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Abstract. Laboratory experiments were carried outin aver- 1 Introduction

tical wind tunnel to study the retention of different atmo-

spheric trace gases during riming. In the experiments, theéPrecipitation in tropospheric mixed-phase clouds where ice
rimed ice particles floated in a laminar air stream carryingparticles and supercooled liquid drops are simultaneously
a cloud of supercooled droplets with radii between 10 andpresent is mostly initiated via the ice phase. Processes lead-
20 um. Ice particles, dendritic ice crystals, and snow flakesng to the growth of ice particles to precipitation sizes are the
with diameters between 6 mm and 1.5 cm were allowed todiffusion of water vapor (Bergeron Findeisen process) and
rime at temperatures betweerd and—12°C where riming  riming, i.e. the deposition of liquid droplets on ice particles
mainly proceeds in the atmosphere and with cloud liquid wa-such as frozen drops and ice crystals (Pruppacher and Klett,
ter contents between 1 and 1.5 ghwhich are values typi- 1997). An important aspect of the riming process lies in the
cally found in atmospheric mixed-phase clouds. Three tracdield of cloud chemistry: The retention of water-soluble trace
species were investigated, nitric and hydrochloric acid, andgases during riming represents a way of scavenging via the
hydrogen peroxide. They were present in the supercooledce phase. Only a fraction of the trace species is transferred
liquid droplets in concentrations from 1 to 120 ppmv, i.e. from the impinging liquid droplets into the ice, the rest being
similar to the concentrations measured in cloud drops. Theeleased back into the gas phase. Thus, the retention of trace
chemical analyses of the rimed ice particles allow one to degases is affecting their partitioning between the phases, scav-
termine the trace species concentration in the ice phase. Taenging and life time, and their pathway in the atmosphere. As
gether with the known liquid phase concentration the reten-an example, KO, is produced mainly in the lower and mid-
tion coefficients were calculated in terms of the amount oftroposphere but model studies indicate that it could reach the
the species which remained in the ice phase after freezing. ltipper troposphere if it is released during freezing processes
was found that the highly soluble trace gases, nitric and hy-at high altitudes (e.g., Mari et al., 2000). Thus, the,HiDd-
drochloric acid, were retained nearly completely (98386 getis significantly impacted by either a complete wash-out of
and 99.249 %, respectively) while for hydrogen peroxide a H,0O, in deep convective clouds because of its high solubility
retention of 64.311 % was determined. No influence of the or by partial release back to the gas phase during ice forma-
riming temperature on the retention was found which can betion (e.g., Prather and Jacob, 1997). In model simulations,
explained by the fact that in the observed range of temperSalzmann et al. (2007) found that the retention coefficients
ature and liquid water content, riming proceeded in the dryof highly soluble trace gases are essential for their scaveng-
growth regime. ing and re-distribution in the upper troposphere.

In field measurements, higher amounts of trace species
were found in rimed snow samples than in unrimed sam-
ples which confirm the importance of riming for precipitation
chemistry in mixed-phase clouds (e.g., Borys et al., 1988,

