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Abstract. Noctilucent clouds (NLC) in the polar summer cold and dry environment of the polar summer mesopause
mesopause region have been observed in NorwayNE9 region Hervig et al, 2001). This region is characterized by
16° E) between 1998 and 2009 by 3-color lidar technique.mean temperatures being as low~ak30 K and by water va-
Assuming a mono-modal Gaussian size distribution we depor mixing ratios of just a few parts per million by volume
duce mean and width of the particle sizes throughout theg(ppmv) (e.gLiubken 1999 Seele and Hartogli999. Tem-
clouds. We observe a quasi linear relationship between disperature and water vapor in the polar summer mesopause re-
tribution width and mean of the particle size at the top of gion are driven by dynamical processes from global to local
the clouds and a deviation from this behavior for particle scales. Both scales are connected with gravity waves and
sizes larger than 40 nm, most often in the lower part of thewave breakdown, which can be seen directly in NLC dis-
layer. The vertically integrated particle properties show thatplays Witt, 1962 Fritts et al, 1993. Existing just at the edge
65% of the data follows the linear relationship with a slope of of feasibility, NLC properties are extremely sensitive toward
0.42+0.02 for mean particle sizes up to 40 nm. For the verti- changes of their environment (e.g., temperature, water vapor,
cally resolved patrticle propertiea¢ =0.15km) the slope is or dynamical parameters like wave activity). We report on
comparable and about 0:89.03. For particles larger than observations of particle properties by multi-color lidar per-
40 nm the distribution width becomes nearly independent offormed in Northern NorwayRaumgarten et al2008. We
particle size and even decreases in the lower part of the layeimvestigate in detail the mean and the width of the size dis-
We compare our observations to microphysical modeling oftribution and compare the results to microphysical model-
noctilucent clouds and find that the distribution width de- ing of NLC to identify the processes affecting especially the
pends on turbulence, the time that turbulence can act (cloudistribution width. Besides the microphysical aspects these
age), and the sampling volume/time (atmospheric variabil-observations are important for the interpretation of other in-
ity). The model results nicely reproduce the measurementstruments sounding the particle size of NLC. For most instru-
and show that the observed slope can be explained by eddyents the particle size is retrieved under the assumption of a
diffusion profiles as observed from rocket measurements. predefined and constant distribution width (eBgiley et al,
2009 Robert et al.2009. From our measurements we show
that this assumption needs to be revisited.

In the following section we will briefly describe the obser-
vation method, including the data analysis procedure, and the

Noctilucent clouds (NLC: also called polar mesosphericmic:rophysical model focused on the sensitivity study used
' for interpretation of the observations. In Se8twe will

clouds, or PMC, when seen from space) are an intriguing op- he ob . din Sd ill di he ob
tical twilight phenomenon which can be observed through-preser_'tt e observations and in . (W'e.w' 'SCl.JSSt € 0b-
out the summer months, most often at latitudes poleward of€rvations as well as the underlying microphysical processes.
5C° (e.g.Thomas1984 Gadsden and Sobder, 1989. NLC

consist of water ice particles which form in the extremely
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2 Instrument, method and model the layer, while mature particles are expected at the layer bot-
tom.

