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Abstract. The contribution of vertical and horizontal advesctto the production of small-scale vertical ozeteictures was
investigated using data from an ozonesonde obsenva¢rformed at intervals of 3 h in Fairbanks 84.147.9W), Alaska.
The dominant vertical scales of the ozone mixingoratere determined to be 2-5 km, which were simitathose of
horizontal winds and the temperature of the lowet middle stratosphere, using spectral analysisn®#uctuations due to
vertical advection were estimated from the potéméimperature fluctuation and vertical gradientted background ozone
mixing ratio. Residual ozone fluctuations are htttéd to horizontal advection. Fluctuations dubdadzontal advection are
dominant, as reported in previous studies. The arosglation of the effects of vertical and horitiradvection was also
evaluated. The correlation is relatively largeralittudes of 18-23 km and 32—-33 km compared toetaisother height
regions. In contrast to previous studies, horiZoativection by gravity waves seems to play a domtimale in the

production of small-scale ozone structures atualés of 32—35 km.

1 Introduction

Vertical profiles of ozone in the lower stratosgheften display a small-scale layered structureb&on, 1973; Reid and
Vaughan, 1991). Because the photochemical lifetinezone in the lower stratosphere is at leastra¢wveeeks, layered
structures are considered to be produced by thectidm of air from different latitudes or heights which the ozone

abundance differs.

Possible formation processes that may contrituted layered structure are the characteristicelagnle flow structure and
gravity waves. Gravity waves cause material sudfame undulate with the same wavelength and per®dhase of

meteorological parameters (Danielsen et al., 198itelbaum et al., 1994, 1996). However, coexisgrayity waves do not
have a sufficient amplitude to produce the obsearaglitude of ozone fluctuation (Reid et al., 19&4bson-Wilde et al.,
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1997; Tomikawa et al., 2002). The mechanism ofdascgle flow producing the layered structure issaigred to be the
following: streamers associated with Rossby waweaking are thinned through the action of vertidaas on small
horizontal scales. In this case, the transportisghorizontal along isentropic surfaces.

Ozone fluctuations were investigated in many pesistudies in correlation with potential tempemfiuctuations because
both the ozone mixing ratio and potential tempeeatan be treated as tracers and increase monatgneith increasing
height in the lower stratosphere (e.g., Teitelbaral., 1994). In such studies, ozone fluctuatitias are in the same phase
as potential temperature fluctuations are regatdds induced by vertical displacements of matesiafaces due to gravity
waves. Pierce and Grant (1998) distinguished oflantuations generated by Rossby waves from thoseéyzed by gravity
waves based on the magnitude of the cross-cooelatoefficient between ozone and potential tempegaprofiles.
Noguchi et al. (2006) estimated the ozone fluctuatlue to vertical advection in a similar way tot&kiaum et al. (1994).
They estimated fluctuations due to horizontal adeadby subtracting the ozone fluctuation due tctiwal advection from
the observed ozone fluctuation and separately figated global statistics of the characteristicondne fluctuation due to
vertical and horizontal advection. They reporteat the contribution of horizontal advection is md@minant than that of
vertical advection, especially in the extratropics.

On the other hand, horizontal advection by grawigives has been considered to be less importartiiégproduction of a
layered ozone structure compared to vertical adwvecGibson-Wilde et al. (1997) discussed the meigmas of two
laminated ozone structures observed at altituddgtdém and 18 km by using high temporal resolutiate on both ozone
and horizontal winds from lidar observations. Thepduded that the laminated structure at 14 km pvaduced by large-
scale horizontal advection. Meanwhile, they mem@the possibility that horizontal advection indiid®y gravity waves
may contribute to the production of a laminatedicitire observed at 18 km. Recently, Ohyama et28ll§) separately
evaluated fluctuation components of ozone mixintjosaresulting from vertical displacements due tavgy waves,
horizontal displacements due to gravity waves, leorizontal displacements due to Rossby waves itéfight range below
30 km by ozonesonde observations at the southpriftithe South America. They showed that the ozesability
associated with horizontal displacement due toitravaves was an order of magnitude smaller thah ¢hused by vertical
displacement.

In the present paper, a case is reported in wharfzontal advection due to a gravity wave maingnteibutes to the
formation of a layered structure. The contributairthe horizontal and vertical advection to a l&gebzone structure was
examined utilizing high-resolution, high-frequenand simultaneous observations of horizontal wiadd the ozone
abundance.

Because electrochemical concentration cell (ECGhegonde observations require a couple of houpsepfaration before
the release of each balloon and for the ballooputst, few high-frequency observation attempts weaele in the past. In
the present experiment, we performed intensive ezomde observation and obtained data with high demhjand vertical

resolution over a 36 h period.



https://doi.org/10.5194/acp-2019-837 Atmospheric
Preprint. Discussion started: 8 November 2019 Chemistry
(© Author(s) 2019. CC BY 4.0 License. and Physics

65

70

75

80

85

90

Discussions

The description of the data used in the presenémpapgiven in Section 2. Section 3 consists of gpectral analysis,
evaluation of each contribution of vertical andikhontal advection, and inertia gravity wave anayfsir a distinctive case.