Correspondence ta\. von Blohn Collett et al., 1991; Harimaya and Nakai, 1999). Laboratory
BY (vonblohn@uni-mainz.de) studies support this conclusion because trace gases like SO
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HNOj3, HCI, and NH; are taken up by ice crystals in signifi- 2 Experimental methods
cantly lower amounts than by water drops (e.g., Mitra et al.,
1990; Diehl et al., 1995, 1998; Hoog et al., 2007). Thus,2.1 Vertical wind tunnel
riming might be the major process to incorporate these trace
gases into the ice phase. The experiments were performed in the Mainz vertical
The retention coefficients are affected by the characteriswind tunnel which allows free levitation of hydrometeors
tics of the trace gases (Stuart and Jacobson, 2003). Highlydroplets, ice particles, ice crystals, snow flakes, hailstones)
soluble gases such as HyY@nd HCI are almost completely from micrometer to centimeter sizes at their respective ter-
dissociated in water so that ions are hardly able to leave theninal velocities in a vertical air stream. Single events can be
liquid phase. This should lead to a high retention of theseobserved under controlled temperatures betweetC3and
gases. In comparison, gases such ag NHSG, are notthat  —30°C, dew points from-40°C to saturation (ambient tem-
highly dissociated in water, while 4Dy, for instance, is al- perature) and wind speeds from 10cmsip to 40ms?.
most not dissociated but only dissolved in water. For thesd~or its entire range of air speeds the tunnel shows a turbu-
trace gases one would expect lower retention during riminglence level of less than 0.5% (Vohl, 1989). More details
All the mentioned species were investigated earlier in sev-of the wind tunnel design and construction can be found in
eral laboratory studies; however, these led to controversiaPruppacher (1988) and in the review articles of $Hakt
results. Iribarne et al. (1983) measured a retention of 25 %al. (2010) and Diehl et al. (2011).
for SO, while Lamb and Blumenstein (1987) found 1t012%  The present experiments were carried out in a way simi-
only. Later Iribarne et al. (1990) determined an even higherar to those carried out recently where the collection kernels
retention for SQ of 60 %. For B0y, Iribarne and Physnov  of ice particles and riming droplets have been investigated
(1990) determined 100 % retention but Snider et al. (1992)von Blohn et al., 2009). During the experiments presented
measured 25 % only and Snider and Huang (1998) observeHere single ice particles, crystals, or snow flakes grew by
5%. The uncertainties of measurements indicated by theollision within a cloud of supercooled droplets which was
authors were below 10% (absolute values). Thus, thes@roduced upstream of the observation section by an array of
strongly deviating values were probably caused by differ-sprayers. The sprayers were installed on the walls of the mix-
ences in experimental conditions which were in some caseig chamber of the wind tunnel to prevent freezing of the
quite far from those occurring in the real atmosphere. Somesprayer nozzles. Thus, the temperature of the droplets was
of these studies were performed in a cloud chamber with im-above @ C when they entered the wind tunnel; however, by
paction cylinders or rotating rods as riming objects; in othersthe time they reached the experimental section their temper-
flat collecting surfaces were used. In some cases the rimature was in equilibrium with the air temperature of the wind
surface was ventilated. tunnel. The size spectrum of the cloud of liquid droplets was
Thus, the goal of the present investigation was to study thedetermined inside the experimental section with a Classi-
riming process under simulated more realistic atmospherical Scattering Aerosol Spectrometer Probe (CSASP, Particle
conditions: Ice crystals and particles have been freely oMeasuring Systems) and shows droplet radii between 4 and
at least captively floated in the Mainz vertical wind tunnel 22 pum with a median volume radius of approximately 15 um
at their terminal velocities ensuring that the ventilation co- (for more details see von Blohn et al., 2009). The condi-
efficient during the experiments has the correct magnitudetions during the experiments were similar to those typical for
From these experiments and the subsequent chemical anaiming in atmospheric mixed-phase clouds, i.e. temperatures
yses of the melt water, more precise retention coefficientfrom -5 to -12°C and liquid water contents lying between 1
were expected. The measurements were performed in thand 1.5gm? (Pruppacher und Klett, 1997). It was shown
wind tunnel with ice particles and snow flakes which grew that in these observed ranges of temperature and liquid wa-
by collecting supercooled droplets. The supercooled dropletser content the growth of the ice particles proceeds in the dry
with radii between 10 and 20 um contained dissolved tracegrowth regime (von Blohn et al., 2009). That means that de-
species. In the present study, nitric acid (HNwydrochlo-  spite the increase of the surface temperature of the rimed ice
ric acid (HCI), and hydrogen peroxide £8,) were used. particles by the release of latent heat, the surface temperature
Retention near 100 % was expected for the highly solubledefinitely stays below 8C. Therefore, liquid drops colliding
gases nitric acid and hydrochloric acid which were investi- with the ice particle freeze immediately after contact.
gated first. This way earlier results could be confirmed for
validation of the adopted experimental methods and for de2.2 Liquid phase concentrations
tailed error analysis. Afterwards, hydrogen peroxide was in-
vestigated for which earlier investigations gave widely differ- During the experiments described here, the liquid droplets
ing retention coefficients. In a forthcoming study, the trace contained defined concentrations of the trace gas to be stud-
gases sulfur dioxide and ammonia will be considered. ied (HNGs, HCI, or H,O2). Non-volatile salts were added to
the solution as tracers (N804, KH2POy, or KNO3). These
tracers remained entirely within the droplets during freezing
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Table 1. Composition of the riming droplets with solved gases an

salt tracers (erroes3 % maximum).

11571

d large uncertainties in the measurements. Therefore, the ex-
periments were performed mostly with captively or quasi-
floating ice particles and crystals.

nitric acid solution1  solution2  solution 3 In a first set experiments with any of the three trace
species (HN@, HCI, or H,O,) were carried out with cap-
HNO3 120ppmv. 12ppmv 120 ppmv ti\r/)ely floagting ice particles of Zabout 8 mm in diameter wr?ich
NapSOy (tracer) 70 ppmv 10 ppmv - h . .
H,S0y (tracer) _ B 10 ppmv were tethered using a very thin nyI(_)n fiber. Thus, they_ were
freely movable in the air stream while supported at their free
hydrochloricacid ~ solution1  soluton2  solution3  fg]| velocities so that heat transfer between ice particle and
HCl 90ppmv  50ppmv 17 ppmv environment could take place in a way similar to that occur-
NapSOy (tracer) 120ppmv 70 ppmv 20 ppmv ring in the real atmosphere. Along the nylon fiber negligible
hvd id ution 1. ution 2 heat conduction occurs so that the tenjperfature of th(_e ice par-
ydrogen peroxide  solution solution ticle was not affected by the connecting fiber. The ice par-
H,05 10 ppmv 1ppmv ticles were prepared inside the walk-in cold chamber of the
KH2PQy (tracer)  40ppmv  — Mainz wind tunnel laboratory in small moulds in a way that
KNOg (tracer) - 0.4 ppmv deionised and distilled water froze around the nylon fiber.
NapSQy (tracer) - 0.8 ppmv Afterwards, the ice particle was transferred to the wind tun-

nel inside an isolated box which was mounted at a connection

so that the amount of liquid water deposited on the ice parP0rt on the wind tunnel wall. From there it could be moved
ticles could be determined afterwards, using the method ofoWards the centre of the tunnel while hanging from a thin
Iribarne and Physnov (1990). In that way errors caused bJOd' The ice particles were weighted before and after riming
evaporation of the droplets could be compensated (detailéo determine the initial ice mass and the collected rimed mass

in next section). Table 1 shows the concentrations of gasel® calculate the dilution of the collected sample. The cap-
tively floating ice particle was continuously exposed to a su-