2.1 Lidar
2.2 CARMA

Lidar measurements of NLC particle properties were per-
formed with the ALOMAR RMR-lidar in Northern Nor- The community aerosol and radiation model for atmospheres
way (69 N, 16 E). Throughout the NLC season (1 June to (CARMA) is a microphysical model developed over the past
15 August) from 1998 to 2009 the lidar was operated when-30 years, and has been applied to a wide variety of problems
ever permitted by the weather. Laser pulses at three widelyanging from cloud physics to aerosols. The model origi-
separated wavelengths (355 nm, 532 nm, 1064 nm) are eminates from a stratospheric aerosol code developetflbgo
ted, scattered back by air molecules and particles in the atmeet al. (1979 and Toon et al.(1979. CARMA was first ap-
sphere and collected by telescopes with a diameter of 1.8 nplied to the physics of mesospheric ice particlesToyco
The received light is recorded by single photon counting de-et al. (1982, and then further developed by several authors
tectors. After separation of particle and molecular signal,(e.g.Jensen and Thoma$994 Rapp et al.2002. For the
the particle properties are calculated by comparison to modeurrent study, we use results from a large number of simu-
eled optical particle signal8aumgarten et al2007. The lations using a one-dimensional version of CARMA which
method is appropriate for the analysis of a mono-modal sizehave been described in detail Rapp and Thoma&006);
distribution consisting of non-spherical particles, where theRapp et al(2007).
radius is that of a volume-equivalent sphere. Throughout
this manuscript we use results for cylindrical particles and
an assumed Gaussian-shaped size distribu8@mger and 3 Observations
von Zahn 2002 Rapp and Thomaf00§. We analyze the
particle properties throughout the NLC layer where the NLC The ALOMAR RMR-lidar has been operated for 3972 h dur-
signal is larger than twice the measurement uncertainty:  ing the NLC seasons from 1998 to 2009 whereof about 1680
BszanmNLc(z) > 2 x ABsz2nmnic(z), with 8 being the  hours contain signatures of NLC. A detailed description of
backscatter coefficient antig the corresponding measure- the NLC dataset and the mean particle properties can be
ment uncertainty. The measurements of NLC are analyzedound in Fiedler et al (2009 andBaumgarten et a(2008
for particle sizes only when in addition the measurementrespectively. The lidar is designed as a twin system and mea-
errors of the color ratio€ R; nic = Bi.NLc/Bs32nmnLe are  surements can be performed at two different locations sep-
small. In detail:AC R106anmnLc(z) < 0.08 and arated by about 40 km at NLC altitudBgumgarten et al.
AC R3s5nmNLe(z) < 1.0. These limits were found to give a 2003. For the particle soundings we treat these as indepen-
good compromise of the precision of the single measurementlent observations. This data set was analyzed with a tempo-
and the number of measurements analyzed. ral resolution of 14 min. In total this results in 22 820 sound-
To enhance the signal to noise ratio, the data throughoutngs that could be analyzed for particle properties. Due to
the layer are processed in different ways: Minimal averag-instrument developments the number of particle size sound-
ing using a sliding binomial filter with FWHM =475m and ings has increased since 2005. About 92% of the size mea-
150 m sampling (method 1). Segmentation of the layer intosurements were performed in the years 2006 to 2009.
top, peak and bottom part (method 2). Usage of the vertically In Fig. 1 we show the retrieved widthsY and the mean
integrated signal (method 3). For the segmentation of the(r) of the particle size distribution, color-coded as two di-
layer (method 2) we use the following algorithm: The peak mensional probability distribution relative to the maximum.
range is defined to be the altitude range above and below he figure shows results for the total dataset sampled with
the peak backscatteringBrfax= Bsz2nmnLc(zmax)) Where  the highest possible resolution (method 1). The ensemble
Bsz2nmNLc(2)>0.7 X Bmax.  The top and the bottom parts of particles withr =31 nm ands =13 nm occur most often
of the layer are calculated by summing up the significantand hence show the highest probability density. The mean
backscattering above or below the peak range. We regardistribution width for different particle sizes, calculated by
the NLC signal to be significant when it is larger than twice binning the sizes in 2.5nm steps, is also shown in the fig-
the measurement uncertainty. Further details on the analydre. We find two different relationships between distribu-
sis of the vertical structure throughout the NLC layer can betion width and mean radius: For particle sizes below 40 nm
found in Baumgarten and Fiedl¢2008. While method 1  width and radius are strongly correlated, while for larger par-
shows the particle properties at the highest possible resoluticle sizes the distribution width is nearly constant. To give a
tion, method 3 should be more comparable to other soundingimple function for this behavior, weighted linear regressions
methods (e.g. nadir viewing satellite instruments). Method 2were performed for these two particle size ranges.
allows to study different aspects of the cloud microphysics. The weight of the regression is defined by the measure-
As the cloud particles fall through the atmosphere while theyment uncertainty, in case of the size-binned mean (black-
grow, younger particles should be found above the peak ofed curve in Figl) we use the statistical error of the mean.

Atmos. Chem. Phys., 10, 6663668 2010 www.atmos-chem-phys.net/10/6661/2010/



G. Baumgarten et al.: Size and distribution width of NLC 6663

Table 1. Particle properties and slop§)(of the fit for different analysis methods/layer parts. I: Vertical integral, H: Highest resolution, T:
NLC top, P: NLC peak, B: NLC bottom. The probability of finding particle soundings close to the fitted st@%4) is listed in column

onfit. The probability for finding particle ensembles where the width is smaller than expected from the fit is listed in columntyelod.