The results are discussed in Section 4. The summargancluding remarks are provided in Section 5.

2 Data

The ozonesonde observation was conducted in Faish@4.8N, 147.9W), Alaska, during August 23-30020as part of
the validation experiment of the “Alaska Projectirtied out by the National Institute of Informatiand Communications
Technology, Japan (Murayama et al., 2002), andrfpggdved Limb Atmospheric Spectrometer-1l (ILAS-INdkajima et
al., 2006) onboard the Advanced Earth ObservingliBat# (Yamamori et al., 2006). During the obsation period, a total
of 22 ECC ozonesonde observations were made inguatinobservation synchronized with the ILAS-Il n€airbanks
(conducted daily at 04 UTC) and intensified obséovest performed every 3 h (from 16 UTC on August@®4 UTC on
August 28).

The En-Sci 2Z-GPS ozonesonde used in the experimantequipped with a GPS receiver and providedzbotal wind
velocity data based on positioning data, in additm ozone concentration, temperature, and humétiitg from the ground
up to an altitude of 30 km. The ozone, temperatame, humidity data were transmitted during thehfligt a 1.5 s interval.
The time interval corresponds to the vertical inéénf 7—-8 m. The GPS receiver built into the polyshe case of the ozone
sensor provided location data every 5 s. The daee Wnearly interpolated every 50 m. Furthermd®®S radiosonde
(Vaisala RS80-15GH) observations were carried d67a 10, and 13 UTC on August 26; 19 UTC on Aug@tahd 01
UTC on August 29. Although an observation at 01 UTiCAogust 27 failed to obtain horizontal wind date, successfully
observed the temperature, humidity, horizontal wjrathd ozone from the surface to an altitude déB2Table 1 shows the
data obtained during each observation and usdeisubsequent analyses.

Figure 1 presents the successive vertical proéifethe zonal and meridional wind, ozone mixingaaand temperature
obtained from 04 UTC on August 26 to 04 UTC on Audi$tused in the analyses. Each profile was shiftegbd on the
time that had elapsed since 04 UTC on August 26.

During the observation period, the tropopause laeeated at a height of 9-10 km. The ozone mixirtg ria almost constant
in the troposphere. It gradually increases withréasing height in the height region of 10-16 km eapidly increases with
increasing height above 16 km. The largest verfjcatlient was detected at altitudes of 20—25 knctkations with vertical
scales of 2—-3 km were observed above the tropopause
The small-scale structures are clearer in horizamtad components. Clear downward phase propagatas observed in
the lower stratosphere, indicating an upward-praping wave. The prevailing wind at the tropopawseel is northward

because of the upper-level low pressure west ab&iaks.
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3 Analysis
3.1 Vertical wavenumber spectra

We analyzed the vertical wavenumber spectra ofhibrézontal winds, temperature, and ozone mixingoraf lower-
stratosphere profiles (above an altitude of 15 Krh results are shown in Figure 2. Significant @zpeaks were detected
at wavelengths of 3.6 km and 2.2 km. The horizowtatl components display significant peaks at wawges of 3.1, 1.8,
and 1.4 km. Although no distinct temperature pea&se observed, a large spectral density was detette wavelength of
~2-5 km. We analyzed the filtered components et@thasing the band-pass filter with cutoff wavekasgof 2 and 5 km.
The range of the vertical wavelengths includes Bipialues of vertical wavelengths of gravity waeeserved in the lower
stratosphere (e.g., Murayama et al., 1992; Sa&@4;\Mang et al., 2005).

3.2 Ozone disturbances estimated from temperatureisturbances

Assuming that the ozone mixing ratio is conseniesl, ozone fluctuations are due to the dynamicdce the total
(observed) ozone fluctuatigflis the sum of ozone fluctuations due to verticdeztiony’, and that due to horizontal

advectiony':
X=X+ X S
Consequently, the variance of ozone fluctuatiomsb@written as follows:
Var(y') = Var(x’v ) + Var(x’h ) + ZCOV( Xy x’h) 2)

The last term indicates twice the covariancg'pfandy’,.
The ozone fluctuations caused by vertical and bate advection were estimated using a method airtol that described
in Noguchi et al. (2006). Because the potentialperature is conserved in adiabatic motion, thelagrtlisplacement can
be estimated as follows:
6z=-0'/9, 3)

assuming a horizontally uniform background, whézes the vertical displacement agtiandd are the perturbation and
background ozone mixing ratio, respectively. Theplitnmde of the vertical displacement estimated vt (3) is ten to a
few tens of meters.
Then,y’, is estimated as follows:

X, =—62%,=6"%,/6, 4
Next,x', is estimated by subtractiryg, from the observed ozone fluctuatigh Finally, ', andx’, are substituted into Eqg.
(2.
The left panel of Figure 3 shows each contributibthe three terms of the right side of Eq. (2)he total varianc&ar(x").
The contribution of/;, is clearly dominant at any altitude, similar todings in Noguchi et al. (2006). The contribution of

X'y is largest (~0.2) at a height of ~20 km. Therthéstendency that th&ar(x'v) and2Cov( X', ,X'n) cancel each other out.
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The fact that the covariance )df, andy';, is not zero implies that the two terms are noepehdent. The right panel of
Figure 3 shows the vertical profile of the crossrelation coefficients betweeyl, andy’,. Relatively large values are
distributed at heights of ~18-23 km heights and332m.

3.3 Time-height structure of the ozone fluctuation

Figure 4 shows the time—height sections of theicadly band-pass-filtered time-dependent (deviafimm the 8 d mean)
components of the zonal wind and ozone mixing ra@iear downward phase propagation seeming to ®ecasged with
inertia gravity waves was observed in the zonal artidional (not shown) wind components throughthg upper
troposphere and lower stratosphere, regardlesémef. in the ozone component, on the other handeréal structures
frequently appeared in the lower stratosphere jgigrg at almost the same altitudes. In additionlear phase descent with
time was observed at an altitude of 32—35 km frénTC on August 26 to 04 UTC on August 28. The tlepisig lines in
the figures show the phase of the positive maxinofinthe westerly wind. The ozone components are dlingshase with
the zonal wind component. Thus, the phase des¢ezone components was also suggested to be aezbuidh the same
inertia gravity wave as that of horizontal wind qoments.

3.4 Inertia-gravity waves fitting

We estimated the inertia gravity wave parameters foistinctive case by fitting horizontal wind cpaments to sinusoidal
functions. The fitting procedure is the followinirstly, the zonal wind component and vertical wind component are
least-squares-fitted to plane wave solutions:

U’ = Ugmy cos(mz — wt + a) (5

V' = Vgymp cos(mz — wt + y) (6)
Subsequently, a combination of the vertical wavelnerm and ground-based frequenoy amplitudesugmy, Vamp), and
phasege, y) giving the smallest residual sums of squares alected. Next, the amplitudes and phases of véricd
meridional displacements are determined by utifjziispersion and polarization relations of inegtiavity waves.

The case to which the fitting analysis was apphetthe time—height cross sectiomdfandv’ for the time duration from 19
UTC on 26 August to 13 UTC on 27 August and heiggtare from 32 to 35 km. Zonal and meridional wincddaszone
mixing ratio fluctuations (Figs 5a—c) have monochatic features. The fitted sinusoidal functions displayed as parallel
sloping lines in Figures 5e and f, superimposethershadings. The phase of the meridional displaseomeresponding the
parameters obtained above is shown in Figure 5gvyisolid and broken lines indicate the positivd aagative maxima of
the northward displacement. Because the ozone girsitio decreases with increasing latitude in thiglht region from 32
to 35 km, northward displacement leads to positizene fluctuation. The phase structure is in gog@é@ment with the
ozone fluctuations, especially for the negative imaxobserved at 34.2 km (04 UTC on August 27), 8507 UTC on
August 27), and 32.8 km (10 UTC on August 27).
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On the other hand, the temperature component asacterized by the superposition of waves. The plodseertical

displacement associated with the inertia gravityevis shown by parallel lines in Figure 5h. A heawjid line indicating

positive maximum of downward displacement corresisaio the decent of positive maxima of temperaditi®4.5 km at 04
160 UTC 27 August and 33.8 km at 07 UTC 27 August. Ofeatures are apart from plane wave solution esichay the

fitting analysis.

