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Abstract. The droplet aerosol analyzer (DAA) was devel- composition, and the mixing state of the atmospheric aerosol.
oped to study the influence of aerosol properties on clouds. IThe first (Twomey) indirect aerosol effect describes changes
measures the ambient particle size of individual droplets andn cloud properties induced by changes in the properties of
interstitial particles, the size of the dry (residual) particles af-aerosol particlesWarner 1968 Twomey, 1974 Albrecht,
ter the evaporation of water vapor and the number concentrat989 Liou and Oy 1989 Lohmann and Feichtg2009. Itis
tion of the dry (residual) particles. A method was developedstill being debated as to whether changes in the microphysi-
for the evaluation of DAA data to obtain the three-parametercal properties of clouds also influence the amount of clouds
data set: ambient particle diameter, dry (residual) particle di-and liquid water content. These changes are also associated
ameter and number concentration. First results from in-cloudwvith changes in precipitation efficiency and thus cloud life-
measurements performed on the summit of Mt. Brocken intime (second indirect aerosol effeédbrecht 1989 Stevens
Germany are presented. Various aspects of the cloud—aerosahd Feingold2009.
data set are presented, such as the number concentration of This work deals with an instrument, the droplet aerosol an-
interstitial particles and cloud droplets, the dry residue par-alyzer (DAA; Martinsson1996, developed for experimental
ticle size distribution, droplet size distributions, scavengingstudies of the interaction between aerosol and clouds. This
ratios due to cloud droplet formation and size-dependent soinstrument was especially developed to study the interaction
lute concentrations. This data set makes it possible to studpetween aerosol particles and cloud/fog droplets. The DAA
clouds and the influence of the aerosol population on cloudsmeasures the ambient size of individual droplets and inter-
stitial particles, the size of the dry (residual) particles after
the evaporation of water vapor and the number concentra-
tion. This gives a unique three-parameter data set (ambient
1 Introduction particle diameter, dry (residual) particle diameter, and num-
ber concentration) for both cloud droplets and interstitial par-
Clouds affect the Earth’s climate in a number of ways: for ex-tjcles. The DAA can provide a direct relationship between
ample, they regulate the hydrological cycle and redistributecioyq droplet size and the size of its dry residue. Other in-
energy via the transport of water vapor and latent heat insrymentation for studying clouds, such as differential mobil-
the atmosphere. Many factors influence the macrophysicgy particle spectrometers (DMPS), optical particle counters
and microphysics of clouds. The macrophysics of C|0Ud5(OPC;Sorensen et 312011), the ground-based fog moni-
are affected by large-scale meteorological conditions suchq, (Spiegel et al.2012) or the counterflow virtual impactor
as updraft velocity, turbulent mixing or atmospheric layer- (cyi) that has a variable cut-off diameter for cloud droplets
ing. Cloud droplets form by the condensation of water va-petween 1 and 30 pnAqderson et a).1993 Noone et al.

por on aerosol particles. As a consequence, the microphysitggg Ogren et al.1985 Schwarzenboeck and Heintzenherg
cal conditions are influenced by the macrophysics, the parti-

cle number concentration and size distribution, the chemical
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878 M. Berghof: Inversion of DAA data for long-term AIC measurements

2000, cannot provide such a relationship, even when used in outdoor part
parallel. Ambient conditions

Previous studies with the DAA include thorough inter-
comparisonsCederfelt et a].1997 Frank et al, 1998 Mar- — Inlet

tinsson et al.1999 2000 with other cloud/aerosol instru- '
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ships between particle and cloud number concentrations and DMA 2c{ CPC 2c

cloud dynamicsNlartinsson et a).1997, 1999 as well as ob- Un:Ch
servations of validated cloud droplet number concentrations
reaching up to 3000 cnt (Martinsson et a) 2000). Findings Dryer

. . . _ i BiCh >
from previous DAA studies also include that fogs in polluted i
regions consisted of droplets that were not activatadrik i -»
etal, 1998. '