(s) are the mean radius and mean width, respectivghim andssonm give the width at =35 nm and-=50 nm, respectively. The width of

the layer is shown in columnz and the number of measurements is found in the last column. Cloud type “all” includes all clouds observed,
while “statistic” denotes clouds WitBmax> 4x10~19m~1 sr~1 used for statistical studies (e Baumgarten et 412008.

Typ Method Cloud S_40nm S>40nm  onfit below (r) (s)  $35n1m ssonm Az Number
(1] (1] (%] [%] [nm] [nm]  [nm] [nm]  [km]

all  0.42+0.02 —0.084+0.02 65.4 31.1 42.8 13.8 148.9 15.5:0.1 2.13 1909
all  0.39£0.03 0.0030.008 70.1 285 456 14.0 138.1 14.#0.2 0.15 22820
all  0.4H0.02 —0.05:0.02 78.2 19.9 37.3 12.8 13D.9 14.80.1 0.92 865
all 0.44t0.02 —-0.08:0.02 61.2 37.2 44.8 139 1409 15.40.1 0.76 1928
all  0.44t0.03 —0.08+0.02 49.1 49.2 55.0 15.0 14tD.1 16.80.2 0.65 898

statistic 0.46:0.03 —0.074£0.02 57.0 415 43.9 14.1 14tD.2 15.4:0.2 2.10 1640
statistic 0.39-0.03 0.0030.008 69.4 29.3 45.8 140 13*B.1 14.40.2 0.15 22232
statistic 0.420.02 —0.05+0.02 76.7 21.9 37.3 12.8 13D.8 14.#40.1 0.90 808
statistic 0.4%0.02 —0.09+0.02 56.0 425 46.1 14.0 14t0.1 15.3:0.1 0.76 1667
statistic 0.440.03 —0.10+0.02 47.2 51.0 55.7 15.1 14tD.1 16.8:0.2 0.63 851

WU I— WUHdI-—
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40 1'03 sults are shown in Fig2. The mean vertical extent of the
0.83 NLC top, peak and bottom parts are 0.92km, 0.76 km and
Q . .
30 = 0.65km, respectively. For all layer parts we find a strong
0'68 correlation ofs andr for mean sizes up to 40 nm. The slope
= 4T varies only slightly throughout the layer from 0.41 to 0.44
£, 20 ' §_ for the cloud top and bottom respectively. At the mean size
n 0.23 of aboutr =40 nm the relationship betweerandr changes
] = and we find a decrease of the mean distribution width with
10 = . . . .
= increasing-. To estimate how well the mean slope describes
= the whole dataset we have calculated the fraction of particle
--------------------------------------------- soundings that deviate by more than 25% from=S_ .
% 20 40 60 80 100 g y b fI9M=S.<4onm

We find that 79% (top), 63% (peak) and 51% (bottom) of
all particle soundings are compatible with the mean slope

) , . L ) ~ (S<40nm)- Deviations from the mean slope are mostly caused
Fig. 1. 2-d_|m¢ns!onal probablllty distribution for mean particle size by larger particles located below the mean slope.
(r) and distribution width ) throughout the NLC layer sampled We h . tioated th ical ticl
with 150 m range resolution (method 1). The black-red curve in- . ' ¢ Nave Investigated the vertical mean particle proper-

