 (to account for stably stratified conditions
only);

- ®/-031> 0 (to consider inversion conditions
only);

— M >1ms(to evade very weak wind conditions);

— u-;, >001ms?t and [(w')),| > 0.001 Kms!
(to avoid uncertain flux measurement conditions);

Here,c, ®!, ©31, M, u,; and(w’'6.), signify stability
parameter, mean potential (sonic) temperatate7 m,

3A constant surface pressure of 690 hPa was used to calculate

potential (sonic) temperature from (sonic) temperature.

The Cryosphere, 4, 328331, 2010

Normalized flux  50th 75th 90th
differences percentile percentile percentile
8,2 10.5% 17.5% 25.3%
S(wrer) 13.6% 21.9% 32.8%

mean potential (sonic) temperature at 3.1 m, mean hor-
izontal wind speed, friction velocity, and sensible heat
flux, respectively. Throughout this paper, the subscript
“1"on the turbulence quantities are used to specify eval-
uation using local turbulence quantities. The angular
brackets denote averaging over 30 min period.

. In Table 1, we summarized the number of runs dis-

carded by the aforementioned quality control steps and
constraints. Please note that some of the runs were re-
jected by more than one criterion. In the end, we were
left with 776 and 754 reliable runs for the 3.1 mand 7 m
sonic anemometers, respectively. Finally, we visually
inspected these runs to make sure that other possible er-
rors (e.g., drop outs, discontinuities) were not present.
In Sect. 5, we used these runs for testing the local scal-
ing hypothesis.

10. Since the sonic anemometers were located fairly close

to the ground, we wanted to make certain that we were
indeed going to test the local scaling hypothesis and not
the M-O similarity theory. Given that the M-O simi-
larity theory is based on the assumption of negligible
(much less than 10%) vertical flux divergence, we sim-
ply needed to demonstrate that significant vertical flux
divergences were present in the ISCAT 2000 dataset.
So, we calculated the normalized flux differencép (
from measurements at 3.1 m and 7 m, as follows:

2 2
§ 0= (u*)7.0 m_ (u*)3.l m| . 100 (1)
“ (”5)3.1 m
S (w'6l)70m—(w'6)31m 100 @
/el (WO)31m

We had a total of 689 runs for which both the 3.1 m and
7 m sonic anemometer data were available. In Table
we reported the summary statistics @t and ;,¢;)-
Clearly, thes values were significantly I*arger than 10%
for more than 50% of the runs. Therefore, we concluded
that the ISCAT 2000 dataset was appropriate for testing
the local scaling hypothesis.

www.the-cryosphere.net/4/325/2010/
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Fig. 3. The panels from left to right represent normalized vari- Fig. 5. The panels from left to right represent third-ordegr mo-
ancesoy /uyy,, oy /L, Ow/usr, andog, /61, respectively. The mentsdogg, duwas, anddyus, respectively; whergggs = 0.7

)

upper and lower panels correspond to the 3.1 m and the 7m sonic ) )
anemometers, r_espectively. All the panels have identical abscissaw% _ (w’0£2>’ andeyyys = <zg’29;,>_ The upper and lower panels
and ordinate limits. us05; ul Oer

correspond to the 3.1 m and the 7 m sonic anemometers, respec-
tively. All the panels have identical abscissa and ordinate limits.

ué rw(-)

o m
vided the entire range of stabilities into 25 bins of equal sam-
ples (e.g..~ 30 data points for sonic anemometer at 7 m). For

‘GEU: et Jenppeit every normalized turbulence statistics (eog.,ju+z), we cal-
2 culated 25th, 50th, and 75th percentiles from the samples of
§ each bin. The 50th percentile (median) is represented as a
5 10 solid line in all the figures. On the other hand, the 25th and
'c;?; Tuw uo "wo 75th percentiles are depicted as dashed lines.
£ 05 7 N In Table 3, we further report the median values of some
© o of the turbulence statistics corresponding to the highest sta-
oo : N } bility bin. Loosely speaking, these median values could be
-0.5 o N considered as the asymptotic z-less values. For comparison,
10 we also added the results frdBasu and Po&-Agel (2006,
10?7 10t 10° Nieuwstadi{1984h 1985, andHeinemanr(2004).
Stability (/A) Based on Figs. 3 to 5 and Tal8ewe summarize:
Fig. 4. The panels from left to right represent correlation co-  _ Al the turbulence statistics from the ISCAT 2000 field
efficients ruw, rug, andryg, respectively; wherey, = 42, campaign portray local scaling and z-less stratification.
ruo = 2% andr,g = %) The upper and lower panels cor- Most of the statistics actually remain (almost) constant
respond to the 3.1m and the 7 m sonic anemometers, respectively. ~ for the entire stability range considered. In contrast to
All the panels have identical abscissa and ordinate limits. most of the previous studies (e.¢ing, 1990, all the
figures in this paper show very little scatter. This con-
trast is primarily due to the removal of the mesoscale
5 Results motions.