In order to improve the statistical description of the aerosolrig. 1. The principle of the DAA. Droplets and particles are pro-
impact on cloud microstructure for different dynamical situa- cessed in several steps by aerosol charging mechanisms in bipo-
tions, long-term measurements are needed. The previous velar (BiCh) and unipolar chargers (UniCh), diffusion drying (Dryer),
sion of the DAA required daily service to ensure high-quality electrostatic aerosol spectrometry (DMA), and counting in conden-
data. As aresult, the instrument was only used in experimentsation particle counters (CPC) in order to obtain the desired rela-
spanning a month or less. Here we present parts of new develionships.
opments of the DAA. The overall aims of the developments
are twofold: to improve the time resolution in the measure-
ments and to prepare the instrument for unattended long-terrthe droplets acquire a charge level dependent on their size
operation. The time resolution was improved by a factor ofwhile still at ambient conditionsHfank et al, 2004). Water
2 by changing method of voltage change in the differentialis removed in the dryer, described $jogren et al(2013,
mobility analyzers (DMA) used in the DAA, increasing the and the dry aerosol then enters the indoor part.
number of DMAs from seven to eight where the new DMA At this stage the charge level of the particles is related
provides more efficient coverage in terms of electrical mo-to their ambient size. The particles are selected according
bility, and by changing the DMA aerosol to sheath air flow to their electrical mobility in the first differential mobility
ratio. Methodology for long-term operation includes closed- analyzers (DMA 1a and 1b). The following combination of
loop sheath air circulation in all DMAs, automated dryers BiCh, DMA and CPC gives the electrical mobility of the
for cloud droplets §jogren et al.2013, automatic fill of lig- ~ Singly charged droplet residuals for a given dry diameter.
uid consumed by the particle detectors (condensation particl&nce the dry particle diameter and the electric mobility of the
counter (CPC)), regular, remote access to operational parantesidual particles are known, their charge state can be calcu-
eters, and logging of a large number of parameters. Thestated, which is then related to the ambient particle diameter
developments will be presented elsewhere. First results fronyia the calibration of the unipolar charger.
measurements at Mt. Brocken (Germany) between June and During operation of the DAA, the voltage of the
October 2010 will be shown here. These improvements mea®MAs 2a—f is fixed, while the voltage of DMA 1a and 1b is
that large amounts of data can be produced to study the intemaried over different charge levels from the unipolar charger.
action between aerosols and clouds for different aerosols andihe mobility step between each of the DMAs 2a—fis set to 2.
for differences in cloud dynamics. The data produced need tdhe mobility step in DMA 1a and 1b is set 62 so as to co-
be evaluated. The previous method was based on manual fiicide with the DMA 2 mobility of singly, doubly, quadruply,
of the DAA spectra. Here we present an automated methodetc. charged particles from the unipolar charger. This allows
ology to evaluate DAA data. The routine builds on the previ- for efficient detection of small particles carrying few elemen-
ous, manual, unpublished method. tary charges. From each DMA 1a and 1b voltage a set of six

measurements from DMA 2a to f are obtained.

2 The DAA instrument

3 DAA data evaluation
A schematic of the DAA is shown in Fid., and the instru-
ment is described in more detail Byrank et al.(20149. It An inversion technique was applied to the DAA raw data to
consists of an outdoor and an indoor part. Cloud droplets anabtain the three-parameter data set consisting of ambient par-
interstitial particles are collected in the outdoor part throughticle diameter, dry (residual) particle diameter and number
an inlet directed towards the wind. To achieve a well-definedconcentration. The basic variables were first calculated from
charge state, the aerosol is first passed through a bipolahe corrected raw data, resulting in the charge distribution
charger (BiCh) and then a unipolar charger (UniCh), wherecaused by the unipolar charger (Fig.for every dry particle
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M. Berghof: Inversion of DAA data for long-term AIC measurements 879

diameter measured. Based on the calibration of the unipo{Stolzenburg1988. Two parameters are used to character-
lar charger, a function can be derived to describe the relaize the imperfections of the DMAs. A broadening factor,
tion between charge distribution and ambient particle sizeu(< 1), describes the width of the transfer function leading
In the second step of the data evaluation this function is usedo a broader individual transfer function while conserving its
to extract the ambient particle diamet®y, and concentra- area. Particle loss is described by a loss fadtor 1), lead-