dicates the mean distribution width for 2 nm particle size bins, thell€S by averaging the signal over the full altitude range
errorbars denote the d-variability. The white-blue line is a error- ~ (Method 3). In Fig3 the vertical extent of the sounding vol-
weighted fit to the data for mean particle sizes below 40 nm. Theume is about 3-10 times larger than in Flgand includes
dashed lines indicate the range for the slef&5%. The red-white  the vertical gradient of the mean particle sizes (c.f. B)g.
line indicates an fit to the data fer>40 nm. Nevertheless we also find for the vertically integrated sig-
nal that about 65% of the observations are compatible with
the mean slope of _40nm=0.42:0.02. The results for the
The resulting slopes ar&-4onm=0.3%0.03 forr<40nm  different analysis methods applied to the complete set of ob-
and S>40nm=0.003:0.008 for r>40nm. We observe a servations are summarized in TabléNe apply the analysis
strong dependence ofandr for mean sizes below about to two different cloud classes, “all” and “statistic”, where the
40 nm, while the mean distribution width is constant at aboutjatter only includes clouds Witmax > 4x10-°0m=1sr 1,
s =(14.7£1.5) nm for particles from 40 to 100 nm. While clouds withBmax < 4x10719m~1sr ! could bias the
We have investigated the/r behavior for different parts trend analysis due to year-to-year changes in the instrument
of the layer (method 2), as it is shown by observations andsensitivity the particle properties are still reliableiedler
model simulations that there is a strong vertical dependencet al, 2003. For the highest resolution the signal quality al-
of the particle properties (e.gon Savigny et a). 2005 lows calculating particle sizes for particles larger than 20 nm,
Hervig et al, 2009 Baumgarten and Fiedle2008. The re-  while the small particle size limit is 14-16 nm for the peak
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Table 2. Particle properties and slop&)(of the fit for different cloud classes and analysis methods. I: Vertical integral, H: Highest resolution,
T: NLC top, P: NLC peak, B: NLC bottom. The probability of finding particle soundings close to the fitted @84 is listed in column

onfit. The probability for finding particle ensembles where the width is smaller than expected from the fit is listed in column below. Further
explanations are given in caption of Tafile

Typ Method Cloud S_40nm S>40nm  onfit below (r) (s) s35nm s50nm Az Number
(1] (1] (%] [%] [nm] [nm] [nm] [nm] [km]

faint 0.410.02 0.1#0.07 825 16.7 36.1 125 139 142 235 269
weak 0.41#0.03 0.0#0.05 775 212 369 125 138 13.8 2.23 320
medium 0.4%0.03 —0.02£0.03 66.3 32.7 40.3 134 144 149 221 526
strong 0.440.04 -0.15:0.02 529 419 49.1 151 150 16.0 1.97 794

faint 0.39:0.03 0.08£0.2 94.2 5.8 36.3 135 13.6 157 0.15 588
weak 0.3£0.03 —0.0310.02 89.3 10.3 38.7 134 133 14.8 0.15 2079
medium 0.320.03 0.004:0.01 81.4 17.9 405 136 132 148 0.15 6057
strong 0.48:0.03 —0.0010.08 59.5 394 49.1 143 13.3 147 0.15 14096

3
3
3
3
1
1
1
1
2 faint  0.36£0.06 0.2+0.6 84.2 123 374 127 140 17.0 1.25 57
2 weak 0.420.03 0.1%#0.09 883 11.7 36.8 13.1 139 17.5 0.98 111
2 medium 0.450.02 —-0.02:0.03 749 251 36.6 126 140 148 1.02 243
2 strong 0.440.02 —-0.03:0.03 70.7 28.4 37.8 129 13.8 13.7 0.82 454
2
2
2
2
2
2
2
2

faint 0.4%0.02 —-0.00:0.07 84.7 142 36.3 128 13.7 16.1 0.1 261
weak 0.480.03 —0.02£0.04 79.3 195 37.3 124 134 140 0.78 328
medium 0.420.03 —0.10+0.03 68.1 29.4 416 138 139 149 0.77 524
strong 0.420.04 —-0.10£0.02 49.2 46.4 525 148 150 16.0 0.74 815

faint  0.44:0.07 0.040.04 76.6 234 423 141 140 16.0 0.95 a7
weak 0.4&0.04 0.0#0.04 65.8 33.3 428 139 141 16.0 0.82 111
medium 0.440.02 —0.10+0.02 55.9 43.7 47.0 142 137 154 0.73 245
strong 0.420.04 —-0.20£0.01 33.1 655 629 157 146 18.0 0.54 495

oOo@®ww voovyo 1444 I ITITTI ————

or the integrated layer. Comparing Figto Fig.3 shows that  piled in Table2. The distribution widths for two fixed mean
the methods 1 and 3 — both calculating the average relatioparticle sizes (35 nm and 50 nm) are explicitly listed in the ta-
betweens andr for the whole NLC observations — produce ble. The widths for 35 nm mean sizes for analysis methods 2
different results. For example the slofSesonm is zero for  and 3 are usually larger than that of method 1, which uses
method 1 bufS>40nm= —0.084+0.02 for method 3 similarto  the highest vertical resolution and hence the smallest sound-
the slope at the cloud bottom. One reason is that for method &g volume.