— All the turbulence statistics seem to portray sensor

In Figs. 3 to 5, we plotted various normalized turbulence o . ; !
g P height-independence, with the possible exception of

statistics as a function of local stabilities £ z/A), where

z is the sensor heightA is the local Obukhov length de- Tué-

' Ocud -

fined as:A = — =7k, wherex andg are the von Karman  — All the z-less values of turbulence statistics from the
constant, and gravitational acceleration, respectively. We di- present study are in close agreement with the published

www.the-cryosphere.net/4/325/2010/ The Cryosphere, 4,3252010
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Table 3. The z-less values of turbulence statistics.

Basu et al.: Local scaling in Antarctic surface layer turbulence

Turbulence ISCAT 2000 Basu and Revhgel (2006) Nieuwstadt Heinemann
statistics 3.1m 7m Field Wind-tunnel  Large-eddy (1984b,1985) (2004)
observations measurements simulations
Ou/uxl 2.2 2.2 2.7 25 2.3 2.0 -
oy /usl, 1.9 1.9 2.1 - 1.7 1.7 -
ow/Usl, 1.4 14 1.6 15 1.4 1.4 1.2t01.6
09 /041, 1.8 1.7 2.4 2.7 2.4 3.0 451t07.3
Fuw -0.32 -0.27 -0.21 —0.28 —0.32 - —0.15t0—0.30
Tuo 0.54 0.50 0.51 0.55 0.56 - -
rwé —-0.38 -0.39 -0.27 —0.24 —0.30 —0.24 —0.10t0o—0.20

results, with the possible exception®f /0,1 andryg.
Please note thak,; is defined as,; = _ e

UslL

Temperature related statistics (edg./6,1) show some

friction velocity (: J (' w')2+ (v/w’)z)
vertical turbulent momentum fluxes
longitudinal and vertical heat fluxes

B ; . o z height above the surface
scatters in the_ near-neutral regime - 0). T_h|s is to c von Karman constarft= 0.40)
be expected since the temperature fluctuations are very O’
small in the near-neutral regime, and thus the estimated A local Obukhov Iengt%(: —W—%J
statistics are not very reliable. om standard deviation of:
— Similar to Dias et al.(1995 andBasu and Poé-Agel Oc potential (sonic) temperature fluctuations
(2006, the nondimensionalized third-order moments (around the average)
obey local scaling and essentially remain constar) O temperature scal% —%)
for the entire stability range considered. Oc mean potential (sonic) temperature
¢ stability parametef= %)

6 Conclusions

In this paper, the subscript” on the turbulence quantities

In this study, we performed rigorous statistical analyses ofgre used to specify evaluation using local turbulence quanti-

field observations from the South Pole region of the antarctjes. The angu|ar brackets denote a\/eraging over 30 min pe-
tic plateau to understand the local scaling characteristics ofjod.

long-lived polar stable boundary layers. We found that the

analyzed data strongly support Nieuwstadt’s local scaling hy-AcknowledgementsThis paper is based on work supported by
pothesis. Based on other published work and the preserﬂf‘e National Science Foundation under grant ANT-0538453.

T

study, it is reasonable to claim that this remarkable hypothe- he authors are g_rateful to the National Center f.or Atmospheric
sis is very robust and seems to hold for every known types oflesearch for making the ISCAT 2000 data public. We greatly

. . acknowledge the valuable comments and suggestions made by the
stably stratified atmospheric boundary layer flows. editor and the reviewers.

Appendix A

Glossary of symbols

g gravitational acceleration

M mean horizontal wind speed

q specific humidity

Ic sonic temperature

mn correlation coefficient between andn

u, v, w velocity components i, y, andz
directions, respectively

u', v, w’  velocity fluctuations (around the average)

in x, y, andz directions, respectively

The Cryosphere, 4, 328331, 2010
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