and tracers in the droplet solutions during our experiments. : : -
As much as possible, the concentration of the trace gase;gercooled droplet cloud of the investigated solution and was

in the liquid phase was chosen similarly to concentrations2/lowed to rime for 15 to 20min.  Subsequently, the rimed

found in atmospheric cloud droplets. Field measurements off@uPel was taken out of the wind tunnel section and put into
HNO; (measured as NDin cloud water) range from 0.5 a small sample container and analyzed upon melting. Simul-
to 100 ppmv with average values between 12 and 19 ppmVtaneously, a Teflon rod was rimed in the experimental section
cloud water concentrations of HCI (measured as)@ke be- to get a pure rime ice sample without an ice core. From this
tween 0.1 and 110 ppmv with mean values of 6 to 40 ppmVreference sample the evaporation of the riming droplets on
(e.g., Fomer et al., 1985: Warneck, 2000; Pruppacher andtheir way from the sprayers to the experimental section was
Klett, 1997; Neal et al., 2007). Thus, for nitric and hy- detérmined via the tracer concentration.

drochloric acid, the experimental liquid phase concentrations " @Second sebf experiments, dendritic ice crystals were

of 12 and 120 ppmv, and 17, 50, and 90 ppmv, respectivel;}’,sed' They were produced fro_m Qelonlsed water in a deposi-
(see Table 1), were on the order of the average and maximurion growth chamber installed inside the walk-in cold cham-

concentrations measured in cloud water. Regardipgsi  Per (see, €.g., Diehl etal., 1998; Hoog et al., 2007). In case
cloud water concentrations are much lower with average valf thé H2O02 experiments, composites of ice crystals were as-
ues around 0.1 ppmv and maximum 0.5 ppmv (e.g., Sauer gtembled to yield large snow flakes of about 1 to 1.5 cm diam-
al., 1996; Valverde-Canossa et al., 2005). In this case, the ligEte" Each snow flake was transported to the wind tunnel on
uid phase concentrations used in the experiments, i.e. 1 anj €0arse meshed net of extremely fine nylon fibers inside an

10 ppmv (see Table 1) were up to one order of magnitude'SOIatEd box. This box was mounted at the wind tunnel con-
higher because lower liquid phase concentrations produce§€ction port, the net was moved into the centre of the tunnel,

too low concentrations in rime ice leading to large uncertain-2nd the air speed in the tunnel was set in such a way that
ties during analysis. the snow flake was quasi-floating on the net. Thus, the wind

speed was equal to the terminal velocity of the snow flake.
When exposed to the riming droplets, the snow flakes sam-
pled a large number of supercooled droplets because of their
Performing the experiments with completely freely floating large surface area which reduced measurement uncertainties
small ice particles as described in von Blohn et al. (2009)during analysis. After a riming time of 15 to 20 min the net
did not lead to good statistics for accurate results. Thewith the rimed snow flake was moved back into the insulation
time periods to freely suspend frozen drops were too shorbox and re-transferred to the walk-in could chamber avoiding
to accumulate sufficient material that allows an acceptablecontact with tunnel walls to minimize contamination. There,
level of accuracy in the analyses. However, preliminary testdt was put into a sample container where the rimed snow flake
with HNO3z and HCI indicated that this caused unavoidable melted.

2.3 Experimental description
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In case of HN@ and HCI thesecond sebf experiments  the droplets into water and oxygen. Therefore, the liquid
was performed with freely floating dendritic ice crystals of phase concentrations had to be corrected. When the droplets
approximately 6 mm length. Each of them was transportedwere released from the sprayers into the tunnel they cooled
to the wind tunnel on a fine net inside the insulation box. Af- down from positive temperatures ne&x@to the experimen-
ter the box was mounted at the tunnel, the net was movedal temperature between5 and—12°C. This temperature
into the centre of the wind tunnel and turned upside downadaption time was calculated according to Pruppacher and
so that the ice crystal fell off ending up freely floating in Klett (1997) and found to be on the order of a second. As
the air stream. After a riming time between one and twogenerally all reaction rates are decelerated at low ambient
minutes, the ice crystal was extracted from the wind tunneltemperatures it was assumed that after reaching the ambient
section with a cuvette that was brought into the experimen-air temperature the loss processes slowed down so that they
tal section through an air lock. In order to collect sufficient could be neglected until the droplets rimed on ice. Thus, the
ice mass for a reasonable chemical analysis, 3 to 5 rimednaximal desorption and decomposition was to be expected
ice crystals had to be put together in one sample box. As aluring this first second just after the solution was sprayed
minimum amount of liquid is required for the analysis 500 out from the bottle container. The amount of reduction was
wl pure distilled water was added to the samples. Becauseéetermined from a detailed sprayer statistics before starting
of this dilution, these experiments could be performed onlythe riming experiments. The solution concentrations before
with the maximum concentrations of HNOr HClinthe so-  entering the sprayers and directly after leaving the sprayers
lution droplets (50 and 120 ppmv). In the case efd4, even  were compared so that the actual liquid phase concentra-
with higher concentrations in the liquid phase, the amounttion present during riming could be determined. These mea-
of retained material in the ice phase was below the detectiosurements indicated that on the average between 16 % (with
limit. higher liquid phase concentrations) and 37 % (with lower lig-