particle properties at the bottom of the cloud have a higher
weight as for method 1. For method 1 all particle properties
throughout the layer have the same weight, independent of

.the partlgle size. It should bt_a noted that the vertical Welght-We have analyzed CARMA simulations for 792 different
ing function depends on the instrument (wavelength) used to

. . . : combinations of temperature 2B and eddy diffusion (tur-
g;@Egﬁ:'gﬁhﬁ?gggﬁa&g{\?vrmlgee;iiléfgg%wlzurther bulence) to study the effect of background variability on the
Additionally we have performed the analysis lseparaterNLC. particle pro.perties. These are the same model runs as
for different NLC brightness classes (e.Biedler et al. previously descnbed_and d|scus§edeypp et aI(ZOQ'o n
. the context of modeling color ratios observed by lidar. The
2003. We gbservg a .S|m|lar.slope for all cloud classes key questions to be addressed with the help of these model
and do not find a significant difference for weak to strong

louds. The slope depends slightly on the analysis methogos -\ .
clouds. The slope depends sughtly on the ana ys'_s me 0(iil) What is the cause for the increase of distribution width
where the smallest sounding volume (method 1: 475m

. with increasing particle size?
FWHM smoothing length) shows the lowest slope, about . .
: . ' 2) What parameters do determine the slope of this increase?
10% smaller than the slope of the vertically integrated Iayer.( ) b P

From weak to strong clouds the number of particle soundings(g) Why does the distribution width stop growing at about

2
that follow the mean slope varies from 89% for weak <:Iouds40 nm
to only 33% for strong clouds at the NLC bottom. The results

for the different analysis methods and cloud classes are com-

Model results and discussion

Atmos. Chem. Phys., 10, 6663668 2010 www.atmos-chem-phys.net/10/6661/2010/
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Fig. 4. Mean size and width of the particle size distribution at
the peak of the layer for several CARMA simulations with varying
temperature (referencel0K) and HO (referencex0.3-3) back-
ground conditions. The red symbols show results from the first 24 h
of simulation, while the blue ones show results from 24-48 h.

(4) What process does cause a decrease of distribution
width for large particles?

In Fig. 4 we show the model results for varying temper-
ature and HO but the turbulent eddy diffusion profile of
the reference case, discussed in detaRapp and Thomas
(2006. We observe that the model shows a correlation of
mean and width, similar to the lidar observations. In the
model the distribution width increases until the mean par-
ticle size has reached about 60 nm. Furthermore we observe
that the distribution width decreases for larger particles for
“mature” clouds i.e., after more than one day of model sim-
ulation. This result is compatible to the lidar observations

throughout the NLC layer (method 2). Panels a to ¢ show the cIouolWh(':'re we find the deviations from the correlation of width

properties from top to bottom of the layer.
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Fig. 3. Mean and width of the size distribution of the signal ver-
tically integrated over the entire NLC layer (method 3). Further
explanations see Fig.

www.atmos-chem-phys.net/10/6661/2010/

and mean size in the lower part of the layer. Here we expect
to find the oldest (“mature”) particles. Figudealso shows
that for smaller particles-(< 40 nm) the distribution width of
the ensemble for clouds older than one day is slightly larger
than that during the first day.

In Fig. 5 we show the mean model results for varying tur-
bulence strength. The eddy diffusion profile of the model ref-
erence case was multiplied by factors of 0.1 and 10, respec-
tively. This set of parameters was based on observations of
energy dissipation rates that varied about one order of mag-
nitude from the meanL{ibken et al.2002. It is notewor-
thy that the turbulence occurrence rate reaches about 90%
at 88 km and is tightly connected to the mesopause altitude
(Rapp and kibken 2003 their Fig. 7). Even in the altitude
range of 82km to 86 km the turbulence occurrence rate is
about 20% to 50%. We expect that eddy diffusion of less than
0.1times the mean (i.e. absence of turbulence) is not applica-
ble for NLC growth. Otherwise turbulence must be virtually
absent throughout the whole time needed to grow NLC par-
ticles from a small nucleus till they can be detected by lidar.

