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Abstract. Complex electrical measurements with the use ofary layers (PBLs) has been revised conceptually, taking into
sodar data show that electric field pulsation analysis is useaccount the self-organization processes that strongly affect
ful for electrodynamics/turbulence monitoring under differ- turbulent transports and make them essentially non-local
ent conditions. In particular, the number of aeroelectric struc-(Zilitinkevich, 2010; Zilitinkevich et al., 2005, 2006, 2009).
tures (AES) generated per hour is a convenient measure df has been recognized that the traditional theory (disregard-
the turbulence intensity. During convectively unstable peri-ing these mechanisms), and therefore PBL schemes currently
ods, as many as 5-10 AES form per hour. Under stable conused in environmental models are incapable of realistically
ditions, AES occasionally form as well, indicating the ap- reproducing extreme PBL regimes under conditions of strong
pearance of occasional mixing events reflected in the eleceonvection and strong static stability. Interestingly, in par-
tric field perturbations. AES magnitudes under stable condi-allel with this conceptual revision of the classical picture
tions are relatively small, except in special cases such as highnd independently of it, new ideas on electrical processes
humidity and fog. The analysis of electric field (EF) spec- in the PBL have been formed. It was found, in particular,
tra gives additional useful information on the parameters ofthat the PBL is marked by the presence of so-called aero-
the atmospheric boundary layer and its turbulence. A ratheelectric structures (AES) that appeared in the short-period
sharp change in the spectrum slope takes place in the vicinity10~2 + 1 Hz) pulsations of the electric field. AES repre-
of 0.02 Hz under stable conditions. The characteristic slopesent dynamical space-charge inhomogeneities in the bound-
of the spectrum and its change are reproduced in a simplary layer, indicated in the coherent perturbations of the elec-
model of EF formation. tric field (Anisimov et al., 1994, 1999, 2002). The analysis
allowed quantitative estimations of spatial scales 50810
and temporal scales for these structural elements. Quasi-
) periodic sequences and high-amplitude solitary AES have
1 Introduction been recognized. Three-dimensional structural-temporal pat-
The atmospheric boundary layer is characterized by a variterns were presented, which directly characterize the level of
ety of physical phenomena, including the processes of genelectric energy perturbations connected with AES formation
eration and transfer of charged particles — ions and chargeduring night-day evolution.
aerosols and hydrometeors. These electrical processes occurAt frequencies of 102 — 10~1 Hz, the electric field (EF)
simultaneously with aerodynamical processes and can servygulsations were found to be essentially non-local. The most
as a useful means for their diagnostics. Furthermore, elecprobable values of the index lie in the range from —2.25 to
trical phenomena and the global electric circuit represent an-3.0, unlike the temperature fluctuation spectra, which obey
inherent part of the boundary layer, and deserve special atthe Kolmogorov power law with the spectral index close to
tention (Hoppel et al., 1986; Mareev, 2008). —5/3in the inertial subrange. The relation of spectral charac-
In the last two decades our understanding of the natureeristics to the formation of AES was found (Anisimov et al.,
of atmospheric and oceanic turbulence and planetary bound-
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2002). Analysis of the mechanisms explains the relationship Inthe present paper we develop a supplementary approach
between electric-field spectra and the neutral-gas turbulencto these problems connected with electrical measurements.
and AES formation, and allows one to recover the parameters
of the neutral gas motion (Anisimov et al., 2003; Shatalina et
al., 2005, 2007). It was suggested in particular that measurin&
the short-period (10° + 1 Hz) EF pulsations is a convenient
instrument for the fog studies and prognosis (Anisimov et al.
2005).