4 Discussion

The contribution of’;, is clearly dominant at any altitude, similar todings in the previous studies. Most of ’thtr(x’h)
is considered due to large-scale flow (e.g. Ohyaal., 2018). It is noteworthy that a relativeéyde cross-correlation
165 coefficient between', andy’, was determined at altitudes of 18-23 km and ~33Knis suggests that the characteristics
of atmospheric motion in such height regions thatpce ozone fluctuations and the structure of tpamind fields differ
from that of other height regions with respect zoree layer production.
The covariance of', andy’, at a height of ~33 km is relatively large and dewrd phase propagation of the ozone
fluctuation can be clearly observed. A non-zeroac@ance implies that', andy’, depend on each other. This result does
170 not match the formation mechanism related to laame flow because the transport due to large-dtmle is quasi-
horizontal along isentropic surfaces. On the olfzed, in an inertia gravity wave, non-zero covarais possible because a
parcel oscillates along a slantwise surface.
Although gravity waves are dominantly observeatighout the lower stratosphere in the extratropius tropics, ozone
fluctuations due to gravity waves (evaluated frooteptial temperature fluctuations) are not domindhis is because the
175 formation of layered ozone structures due to lagme flow in the extratropics is more active tirathe tropics (Noguchi et
al., 2006). Another reason based on the presedy s$uthat dominant gravity waves are those withglperiods, i.e., near-
inertia oscillation, in the extratropics. The donmina of gravity waves with a near-inertial frequem@s reported in several
studies (e.g., Sato et al., 1999). The verticalldcgment associated with such near-inertia gravéyes is relatively small.
In the case shown in Figure 5, the aspect ratieedfical to horizontal displacement is approximatei200. This implies
180 that the contribution of horizontal advection asatmtl with such gravity waves is relatively lar@gased on the ILAS-II
version 1.4 data obtained near Fairbanks, the ddtiertical to meridional components of the backgrd ozone mixing
ratio gradient at a height of 33 km was estimatee ~100:1. Thus, the amplitude of ozone fluctuetidue to horizontal
advection associated with such gravity waves isipstwice the amplitude of those due to vertadbection.
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5 Summary and concluding remarks

The contribution of vertical and horizontal adventto the production of small-scale vertical stanes of ozone abundance
was investigated in this study by using a thoroagbnesonde observation conducted in Fairbankskalakhe results can
be summarized as follows:

1. Spectral analysis revealed that fluctuatiorts &5 km vertical wavelengths dominate the ozomeéng ratio, horizontal
winds, and temperature in the lower stratosphere.

2. Ozone fluctuation due to vertical advection weatimated based on the potential temperatureufition and vertical
gradient of background ozone mixing ratio. The dbation of the vertical advection component to tbal variation is the
largest (~ 0.2) at a height of ~20 km.

3. Ozone fluctuation due to horizontal advectioasvestimated by subtracting the vertical adveciiom the observed
ozone mixing ratio. The contribution of horizongalvection is dominant throughout the lower stratese.

4. The cross-correlation of ozone fluctuations tluevertical and horizontal advection was evaluaf®uk correlation is
relatively larger in height regions of 18-23 km atd-33 km compared with other altitudes.

5. A case is shown in which the horizontal adwectiy gravity waves mainly contributes to the prthn of the small-
scale ozone structure.

The fourth result suggests that the mechanismaupiogl the layered ozone structure and contributingnaterial transport
in the middle atmosphere differ depending on thgudk. It is necessary to perform more case studied statistical

analyses using data for large altitude ranges.
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Table 1: Data obtained during each observation aed for the analyses. No mark shows that the data successfully

obtained. The letter “N” means that the data weteobserved. The letter “F” means failure to obthia data.

Obs. Time Sensor O3 Hor. Temp. Obs. Time Sensor O3 Hor. Temp.
(vyyymmddhh) wind (yyyymmddhh) Wind
2003082604 ECC 2003082713 ECC
2003082607 GPS N 2003082716 ECC
2003082610 GPS N 2003082719 ECC
2003082613 GPS N 2003082722 ECC
2003082616 ECC 2003082801 ECC
2003082619 ECC 2003082804 ECC
2003082622 ECC 2003082816 ECC
2003082701 ECC F 2003082819 GPS N
2003082704 ECC 2003082822 ECC
2003082707 ECC 2003082901 GPS N
2003082710 ECC 2003082904 ECC
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Figure 1: Vertical profiles of the zonal and meridonal wind, ozone mixing ratio, and temperature. Eae profile was shifted based
on the time that has elapsed since 04 UTC on Augua6. The thick line represents the daily vertical pfiles obtained at 04 UTC.
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Figure 2: Vertical wavenumber (n) spectra for the relative ozone mixing ratio, relive temperature, and zonal and meridional
winds. The two dotted lines show the 99% confidendanits. The dashed line indicates the slope of thepectra proportional tom=3.
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Figure 3: (Left) Ratio of Var(x',, ), Var(x’, ), and 2Cov(x', , X'») to the variance of the total ozone fluctuatiorVar(x') shown by
solid, dashed, and dotted lines, respectively. (Ri) Cross-correlation coefficients betweery’, and x',.
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Figure 5: (Left) Time—height cross sections for the time durgon from 19 UTC on August 26 to 13 UTC on August 2 and altitudes

305 from 32 to 35 km. (a) Zonal and (b) meridional windcomponents, (c) 0zone mixing ratio, and (d) tempeture. (Right) Result of
the fitting analysis. The slant lines show the phas of (e) zonal and (f) meridional wind componentgg) meridional displacement
(heavy solid line indicates the maximum northward @éplacement), and (h) vertical displacement (heavgolid line indicates the
maximum downward displacement) associated with thmertia gravity wave.
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