tion, Nycn, of particles and droplets entering the DAA cor- ing to a decrease in area while conserving its width. Both pa-
responding to each charge distribution and thus to each dryameters are specific to each DMA and were determined ex-
(residual) particle diamete),. The DAA three-parameter perimentally for 230 nm particles, as describeMiartinsson
data set thus consists of the ambient particle diamétgr, etal.(200J). The size dependence of both parameters was es-
the dry (residual) particle diametddp, and the number con- timated as described karlsson and Martinssof2003. The

centration Nych, in each dry particle interval measured. resulting parameters were averaged for each DMA over both
DAA runs, leading to an error of less than 0.5% due to the
3.1 Rawdata size dependence of Brownian diffusion. The estimates for the

eight DMAs are in the range = 0.87 to 100 andir = 0.81

During one measurement run the voltage of DMA 1a and 1by'1 oo Both DMA loss and broadening are accounted for in

is stepped over different charge levels, while the voltage ofg,ch charge distribution before the bipolar charge correction.
DMA 2a—fis fixed. As the transport times in the instrument is

— - A Another feature of the instrument is the size range cov-
known, itis possible to select steady-state data and to achievg,qq by each of the DMA 2a—f. During a run the voltage of

a time resolution of 10 min for one complete measurement. pyia 2a—f is kept constant and the mobility step between
Two measurement runs are performed at two differentoooh of the DMAs 2a—f is set to 2. In order to quantify

voltages of DMA 2a—f. The first run is performed at voltages ,o mobility distribution, each DMA measurement must be

representing small diameters (59 to 545nm) and the secongdynyerted to represent the DMA stepping factor used as de-
run is decreased by a factor ¢f2 in terms of electrical mo- scribed byCederfelt et al(1997).

bility, Zp, to increase the resolution in dry particle diameter
(75 to 776 nm). Both runs can be used independently, giving3.2.2  Bipolar charger correction
a time resolution of 10 min and a time resolution of 20 min

with full size resolution. The ambient particles and droplets entering the DAA are
The DAA raw data from each run consist of CPC raw charged, then dried and selected according to charge level
counts,Ncounts the CPC counting timegoung the high volt- in DMA l1a and 1b. Before entering the second series of

age of DMA la and 1b and DMA 2a-t/; the sheath air DMAS, the patrticles selected by DMA la and 1b are mul-
flow, Qsp; and the aerosol flonQ 46 for each DMA; as well  tiply charged in a bipolar charger.

as atmospheric pressuge,and aerosol temperatufge. The In order to correct for multiple charging, it was assumed
dry particle diameterDy; electrical mobility, Z,; electrical  that the influence of multiply charged particles larger than the
charge levelgpaa ; and the raw number concentratidvig, largest particle size measured in each run could be neglected.
can be calculated from this data set. This is approximately valid for size distributions showing a
rapid decrease in number concentration with increasing size,
3.2 Data correction which is usually the case for atmospheric aerosol at the max-

L imum sizes in the two different DMA runs (593 and 751 nm).
The DAA raw concentration is corrected for losses that OCCUrEq, gradients of a factor of 10 between the largest size and

after the second bipolar charger (losses in DMA 2a~). Cor-he gjze corresponding to a factor of 2 increase in electrical
rections are also made for particle losses in DMA 1a and 18y qpijity the error for the latter size will be less than 1 %. Due
that occur upstream of the bipolar charger. The loss-correcteg}, i strong gradient, this error will not propagate to smaller
concentration data are then corrected for multiple chargingj,eq Doubly and quadruply charged particles with a dry par-
in the second bipolar charger. The results are further coryicle diameter measured by a certain DMA 2af will have
rected after the inversion for minor losses in the dnio{ 5 pigher mobility. These will be detected by the DMA 2a—f
gren etal, 2013 and for deviations from isokinetic sampling - measuring the closest and second-closest smaller dry particle
of the inlet (Sect. 3.3). diameter. Their fractions were calculated based on the charge
distribution described ikViedensohlef1988.