Instrumentation and method

We have analyzed summer season 2012 observations per-

'formed at the middle-latitude Borok Geophysical Observa-

Analysis of spectra and structure functions of EF pulsa-tory (5804 N and 3814 E) under a low level of electro-
magnetic interference and industrial pollution. The electro-

“0’_‘5 (Anisimov et al., 1999, 2003) _showe_d nonirivial PIOP- gtatic fluxmeters developed for long-term work were used as
erties of space-charge structures, including an effective in-

: C . sensors of atmospheric electric field intensity and its vari-
crease in charge relaxation time and the existence of Iongétions The sensor was installed at a height of 1.5m. The

term horizontally extended (up to several kilometers) chargethreShoId sensitivity of the sensor was about 0.1\ nThe

?yerg.t)As anlfe xamplcte, t?ehanalytlmal soflutlops V.Ve,:ﬁ f(l).uﬂ?%dynamic range of the measurements has not been less than
escribing sefi-consistent charge fayers forming in the ight-g g (Anisimov et al., 2002, 2007). Values of the electric

ion environment (Mareeva et al., 1999). field were reduced to the surface value by a reduction coeffi-

Electric measurements for the PBL study and d|agnost|csCient that was equal to 0.3.

were rarely used. The relationship between electrical param- Meteorological parameters of a near-surface atmosphere

eters and PBL stability was noted by Israelsson and Knude, . S .
. - emperature, windspeed components, humidity, atmospheric
sen (1983). The connection between PBL characteristics ari{ P P P y P

) . ressure, light exposure) were measured simultaneously b
electrode effects in the surface atmospheric layer was and- 9 b ) y by

e f I i logical [ ladkikh
lyzed by Hoppel et al. (1986; see also references in this pa; eans of an ultrasonic meteorological station (Gladkikh and

per) and Israelsson et al. (1994). Structure function applica-Maklenko’ 2009) installed at a height of 10 m. Digital regis-

tion to EF research was introduced by Anisimov et al. (1994) tration of all data was carried out with a clock rate of 10 Hz
. ) ‘(Anisimov et al., 2007). The scheme of the experimental
Anisimov et al. (1999, 2002) have analyzed structure func—( ISIMoV ) S Xpert

tions of electric field pulsations under different meteorologi- >¢ P IS Shown in Fig. 1.
ons ot electric Tield pulsations unde erent meteorolog Doppler acoustic locator (sodar) technique has been used
cal conditions, focusing mostly on unstable fair weather and.

. d in order to measure vertical profiles of the wind speed com-
fog conditions, when the most intense AES are formed. In the onents in the PBL and to evaluate the intensity and charac-

present paper the most attention is paid to the stable cond reristic scales of the aerodynamic turbulence to be compared

“?r:S' Cg m”p Iebx mr:ec?srunlamer;tsi,nofl e;?rftr';?:l parlan:ie tﬁrsr:nlthevith the results of electrical measurements. The technique
atmospheric boundary faye ( cluding pulsation ar ayfof sodar measurement is well developed (e.g., Kallistratova
sis) are used to derive information on the characteristics o

the boundary laver. The sodar measurements are taken .ntet al., 2004; Tamura et al., 2007) and enables the definition
unaary ‘ayer. : u - NS averaged (for 10—-60 min) profiles of wind speed and its
account, with the emphasis on stable conditions as well.

direction with the accuracy corresponding to meteorological
We should note that the PBL turbulence under the mos y P g 9

stable conditions, where it does not obey similarity theory, in_tstandards. Sodar Volna-3 (Gladkikh et al,, 1999) was used

: S uring these experiments.
::r:l:ilr?%;?eenlt?grlf OI]:/Iaanhlrrt]eer:Ié:ISu;(:iggeérhaiigevci?tg at;rgf;eéj A total of 23 continuous daily series of observations have
. ( " ’ b )'been analyzed. In this work we use only daily data from fair
Conventional turbulence concepts may not apply to the fluc-

weather conditions (absence of precipitation, wind speed of

Fuatmg flow. For example, §UCh fluct_uanons can be chargcterho more than 3.5 nTg, and a cloud amount of no more than
ized by very small correlations, vertical velocity fluctuations

7). Examples of the EF observation records for two days of

and much larger horizontal velocity and temperature varla-July 2012 are presented in Fig. 2.

tions compgr_ed to more conventional tur_bulence in vyeakly Structure functions of short-period pulsationg, were
stable cond|t|ons_(Mahrt etal, 20.12)' L|t.tle emphasis hascalculated using 10-s means data according to the algorithm
been placed earlier on the extensive periods of very weal%f stationary increment (t, 7) = (| AE(t+1)— AE(1)|2)

turbulence between mixing events (Mahrt et al., 2013). Sinc Rytov et al., 1989). For estimation of properties of self-
very weak turbulence accounts for most of the record of very