As in the first set of experiments, pure rime ice samplesuid phase concentrations) o8, concentration were lost
were taken in the experimental section on a Teflon rod. Fronduring sprayer atomization.
these reference samples both the dilution of the collected In cases of HN@and HCI, the retention coefficie® was
rimed snow flakes and the evaporation of the riming dropletscalculated from the concentration of the collected sample af-
was determined via the tracer concentration. ter riming Csampie, the liquid phase concentratiafqg, the

To summarize, the riming experiments with Hj@nd  collected mass of the rimed samptg .., the rime mass
HCl were performed using captively floating ice particles andmrime, the liquid phase concentration of the trac&faclig.
freely floating ice crystals. Experiments with €&, were per-  and the concentration of the tracer in the reference sample
formed with captively floating ice particles and quasi-floating Ctrac ref @ccording to the following equation
snow flakes. R=— Csamplemsamplectraqliq @

2.4 Chemical analyses and evaluation Ciiq  mrime  Ciragref

The second term on the right-hand side of Eq. (1) represents
The retention coefficients of HN HCI, and O, were  the dilution factor accounting for the dilution of the sample
determined from the amount of the species in the melt wa-y the pure ice core, and the third term represents the evapo-
ter of the grown ice particles, crystals, or snow flakes, andration factor due to changes of the liquid phase concentration
the amount of the species in the supercooled liquid dropletsby evaporation of the supercooled droplets.
The amounts of the tracer materials gS&y, KH2PQy, or In case of HO,, the retention coefficient was calculated
KNO3) in ice were used to correct errors caused by evap{from the concentration of the collected sample after riming
oration of droplets on their way from the sprayers to the Csampie the liquid phase concentratidiq,spray the concen-
experimental section. Nitrate, chloride, sulfate, and phos+ration of the tracer in the reference sam@lgygref, the con-
phate were determined by ion chromatography (DIONEXcentration of the tracer in the collected sampleicsample
2000i and DIONEX ICS-1000) using appropriate separa-and the liquid phase concentration of the tra€ggciiq ac-
tion columns, suppressors, and eluents. Hydrogen peroxideording to
was analyzed by high performance liquid chromatography
(HPLC) equipped with a spectrofluorometric detector. R=

Regarding the liquid phase concentrations in the super-  Clia.spray CtracsampleCtracref
cooled droplets, these were stable during the experimenti the first term on the right-hand side of Eq. (2)iq was
in case of HNQ@ and HCI because they are completely dis- replaced withCiiq, spray Which is the liquid phase concentra-
solved and dissociated in the liquid and, therefore, do notiion measured directly after the sprayers. This way the liquid
easily desorb (Pruppacher and Klett, 1997). However, the sitphase concentration was corrected because inside the sprayer
uation was different with KO, dissolved in the supercooled nozzle the HO; concentration was reduced by decomposi-
droplets as it is not stable in the liquid phase but tends tation. The second term on the right-hand side of Eq. (2) rep-
desorb from the solution droplets and to decompose insideesents the dilution factor accounting for the dilution of the

Csample Ctra(; ref Ctra(;liq (2)
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Table 2. Retention coefficients of nitric and hydrochloric acid and
hydrogen peroxide. | jL
] = ) =17
retention standard 104 e s o mr e
coefficient deviation S ‘ ' T HA
(el_verage vaI_ue (of all b To- i
with measuring data) 2
error) ‘(;’ 0.8 )
o
nitric acid (HNQ;) >
ice particles captively floated ° 1
12 ppmv 0.95+0.07 0.04 ® HNO, liquid phase concentration: 12 ppmv
120 ppmv 1.02+0.08 0.04 064 ©  HNO, liquid phase concentration: 120 ppmv
ice crystals freely floated
120 ppmv 0.99:0.08 0.03 T T T T T T T T T T T

hydrochloric acid (HCI)
ice particles captively floated

17 ppmv 1.014+0.09 0.05 . . - . .
90 ppmv 0.97+0.08 0.04 Fig. 1. Retention coefficient of HN@ as a function of ambient

ice crystals freely floated air temperature, determined with captively floating ice particles
90 ppmv 0.99-0.08 0.04 rimed with solution droplets of two concentrations (black circles:
12 ppmv, open circles: 120 ppmv).

temperature in °C

hydrogen peroxide (yD2)
ice particles captively floated

1 ppmv 0.74+0.11 0.11 12—

10 ppmv 0.60+0.10 0.16

snow flakes quasi-floated

1 ppmv 0.52:0.10 0.15 l l

fficient
°
-
3
——
S—
——
B
—

sample by the pure ice core, and the third term represents the
evaporation factor due to changes of the liquid phase concen-
tration by evaporation of the supercooled droplets.