To be able to correct for triply charged patrticles, a lin-
A perfect DMA can be described by an ideal, symmet- ear relation was _assumed between the_ concentration of
ric transfer function, which is triangular. Imperfections in [iPly charged particles and the concentration of doubly and
the DMA may result in broadening of the transfer func- duadruply charged particles. The fraction of triply charged
tion and losses of particlesartinsson et a).2003). Fur- particles,f (Dp, —3), can thus be included in the fraction of
ther losses and broadening due to Brownian diffusion carfl®UbPly, f(Dp, —2), and quadruplyf (Dp, —4), charged par-
cause the transfer function to be dependent on particle sizlCl€S:

3.2.1 DMA correction
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ticle size and the width of size modes. The strongest effects?
can be expected when the triply charged particle is at the peal “
of a mode. An aerosol with narrow aerosol modes was found :
in Hoppel et al(1996. The number concentration of triply DMA 2d, Dp=128 nm 2.9
charged particles close to the peak at 180 nm diameter will

5 I
be underestimated by 15 %. The effect on the only important V\L
result, i.e., the number of singly charged particles, would be < 0 DM 2e, Dp=85 nm
an overestimation by 1.4 %. Due to the dominance of single 2 /W
charge for still smaller particles, the error will not propagate.
For distributions with modes more narrow thanHoppel wk s & DMA 2, Dp=59'nm
et al. (1996 (Fig. 1), the error due to the approximation will sof j\/\

be larger. The charge distribution measured in each of the |
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DMA 2a-f is thus corrected by subtracting the determined 1 Nmberaf ey chages (] o
amount of doubly and quadruply charged particles from the
other DMA 2a—f channels. Fig. 2. Example of results obtained from data collected at Mt.

Finally, the concentration is corrected to standard labo-Brocken, one run from 31 August 2010, 00:53-01:03UTC. The
ratory pressure (1013.25hPa) and temperature (293.15 Kpjanels show charge distribution data from the DMA 2a—f, includ-

giving the charge distribution measured by the DAA, Ing the standard error for Poisson counting of the raw counts. In
NPAA (gpan) this example, one or two fits were performed for each DMA 2a—

f, which can be classified as interstitial particles and droplets. In
the top panel, showing the results from DMA 2a for the largest dry
particle diameter measured in this run, and in the two lowest pan-
dals, showing the results for the two smallest dry particle diameters
neasures (DMA 2e and 2f), there were insufficient particles and
droplets to allow for a fit. Note the varying scale on thaxes.

3.3 DAA inversion algorithm

After applying the above-described corrections, we obtaine
the corrected charge distribution of the ambient aerosol a:
measured by the DAA. Figurg shows the DAA data ob-

tained during one run for each of the DMA 2a—f with its cor-

responding dry particle diametedp. For small charge lev-  grithmetic mean charge level and the mean ambient particle

els (i.e., small ambient particles), singly and doubly chargedijameter in micrometers was calibrated in the size rant 0
particles can be observed, whereas particles with two cong, 17 um byFrank et al(2004, and has been used here:
secutive charge levels cannot be resolved higher up in the '

spectrum. In the next step, a function is fitted to the data, agy(g,) = —2.394+ (3.103+ 0.377x g2)* "'~ €)
shown in Fig.2. The function fitted is the resulting charge

distribution of droplets of a certain ambient particle diam-  Only particles becoming positively charged by the unipo-
eter Dy passing through the DAA system, using the ambi- lar charger will be detected in the system. To determine the
ent particle diameterDy, and the number concentration of ambient particle size and concentration, the fraction of singly
particles entering the unipolar charg®iych, as fitting vari-  and doubly charged particles must be detectable. This may
ables. The following section describes how this function isnot be the case for ambient particles with small diameters
obtained by first calculating the charge distribution down- at low concentrations, since the fraction of detected doubly
stream of the unipolar charger, and then the charge districharged particles may be too small. This leads to an error

bution downstream of DMA 1a and 1b and DMA 2a-f. when determining the ambient particle size. For ambient par-
_ ticles with a size ofDp = 50 nm, the error in ambient size is
3.3.1 Unipolar charger 10 % for a concentration ofd/dlogDp = 12.5 cnt 3.