T 2y (¢ TR
stable conditions, it can contribute significantly to the time- Sim”gggy' (|AEZ(|I)| )~ () f(?r fl cthz(ijngesﬂ\]mtrlun |rt1terval
averaged turbulence and to the heat flux (Mahrt et al., 2012)( N ) 8,42 values were calculated by the least-squares

The degree of “weakness” of this turbulence partly deter—methOd' Further(| A E; (7)[?) is calculated as the averaged

mines the rapid cooling rate, build-up of contaminants andeE(tO’IT) 'C)vetrhSmln.tTh:e nufmbetr. of stlrtuctures peL hOlgt'hs i
the potential for ground fog. Sun et al. (2012) found that, forfOun l_JsmgS ese structure lei]lons. was consl e(rje_f ha
very stable regimes, the weak turbulence is relatively insen;_ & given S min time mterva_, the st.ructure appeared I the
sitive to the magnitude of the stratification. following conditions were carried out:

1. 03< ¢ < 15.
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low-frequency filtering by the moving average method
with the window width of 60 min. Smoothed values of
the gradient Richardson numbeRi( and the number
of structures per the preceding hoo¥)(are presented
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3 Observations and analysis

EF observation records were the analysis framework. The
Time (UT)

100
0:00

Fig. 2. Electric field observation records of 23 July 209 and

N S main focus was the study of AES generation under differ-
2:00 4:00 6:00 8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 0:00 ent Stab|||ty conditions. A detailed ana|ysis of data from 30
July 2012 is presented (Fig. 2) as a very characteristic ex-

30 July 2012b). ample. Sodar echograms display the intensity of the reflected

2.

sound signal (the least intense — gray, and the most intense —
red), depending on the height and time of each of the three
(|AE(7)[?) increases monotonically in the time inter- antennas, in conventional units (Fig. 3). These records show
val 30s< 7 < 120s. the transition from quite nocturnal conditions to the convec-
(IAE,(7)]?) is concave at least at 3 points least tive regime developed about 04:30 UT, which correspor_1ds to
08:30LT. The results of the structural-temporal analysis are

3 points of the time interval 80& r < 180s. o )
shown in Fig. 4. The number of pronounced AES and their

. The gradient Richardson number was calculated eaclintensity increases during the convective period of a day. The

minute using the meteorological parameters registeredyradient Richardson number behavior during a day and the
by the ultrasonic meteo-station, by the expression:  number of AES per hour are shown in Fig. 5. Two horizontal
red lines in Fig. 5 correspond i —0.5 and 0.5, below and

. a6 1
Ri= (‘;;) (a_z> — 1) above which stratification of a surface layer can be consid-
(%) ered strongly unstable and stable, respectively. The number

) of AES per hour is obviously related Ri. During the stable
where(®) is thearyean temperature at the level of -10m, period (from midnight to 03:00 LT, and from 17:00 to next
and(§%) and(a—zh) are the temperature and horizon- midnight in that particular case), no or few AES are formed,
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Fig. 5. Dynamics of the number of AES per howy (dashed black)
Local Time (hmm:ss) and the gradient Richardson numbBi, (blue line) during 30 July.

The two horizontal red lines correspondRévalues —0.5 and 0.5.
Fig. 3. Sodar echo for 30 July. Three components of the echo signal