10N COo€e

0.8 4

retentsi

average temperature -10°C

3 Experimental results 056

3.1 Nitric and hydrochloric acid

T T T T T T T T T T T T T
S1 s2 S3 S4 S5 S6 s7

The retention coefficients of the HN@xperiments for cap- sample of ice crystals

tively floating ice particles are shown in Fig. 1 as a func-

tion of the ambient air temperature for two concentrationsFig. 2. Retention coefficient of HN@ determined with freely

of HNOj3 in the riming droplets of 12 ppmv (black circles) floated ice crystals rimed with solution droplets with a concentra-
and 120 ppmv (open circles). All values are around a reteniion of 120 ppmv. Several samples at an average air temperature of
tion coefficient of 1 within their errors and do not show any —10+2°C.

temperature dependence. In Fig. 2 the retention coefficients

measured with freely floated ice crystals and a liquid phase

concentration of 120 ppmv are given for an average temperWere spread around 1, as it has been observed ford-{s2
ature of—10+2°C. All data are again spread around a reten-Fig. 2).

tion coefficient of 1. In case of the HCI experiments, the re- Each data pointin Figs. 1 to 4 and all following figures rep-
sults for the captively floated ice particles are plotted as funcresents one measurement. The errors of the temperature mea-
tion of the air temperature in Fig. 3. Two concentrations of surements were-1.5°C; this value represents the standard
the liquid phase concentration are explored, namely 17 ppmweviation of the temperature during the riming time. The de-
(black circles) and 90 ppmv (open circles). Similar to the vice error of the used temperature sensors #wa5°C. In
case of HNQ (see Fig. 1), all values are around the retention Table 2 the mean values of the retention coefficients deter-
coefficient of 1 and no temperature dependence has been omined by different techniques and with various liquid phase
served. Figure 4 shows the retention coefficients of freelyconcentrations are listed with errors which were calculated
floated rimed ice crystals and a liquid phase concentratiorusing the Gaussian error computation. The following factors
of 90 ppmv for an average temperature-ef0+2°C which are taken into account for these calculations: device errors
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121 ice particles with 12 ppmv liquid phase concentration and a
T value of 1.02:0.08 with 120 ppmv liquid phase concentra-
T 1 tion. For the freely floated ice crystals with a HiyGquid
1 phase concentration of 120 ppmv, a retention coefficient of
G e R b e 1 0.99+0.08 was determined. Obviously there is no difference
‘ P T T between the results using ice particles or ice crystals. The
J‘ﬁﬁ | | ) results obtained with higher liquid phase concentrations are
slightly higher than the ones with lower liquid phase concen-
trations; however, the deviation lies within the measurement
error. Thus, in spite of the differences in liquid phase con-
centrations or experimental methods, one average value has
been derived from all data.
In the experiments of HCI with captively floated ice parti-
cles a retention coefficient of 1.8D.09 was measured with
48 A6 A4 42 0 B 6 4 2 0 a liquid phase concentration of 17 ppmv and @:9708 with
temperature in °C a liquid phase concentration of 90 ppmv. For freely levi-
tated ice crystals with an HCI liquid phase concentration of
Fig. 3. Retention coefficient of HCI as a function of ambient 90 ppmv a retention coefficient of 0.28.08 was found. No
air temperature, determined with captively floating ice particles significant differences between liquid phase concentrations
rimed with solution droplets of two concentrations (black circles: or experimental methods were observed so that here, too, all
17 ppmv, open circles: 90 ppmv). data have been taken into account to yield an average value.
Finally, average values from all experimental techniques and
liquid phase concentrations are298% retention for HN@
and 10@:9 % for HCI.
For both trace gases, varying the temperature did not lead
l to very different retention coefficients. This can be explained
l it by the fact that in the observed ranges of temperature and lig-
1 l l J uid water content riming proceeded in the dry growth regime.
T J That means liquid drops colliding with the ice particle freeze
J J immediately after contact so that during this fast freezing
process the chance of dissolved species to be released back
to the gas phase is reduced. As long as this is the case, the re-
average temperature -10°C tention coefficients do not show significant variations for dif-
ferent temperatures. Increasing ambient temperature and/or
liquid water content would lead to riming in the wet growth
regime, i.e. freezing would proceed much more slowly so
U A S e e e L B e that the dissolved species are more likely to leave and re-
enter the gas phase before being trapped in the ice.

1.0

0.8

retention coefficient

® HCl liquid phase concentration: 17 ppmv
064 O HCl liquid phase concentration: 90 ppmv

1.2+

—_

1.0

-
—_
—_

0.8

retention coefficient

sample of ice crystals
3.2 Hydrogen peroxide
Fig. 4. Retention coefficient of HCI, determined with freely
floated ice crystals rimed with solution droplets with a concentra- Experiments with HO, were performed with captively float-
tion of 90 ppmv. Several samples at an average air temperature dhg ice particles and with quasi-floating snow flakes. Fig. 5
—10+2°C. shows the retention coefficients determined with captively
floated ice particles rimed with 4D, solution droplets of
two different concentrations (1 ppmv given as black circles,
of the balances and the ion chromatographs, and calibratioand 10 ppmv given as open circles) plotted as function of
errors. The error bars in the figures represent the results ahe ambient air temperature. The retention coefficients mea-
these computations. The column on the right hand side givesured with quasi-floating snow flakes rimed with solution
the standard deviations of all sampled data from the meamiroplets containing 1 ppmv #, as a function of temper-
values. For nitrate and hydrochloride acid, it can be seerature are shown in Fig. 6. For both cases, there is no no-
from Table 2 that the estimated errors caused by the measur¢iceable temperature dependence. It can easily be seen from
ment techniques are higher than the standard deviations frorigs. 5 and 6 that the scatter of the data is much higher than
the scatter of the data. In case of Hi® retention coeffi-  for the other two investigated trace gases. In Table 2 it is evi-
cient of 0.95:0.07 was determined for the captively floated dent that the standard deviations affected by the scatter of the
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1.0 - conditions lower retention coefficients are to be expected be-
] [ cause freezing proceeds more slowly so that a higher amount
= = [ of the species might be excluded from the ice phase.
087 £ | ‘ The mean values of the retention coefficients feOp are
= a I | L ] given in Table 2 as 0.740.11 for 1 ppmv liquid phase con-
S o6 =TT — T centration and 0.600.10 for 10 ppmv liquid phase concen-
§ : —— tration. For the quasi-floated snow flakes rimed with 1 ppmv
5 %_ﬁ_ - % solution droplets a retention coefficient of 0459.10 was de-
£ 044 S S termined. It seems that the retention coefficients for lower
© concentrations are slightly above the values for higher con-
e H.0, liquid phase concentration: 1 ppmy centrations but only in the case of captively floating ice par-
024 o H,0, liquid phase concentration: 10 ppmv ticles. The retention of quasi-floating snow flakes measured
——— with the lower liquid phase concentration does not confirm
i 14 s e = . 4 this observation. However, the deviations are within the mea-
temperature in °C surement error. Thus, independent of the experimental meth-