h h | h - h h Large particles can be lost in the DAA inlet; thus the up-
\é\./ eln t i aeroso en:?rs the DAI/lAdltfflrstdpar?ses through g, limit was set to 25 pum. The calibration range is therefore
Ipolar charger to achieve a well-defined charge state. By, e hat smaller than the measurement range. The calibra-

passing the unipolar charging unit the aerosol acquires POS;on range was extrapolated Ifyank et al(2004 based on
itive charges depending on their particle diameter. The "eihe charging model presented bawless(1996
sulting charge distribution thus depends on the ambient size '

of the patrticles entering the DAA. The relation between the
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An « source, Cm-244, used to charge particles passing In the size range 0.61-3.15um, ambient particles and
through the unipolar charger. Since the half-life of this sourcedroplets acquire an arithmetic mean chargeyp& 2.82 to
is 18.1 years, the calibration performedfnank et al(2004 16.23. Here, a combination of normal and log-normal distri-
may have changed, since radioactive decay would have rebutions was used,
sulted in a decrease in the number of charges for a certain charger N
droplet size. Therefore, the ambient particle diameter usegk’[0~61*3-15 um (G1) = (10)

here may be _slightly undergstimated. However, this will not(l_ E(a) x dai Nuch exp _} i — qa 2
affect the main subject of this paper. gi qgi Nz 2 oa

3.3.2 Charge distribution downstream of the unipolar

Nucn IOQZ(gé)
h . d| N _— —_—— s
charger @) xdogn | oo <P\ " 2iod oy

The shape of the charge distribution downstream of the | ) ) ) )
unipolar charger depends on the ambient particle dize, for |n.teger charge bing; and the linearly increasing factor
of the entering particles. Calibrations show that the chargé(‘]i)'
distribution downstream of the unipolar charger for particless(qi) - (11)
smaller than 0.61 um follows a normal distribution, whereas
for particles larger than 3.15 um it follows a log-normal dis- 0’_ 282)/(16.23— 282 gisiz 2'82 16.23
tribution. Between these limits a linear combination of both (gi —2.82)/(16.23-282), 282 < gi < 16.23.
o 1, qi >16.23
distributions was used.
Ambient particles and droplets smaller tha®Dum ac- The resulting charge distribution downstream of the unipo-
quire an arithmetic mean charge beley =2.82. Their lar charger is used to calculate the charge distribution down-
resulting charge distribution downstream of the unipolar stream of both series of DMAs, as described below.

charger follows a normal distribution,
3.3.3 Charge distribution downstream of the DMAs
dNCharger

[<0.61 pm (4i) .
S PE—— The charged droplets downstream of the unipolar charger are
4 dried and passed through DMA 1a and 1b and one of the
Nuch exp(—} (qi — 61a)2> @ second series of DMAs (2a—f). The calculated charge distri-
5 ,

/27 0a bution downstream of the DMASfit, is then compared with
the measured DAA charge distribution.
for integer charge bing; and an arithmetic mean charge of |t is important to know the individual transfer functions

Oa

ga and standard deviation, of each of the DMAs in order to estimate the charge distribu-
1 tion downstream of the DMAs. Due to the width of the DMA
o= (Dg[pum] +2.394) 0771 — 3.103 ) transfer function when measuring a certain chaggg, par-
0.377 ticles within a certain charge rang@min, gmax] Will be se-
0a=+/0.28+1.51g,. (6) lected. The fraction of particles with charggs=1,2,...,n

measured in a certain charge biypaa, of the DAA can
Ambient particles and droplets larger than 3.15um ac-pe calculated by convolution of the transfer function of
quire an arithmetic mean charge greater th@r=16.23.  DMA 1a or 1b and the corresponding of the DMA 2a-f.
Their resulting charge distribution downstream of the unipo-These fractions can be expressed in the transmission matrix,

lar charger follows a log-normal distributiofri@ank et al. T, For an ideal DMA with a flow ratio ofae — % it can be
2009, derived as (here, only part of the matrix is given):
Charger ] 2.qi —
dN315um (9D Nuch ol log™(7,) 5 D= (V2.2.22. 4), (12)
dloggi V27 log(og) 2log? (o) |’ qi=(1,234567), (13)
qi
for integer charge bing; and a geometric mean chargeggf (“/é - =w2
and standard deviatian: T(gpan,gi) = qoma
v
g9 = —|ZZZ< : ®) @1 @.7)
eXp<Tg> 00360051 0 O 0 O
0 06670014 O 0 0 O
0g=1.99—0.027Dq, ©  =| o oossae3caos1 0 0 of (14)
0 0 0094 0667 0256 Q014 O

with Dg in pum.
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882 M. Berghof: Inversion of DAA data for long-term AIC measurements