are shown: vertical (Channel 1, upper panel), North-South (Chan-

nel 2, middle panel), and West-East (Channel 3, bottom panel). 10
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while during convectively unstable periods, as many as 6-Fig. 6. EF pulsation spectrum for stable conditions (early morning
9 AES form per hour. This very characteristic regularity is Period 00:30-01:30 UT of 30 July).
repeated from day to day during summer. We should note
that, under stable conditions, AES form as well from time
to time. It shows the appearance of occasional mixing events Two spectra of the same observation day (23 July 2012)
with weak winds and strong stratification. These events, acare presented in Fig. 7a and b. Spectra were calculated for
counting for a major fraction of the total vertical flux under 2 h periods, each with essentially different stability con-
stable conditions, are reliably reflected in the electric fieldditions: 21:00-23:00 UT (stable conditiorRj~ 1), which
perturbations. corresponds to the nocturnal period 01:00-03:00 LT of 24
For a detailed analysis of the turbulence under stable stratduly 2012, and 06:00—08:00 UT (unstable conditidrisy —
ification, several time periods were chosen where Ri wass.5). The spectra approximations in the range of 0.01-0.3 Hz
sufficiently high and AES were formed simultaneously. The are shown. Itis obvious that, under stable conditions, a rather
specific example spectrum is presented (Fig. 6). Calculasharp change in the spectrum slope occurs as well (similar to
tions were performed for the early morning period 00:30—the spectrum in Fig. 6) near the frequency 0.02Hz in this
01:30 UT (which corresponds to 04:30—05:30 LT) of 30 July case. It can be compared directly with the smoother behav-
2012, when the Richardson number was approximately equabr of the spectrum as a whole including low frequencies
to unity. A rather sharp change in the spectrum slope takesnd high frequencies under unstable conditions. A more de-
place in the vicinity of 0.03 Hz. tailed explanation of this fracture and its interrelation with
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Fig. 7. Two spectrda, b) of the same observation day (23 July) calculated for two-hour periods, each with different stability con¢ijions:
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1msL. It is seen in Fig. 8 that the characteristic slope of
the spectrum and its fracture are reproduced even in a sim-
ple model. The model complication and allowance for the
PBL height, speed profile and distribution of charges over

10

1

0.1
the probe sources will be a topic of further studies.
0.01
é 0.001
< 4 Conclusions
£ 0.0001
1E.005 We can conclude from the analysis results of the complex
electrical measurements with the use of sodar data that EF
1E-006 pulsation analysis serves as a powerful means of electrody-
namics/turbulence monitoring under different conditions. It
1E-007 is especially important that the number of AES generated
1E-008 S per time un_it is a convenient measure ofturbulenc_e intensity.
0.0001 0.001 0.01 0.1 1 AES magnitudes under stable conditions are relatively small,

except in special cases such as high humidity and fog. Dur-
_ ing a stable period, no or few AES are formed, while during a
Fig. 8. An example of the EF spectrum, generated by the flow of ¢4y ectively unstable period, 5-10 AES are formed per hour.
ﬁ:ehcéir'chfharges (probe sources) distributed over the layer of 100 My o0 1arity is very characteristic and is repeated from day
ght to day during the summer. It should be noted however that,
under stable conditions, from time to time AES form as well,
which indicates the appearance of occasional mixing events
the boundary layer parameters requires a more explicit thewith weak winds and strong stratification. These events, ac-
oretical consideration (respective approaches are discussembunting for a major fraction of the total vertical flux under
by Anisimov et al., 2001) and will be presented elsewhere.stable conditions, are reliably reflected in the electric field
We confined the present analysis to an example of the EPperturbations.
spectrum (Fig. 8), generated by the flow of electric charges The analysis of EF spectra gives additional useful informa-
(probe sources) and calculated on the basis of the approadion on the parameters of the atmospheric boundary layer and
suggested Anisimov et al. (2003) and Shatalina et al. (2005)its turbulence. A rather sharp change in the spectrum slope
Calculations using the Coulomb law have been performedakes place in the vicinity of 0.02 Hz under stable conditions.
for a number (18) of charged probe sources occupying the The characteristic slope of the spectrum and its change are
layer of 100 m in height. The charges of the sources and theeproduced in a simple model of EF pulsation formation. The
initial distribution over the horizontal coordinate were ran- model complication and allowance for the PBL height, speed
domly taken. The vertical velocity of the sources was equalprofile and distribution of charges over the probe sources will
to zero for simplicity; a horizontal wind speed was taken of be a topic of further theoretical studies, together with their

fHz
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coupling with experimental data for the PBL characteriza-Israelsson, S., Knudsen, E., and Anisimov, S. V.: Vertical profiles
tion and the development of new methods of its operative of electrical conductivity in the lowermost part of the turbulent
diagnostics. boundary layer over flat ground, J. Atmos. Terr. Phys., 56, 1545—
1550, 1994.
Kallistratova, M. A. and Coulter, R. L.: Application of sodars in

. . the study and monitoring of the environment, Meteorol. Atmos.
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