ods and liquid phase concentrations, an average value of the

Fig. 5. Retention coefficient of KO, as a function of ambient air  retention was determined to be-541 % for H0.
temperature, determined with captively floating ice particles rimed

with solution droplets of two concentrations (black circles: 1 ppmv,

open circles: 10 ppmv). . . . .
P ppmv) 4 Discussion and comparisons to earlier results

10 - 4.1 Nitric and hydrochloric acid

084 trations, the mean retentions ared49% for HNOz and

100+9 % for HCI. These numbers are in good agreement
06 ‘ h:;[ with the results of Iribarne and Physnov (1990) who found
' | ﬁiL l%f:h retention of 99-2 % for HNOs; and 10@-3 % for HCI. These
1 + L j%— two trace gases are highly soluple in water apd aftervyard_s,
—Tl:%% strongly dissociated so that their release during freezing is
% —_— hardly possible. Thus, retention coefficients near 1 are to be
expected which was also shown in the theoretical investiga-
0.2 tions of Stuart and Jacobson (2003, 2004). They concluded
. . . . . . . that chemicals with very high effective Henry’s law constants
18 16 14 12 10 5 © -4 (such as nitric and hydrochloric acid) are likely to be fully
temperature in °C retained during riming under all freezing conditions. Thus,
independent of the experimental techniques adopted in ear-
Fig. 6. Retention coefficient of 5O, as a function of air tempera-  lier investigations and those employed in the present studies,
ture, determined with quasi-floating snow flakes rimed with solution the results are very similar. The fact that the retention deter-
droplets with a concentration of 1 ppmv. mined for HCl is always slightly higher than the one mea-
sured for HNQ could be considered as an indicator of the
effective Henry's law constant. Stuart and Jacobson (2003)
data are in the range of the errors caused by the measuremegdiculated these for dry growth riming (which has been ob-
techniques, which were calculated using the Gaussian errogerved in the present experiments, see von Blohn et al., 2009)
computation. In particular, the data measured with captivelyand found an effective Henry’s law constant of 440 for
floating ice particles with higher liquid phase concentrationsHCI| and a lower value of £10'3 for HNO3 (at pH=4 and
show more fluctuations (see Fig. 5). T =0°C).

Similar to the experiments with HN$and HCI, varying As the retention is dependent on the effective Henry's law
the temperature did not lead to any significant changes of theonstant (Stuart and Jacobson, 2003, 2004) which in turn
retention coefficients because riming proceeded in the drys affected by the concentration of the solution (the higher
growth regime. However, in some cases with captively float-the solute concentration, the lower the pH and the effective
ing of graupels a slight reduction of the,@, retention co-  Henry’s law constant) one should expect less retention with
efficient was observed at the higher end of the temperaturdigher liquid phase concentrations. However, the measure-
range. The rimed ice also showed a smoother surface indiments do not confirm such a trend. On the contrary, slightly
cating an onset of semi-dry growth. Thus, for wet growth higher retention was determined with higher liquid phase

From all experimental techniques and liquid phase concen-

0.4

retention coefficient
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Table 3. Comparison of retention coefficients determined under various experimental conditions.

Retention coefficients (average values)

Experimental conditions Hydrochloric acid Nitric acid Hydrogen peroxide
(HCI) (HNGg) (H205)

no ventilation 1.00+0.03 0.9%:0.02 1.06:0.10

LWC:5gm3

(Iribarne and Physnov,

1990)

wind speed: 9-24 mg - - 0.24+0.07

LWC: <0.4gnt3
(Snider et al., 1992)

wind speed: 9-24 nig! - - 0.05:0.02
LWC: <0.4gnt3
(Snider and Huang, 1998)

wind speed: 2-3 ms! 1.00+0.09 0.99:0.08 0.64:0.11
LWC: 1-1.5gnr3
(present experiments)

concentrations but this observation lies within the systematicSnider et al. (1992) the unventilated conditions above the ice
error of the measurements. One may conclude that the influsurface could affect a local build-up 0£B; so that the am-
ence of liquid phase concentration on the retention of HNO bient concentrations and subsequently the liquid phase con-
and HCI with their high effective Henry’s law constants is centrations were higher than assumed.