This example shows that around 66.7 % of the particlesthe uncertainties in the DMA high voltage (estimated to be
with a charge ofg; =2 will appear in the DMA chan- 2 %), the sheath air flow (estimated to be 2%) and the ge-
nel corresponding to charggaa =2, 5.1% will appear ometrical dimensions of the DMAs (inner and outer radius
in the DMA channel corresponding to chargeaa = +/2, and electrode length) (estimated to be 5%). The uncertainty
and 3.6% in the DMA channel corresponding to chargein ambient particle diameter is estimated to be 12 %, due to
gpaa = 2v/2. uncertainties in the DMA high voltage (estimated to be 2 %),

The charge distribution downstream of the DMAs is the the sheath air flow (estimated to be 2 %), the geometrical di-
sum of the product of each row of the transmission matrixmensions of the DMAs (estimated to be 5%) and the cali-
T and the charge distribution downstream of the unipolarbration curve used for the unipolar charger (estimated to be

chargerN Chargeq ), 10 %). Additional uncertainty, at present not quantified, will
arise from the decay of the radioactive source in the unipo-
fiit(gpan) lar charger. The estimated uncertainty in the number concen-
- Z (T(qDAA, ai) x NCharge(qi)) (15)  tration dV/dlogDy, for each dry particle diameter obtained
i

from the fitted function is below 13 % for ambient concen-
) _ o trations above & /dlogDp, = 50 cnm3. This is due to the un-
The functionfs is the calculated charge distribution, as- certainties in the standard error for Poisson counting of the
suming thatNych particles and droplets of ambient parti- 4y counts, the uncertainty in aerosol flow (regulated by a
cle sizeDg enter the unipolar charger. Values of the coeffi- roportional-integral—derivative controller (PID), estimated
cientsNych and Dy can be found by nonlinear least-squares g pe 59), the correction for the mobility range covered (es-

curve fitting of the fit functionf'r; to the measured DAA data  timated to be 10 %), and the bipolar charge correction (esti-
NPAA (gpan). Itis possible to use more than one size for the mated to be 5 %).

ambient particles and droplets.
Having determined the values for the variabMsch and
Dy from the fit, it is possible to directly relate ambient par-
. : . . . 4 Results
ticle diameter, dry (residual) particle diameter and number

concentration. After fitting the ambient size distribution for each of the six

dry particle diameters measured, it is possible to calculate
the ambient particle and dry particle size distributions and

Nuch is the concentration of particles entering the unipolar several other parameters, as described in this section.
charger. In the last step of the data evaluation, losses in the .

DAA inlet must be accounted for. A wind vane, which con- 4-1  The capability of the DAA

sists of an exchangeable cone followed by & Bé&nd con-
nected to the unipolar charger unit, directs the DAA inlet to-

wards the wind. Three inlet cones are available, designed fo X .
isokinetic sampling at wind speeds of 2, 5 and 10th De- cloud measurements. An event with stable cloud conditions

pending on the actual wind speed, certain ambient particld31 August 2010, 23:30UTC, to 1 September, 01:30 UTC)
diameters may be over- or underrepresented in the sampleffas Selected to demonstrate the capability of the DAA. The
aerosol. To obtain the concentratiow, of particles entering  DAA directly relates ambient particle diameter, dry (resid-

the DAA inlet, the calculated concentration of particles en- ual) particle diameter and the number concentration, as, for

tering the unipolar charger obtained from the fit,ch, must example, shown in Fig3a. Interstitial particles (red) and

be corrected. The correction depends on the isokinetic sanroPIets (blue) can be identified. The cloud droplets were be-

pling speed of the inlet, the actual wind speed and the amiween 6 and 13 pmin diameter, and formed on particles in the

bient particle diameter of the aerosol particlés, and was size range 86 to 546 nm. The interstitial aerosol formed on
performed as described Belyaev and Levirf{1974 dry (residual) particles in the size range from 50 to 300 nm,
' and had ambient particle diameters from 0.13 to 1.1 um. The