Atmos. Chem. Phys., 10, 66682010
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the peak of the layer for several CARMA simulations with vary-
ing backgrounq conditions. Solid red, green and blue lines indicatq:ig_ 6. NLC particle size and eddy diffusion profile for the refer-
results for varying turbulence for the reference, the reduced and thg yce case (blue, lower scale). The profile was derived by fitting a

enhanced case. Dashed and dotted lines indicate 10K higher angassjan to the data publishedLiiibken(1997). Thick black line
10K lower temperatures, respectively. The thick black line depictsyepicts an idealized altitude profile of the mean particle size com-

the size-binned mean distribution width as shown by the fit lines inpinad from data used in this paper (below 85km), and from radar
Fig. 1. Thin black lines indicate the range of observations ahd measurements (above 85 krhj ét al., 2010.

r.

dence of eddy diffusion and particle size also shows a poten-
We observe that elevated turbulence also increases the sloggl mechanism for an upper limit of the mean distribution
of the curve. Furthermore the turbulence strength defines thgjidth. As the turbulence strength decreases below 88 km but
maximum distribution width reached. For example the refer-the partide size increases, we can expect a decrease in the
ence case asymptotically approaches a width of about 15 nmproadening of the distribution due to turbulence. For exam-
similar to the width observed by the lidar. For mean parti- ple the mean particle size of=40nm is reached at an alti-
cle sizes larger than 40 nm the cases with enhanced or reude of about 84 km, where the eddy diffusion is onl95%
duced turbulence are larger or smaller than the mean widtlyf the peak value.
observed by the lidar. For smaller particle sizes the case with varying turbulence might also be responsible for the dif-
enhanced turbulence on the other hand agrees quite well witferent slopes observed fer= 40 nm in Fig.1 to Fig. 3. We
the observations. The observations with the largest distriphserve that method 1 shows a zero slope fo0 nm while
bution width compare well to the model results with the 10 methods 2 and 3 resulted in negative slopes throughout the

times enhanced turbulence, but occur less often. Similarlyjayer. When looking at the size distribution with the high-
the observations with the smallest distribution width agreeest vertical resolution, we find a larger fraction of clouds

with those with reduced turbulence. It should be noted thatyith large particles and high distribution widths. This re-
also mixing due to gravity wave breaking might increase thegyits in a zero slope far >40 nm at the highest resolution
distribution width but has not been treated in NLC models (method 1) while the two other methods show a negative
yet (e.g.Liu and Gardner2004. As wave mixing is notin-  sjope forr >40 nm. From the model calculations we realize
cluded in the model, the eddy diffusion of the reference casghat distribution widths larger than about20 nm originate
might underestimate the broadening of the size distributionfrom elevated turbulence. It was previously observed that
due to vertical mixing. elevated turbulence can occur in narrow layexs &1 km,

In Fig. 6 we show the eddy diffusion profile and the ideal- Strelnikov et al. 2003. Such narrow layers might be vis-
ized vertical structure of the particle size. We have extendedble in the high resolution data but suppressed when aver-
the lidar observations of the particle size above 85 km by re-aging the data vertically (methods 2 and 3). The analysis
cent measurements of particle sizes in PMSE (Polar Mesoef different cloud classes (Taki# shows that for methods 2
sphere Summer Echos) by radar. Further discussion abowtnd 3 the slope is typically negative for strong clouds and
the comparison of radar and lidar results can be foundiin ( for medium clouds at the cloud peak and bottom. So for
et al, 2010. Due to the combination of strong eddy diffu- those cloud classes we observe less clouds with large parti-
sion and a gradient in the particle size, turbulent mixing cancles and a wide distribution but more clouds with large par-
increase the particle distribution width. The altitude depen-ticles and a narrow distribution. This might indicate that

Atmos. Chem. Phys., 10, 6663668 2010 www.atmos-chem-phys.net/10/6661/2010/
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large particles in medium or strong clouds occur more oftenAcknowledgementsie gratefully acknowledge the support of
with reduced turbulence. On the other hand we often ob-the ALOMAR staff and helping to accumulate the extensive data
serve a decrease of distribution width for particle sizes largeset of NLC observations. The observations were supported by a
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ior might change. One reason could be the changing vertical
gradient in the mean particle size, causing eddy diffusion toggjteq ny: S. Buehler

mix volumes of comparable particle sizes. Even more, parti-

cles could be mixed downward at the cloud bottom, without

upward mixing from below, since particles falling below the
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