not significant. Snider at al. (1992) and Snider and Huang (1998) per-
formed field laboratory measurements in winter cap and oro-
4.2 Hydrogen peroxide graphic clouds at a remote mountain-top site. The ambient

temperature ranged fromb to —15°C, the liquid water con-

The average value of #D, retention, independently of the tent was between 0.05 and 0.4 gt They collected rime
experimental methods and liquid phase concentrations, waie on different samplers. The equilibriumy@; concentra-
64411 %. This value of HO, retention does not agree with tions in the supercooled liquid droplets were calculated from
any of the previous findings the reasons for which can be eximeasurements of gaseous and aqueoi3;Htemperature,
plained by considering the experimental conditions (see Taand liquid water content (Snider et al., 1992). Using a rotat-
ble 3). ing dual-arm wire grid a retention of 24 % was determined

Iribarne and Physnov (1990) who measured 100 % retentSnider at al., 1992) while only 5 % retention was measured
tion utilized a chamber located in a cold room where liquid With a system of five cylindrical rods (Snider and Huang
droplets with an average diameter of 39 um fell downwards(1998). The authors argued that in the latter case the sam-
to a thin ice layer which was kept at temperatures betweerPling cylinders were much broader and the droplet deposi-
—5 and—12°C. The liquid water content was 5gT the  tion velocities were smaller both leading to lower retentions.
liquid phase concentrations were in the range of 30 ppm andn comparison to the Iribarne and Physnov experiments the
3x10%ppm. A temperature effect on retention was not ob-authors mentioned that their own measurements were per-
served by Iribarne and Physnov (1990) although they menformed under strongly ventilated conditions, with smaller
tioned wet growth conditions at higher temperatures and drydroplets and lower liquid water contents which might ex-
growth at temperatures lower thar8°C. These experiments Plain the significantly lower retention coefficients they found.
had two major features that differ from realistic conditions. They speculated that retention during riming on freely falling
(1) a flat cooled surface was used instead of the round surice particles will be again different because ice particles col-
face of a frozen drop or a Comp|ex surface of ice Crysta]sJeCt cloud droplets at lower velocities, they are less ventilated
and (2) there was no ventilation during riming. Both factors than in their field experiments, and cloud droplets are usually
could lead to higher retention coefficients. The use of a flatlarger than the ones in orographic clouds.
cooled surface leads to an unrealistic heat transfer from the Indeed, the present average value of 64 % is higher than
droplets thereby accelerating the freezing process and affecthe values measured by Snider et al. (1992) and Snider
ing higher retention. Furthermore, as already supposed bynd Huang (1998) but lower than the result of Iribarne and
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Physnov (1990). By comparing the different conditions of surement error one might conclude that the determined aver-
the experiments two factors are important: the liquid wa-age retention coefficient should be valid also for lower atmo-
ter content and the ventilation. The Iribarne and Physnovspheric liquid phase concentrations.
(1990) laboratory experiments were characterized by high
liquid water contents (5 gm?) and no ventilation of the ice
surface both leading to high retention. The field experiments5 Conclusions
by Snider (1992, 1998) indicated low liquid water contents
in the orographic clouds (less than 0.4g¥hand strong In the present studies, laboratory experiments were per-
ventilation on the mountain top (wind speeds 9 to 241)s  formed at the Mainz vertical wind tunnel to investigate rim-
both affecting low retention. During the present experiments,ing of individual freely floating ice particles. As several pre-
the liquid water content was 1 to 1.5 gthwhich is a typi-  Vious investigations resulted in controversial values of the re-
cal value for mixed-phase clouds where riming will proceed tention coefficient, the goal was to simulate the riming pro-
rather than in orographic clouds. The ventilation during thecess as closely as possible to the atmosphere. While the ice
experiments was realistic because the ice particles were floaparticles were freely or at least captively or quasi-floating
ing as in atmospheric clouds, i.e. the wind speed in the tunne@t their terminal velocities in the vertical air stream of the
was between 2 and 3m& Thus, one might conclude that tunnel, the ventilation and, thus, the heat transfer proceeded
the present result represents a value under realistic conditiorig a realistic manner. The investigated ranges of temperature
in atmospheric mixed-phase clouds. and liquid water content were typical for atmospheric mixed-

In their theoretical model of chemical retention during hy- phase clouds where riming proceeds.
drometeor freezing Stuart and Jacobson (2003, 2004) calcu- A critical point might be the fact that the experiments were
lated a retention indicator of 1 for 4@,, which matched performed under nearly laminar conditions. Earlier inves-
the result of Iribarne and Physnov (1990) but was not val-tigations at the wind tunnel confirmed that the collisional
idated by Snider at al. (1992), Snider and Huang (1998)growth of cloud droplets is affected by turbulence (Vohl et
and the present experiments. However, according to Stua@l., 1999). Riming is the corresponding process in the ice
and Jacobson (2003, 2004), the effective Henry’s law confhase and might be influenced by turbulence as well, particu-
stant which accounts for dissociation should be an impor-arly as graupel is formed mainly in convective clouds where
tant forcing factor. The retention cannot be explained by thethe turbulence intensity is high (Weil et al., 1993; Pruppacher
Henry's law constant alone. For instance, the Henry’s lawand Klett, 1997). However, no information regarding this is
constant is on the same order of magnitude for both NO available in the literature so far. On the other hand, unlike
and B0, (2.1x10° Matm~ and 6.9<10° Matm™1, respec-  collision coalescence droplet growth the riming collector par-
tively) while the 1st dissociation constant is orders of magni-ticle undergoes random motions during riming growth even
tudes different (220 M and 5:x110-12 M, respectively) (Stu-  under laminar conditions so that additional turbulence in the
art and Jacobson, 2003). Thus, both trace gases are highBmbient air might not have significant effects. Regarding the
soluble but while one is strongly dissociated the other isretention of trace gases, following the model of Stuart and
hardly dissociated which facilitates the expulsion back intoJacobson (2003, 2004) one should assume that if heat trans-
the gas phase during freezing. port from the drop is affected by turbulence this should also

Almost 100 % retention under all conditions could be ex- influence the retention. However, earlier wind tunnel studies
pected only for species with high effective Henry’s law con- of diffusional transport to drops showed that heat and mass
stants such as HNgand HCI. On the other hand, for species transport is not significantly affected by turbulence (Diehl et
with lower effective Henry’s law constants other factors suchal., 2000). Thus, it is conjectured that the influence of turbu-
as drop sizes, ventilation, and temperature become imporence on chemical retention is negligible.
tant. Thus, for HO, with an effective Henry’s law constant For nitric and hydrochloric acid, retention near 100 % was
of 1.5x10° (at pH=4 andT =0°C), i.e. several orders of expected because of their high solubility and dissociation in
magnitudes lower than the ones of Hhl@nd HCI, 100%  water. The results obtained with the wind tunnel experi-
retention are to be expected only under particular conditionsments verified earlier results and confirmed the experimen-
Those were obviously fulfilled in the Iribarne and Physnov tal methods. For bO,, lower retention is expected because
(1990) experiments but are not necessarily representative fdats effective Henry’s law constant is several orders of mag-
atmospheric clouds. nitudes lower than the ones of HNGind HCI. Results

As mentioned in Sect. 4.1, lower retention should be ex-from previous experiments ranged from 5 to 100 % due to
pected at higher liquid phase concentrations but was noexperimental conditions which were not well representative
found for the strongly soluble trace gases HN&hd HCI.  for freely falling riming ice particles in atmospheric mixed-
For the medium soluble trace gas®p this trend was ob- phase clouds.
served in the measurements in the case of captively floating No significant differences were found between the use of
ice particles but not confirmed in the case of quasi-floatingice particles and dendritic ice crystals as rimed ice. Fur-
snow flakes. As the deviations were still within the mea- thermore, the results did not show a temperature dependence
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which was explained by the fact that in the observed rangeDiehl, K., Vohl, O., Mitra, S. K., and Pruppacher, H. R.: A labo-
of temperature and liquid water content, riming proceeded ratory and theoretical study on the uptake of sulfur dioxide gas
in the dry growth regime. For wet growth conditions where by small water drops containing hydrogen peroxide under lam-
are expected. Therefore, average values for all investigated_zooo' _
conditions were determined: 98% retention for nitric '€ K., Mitra, S. K., Szakll, M., von Blohn, N., Borrmann, S.,
acid, 100:9 % for hydrochloric acid, and 6411 % for hy- and Eruppacher, H. R.: The Mainz vertllcal wind tunnel famhty.

i : A review of 25 years of laboratory experiments on cloud physics
drogen pero>§|de. The, I,atter neV\_/ average value mlght rgpre- and chemistry, In: J.D. Pereira (Ed.), Wind tunnels: Aerody-
sent a retention coefficient applicable to theoretically simu-

_ R namics, models, and experiments. Nova Science Publishers Inc.,
late the effects of the ice phase op®} gas concentration in Chapter 2, 2011.

the troposphere. Harimaya, T. and Nakai, Y.: Riming growth process contributing to
In the theoretical model of Stuart and Jacobson (2003, the formation of snowfall in orographic areas of Japan facing the

2004) chemical retention during hydrometeor freezing is de- Japan Sea, J. Meteorol. Soc. Jpn., 77, 101-115, 1999.

scribed based on chemical properties of the trace gases sué#©9. |- Mitra, S. K., Diehl, K., and Borrmann, S.: Laboratory

as solubility and dissociation; however, the model is not able studies about the interaction gf ammonia with ice crystals at

to explain different measured retention coefficients, in par- temperatures between 0 ar0°C, J. Atm. Chem., 57, 73-84,

ticular for hyd ide. In th t investigation . 200"
Icular for hydrogen peroxide. In the present investiga Ionlribarne, J.V., Barrie, L.A., and Iribarne, A.: Effect of freezing on

iF was the.aim to perform the riming prqcess as representa- sulfur dioxide dissolved in supercooled droplets, Atmos. Envi-
tive of riming in a natural cloud as possible and to integrate ron., 17, 1047-1050, 1983.

our result in the previous ones to come one step forward. Aribarne, J. V. and Pyshnov, T.: The effect of freezing on the com-
model which allows to predict retention under given physical position of supercooled droplets. - I. Retention of HCI, HNO
conditions has to combine various parameters such as liquid NHs, and HO2, Atmos. Environ., 24A, 383-387, 1990.

water content, drop size, temperature, and ventilation. Agdribarne, J. V., Pyshnov, T., and Naik, B.: The effect of freezing on
base of such a model more experimental data are required the composition of supercooled droplets —II. Retention of S(1V),

where retention is measured under various controlled envi- Atmos. Environ., 24A, 389-398, 1990.
ronmental conditions Lamb, D. and Blumenstein, R.: Measurement of the entrapment

of sulfur dioxide by rime ice, Atmos. Environ., 21, 1765-1772,
1987.
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