3.4 Uncertainties three black lines in tha—y plane indicate the critical di-
ameter of activation according to Kohler’s theory for differ-

The uncertainties given here are based on laboratory tests. Ient volume fractions of ammonium sulfate in the particles,
tercomparisons with other aerosol/cloud sizing instrumenta-D\*;(AS). For large dry particle size, those lines can intersect
tion, which were undertaken with the previous DAA version the drop mode; this indicates that some of the cloud droplets
(Cederfelt et a.1997 Frank et al. 1998 Martinsson et al.  might not have been activated according to Kéhler's theory.
1999 2000, have not yet been undertaken with the new ver-Although the droplets formed on large dry particles might
sion. The DAA measures the number concentration, dry parnhot be activated according to Kohler’s theory, they would be
ticle diameter and ambient particle diameter. The uncertaintyarger than the activated droplets formed on smaller nuclei,
in dry particle diameter is estimated to be 6 %, and is due tcand should be regarded as cloud droplets. Both ambient and

3.3.4 Inlet correction

In 2010, the DAA was placed at the summit of Mt. Brocken

in the Harz region of central Germany to perform in-

Atmos. Meas. Tech., 7, 877886, 2014 www.atmos-meas-tech.net/7/877/2014/
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dry (residual) size distributions can be derived by projecting
the concentration onto the corresponding axis and dividing

e et by dlogDp or dlogDg as explained below.

Dy a0z For the selected event, 48 h back trajectories from Mt.
D a0 - Brocken were derived with the HYSPLIT modeDraxler

D 2 and Rolph 2013, as shown in Fig3. They show that the
— \ air arrived via southern Sweden and the Baltic Sea northeast

— ‘?gggg of Mt. Brocken, a region with an annual fine-matter aver-

E 1000l age (PMs) of less than 10 ug m? according to theEuro-

Z pean Environment Agencf2012. The air approached Mt.

Brocken via northeastern Germany from the north $B3Mf
10 to 20 pug m3) with an average wind speed of 10 mtsand
ambient temperature of°&, measured at the measurement
station on summit of Mt. Brocken.

The total number concentration of dry (residual) particles
from cloud droplets and interstitial particles in the dry par-

@ ticle size range 49 to 563 nm during the event was stable at

NOAA HYSPLIT MODEL 515+ 50 cnm3 with 4164 47 cnt 3 interstitial particles and
Backward trajectories ending at 0200 UTC 31 Aug 10 100+ 9cn3 droplets, as can be seen in FHig.
GDAS Meteorological Data During the event, droplets formed on particles that were
con i TR s 85nm and larger, i.e., mainly on accumulation mode par-
w . . . .
o nsigers ticles, the highest drop concentration being observed for
S Sy e Ty 168 nm particles (denoted by the blue circles in BjgSince
z B > accumulation mode particles have a long lifetime if not re-
o .. Do 1 moved by rainout or washout, their source region may be
n .
- Fingurg - southern Sweden as well as the Baltic Sea and northern Ger-
x Lo Koszalin SRR e = m any
Lubeck . . P
o R 7 i The scavenging ratio (number of cloud droplets divided by
3 BTe Oy o the total number concentration) can be obtained either from
\domapolsk, Polan . . . . . . . -
Ty =Eetin L pre-cloud size distribution combined with cloud interstitial
Bielefeld Brunsyrick ©Magdeburg . - . .
3 e Lo measurements or from size distributions of cloud droplet and
© Dartmund Halle & Rics S . age . .
e Germany SR comsen S interstitial part!c!es dry residuals. The former m_ethod suffers
d R S aiede e e O e from low precision due to problems of sampling the same
= e 1500 air mass, whereas the latter does not exactly describe the
s S 7 e oy size distribution of the aerosol entering the cloud due to the
= e —— = possible effect of chemical processing in clouds. Figire
opmt 0% eeme T % b shows the scavenging ratio of the latter kind. A steep rise
(b) for particles up to 150 nm can be seen, while for larger par-

ticles the increase is slower. A double sigmoid was fitted to
Fig. 3. (a) Concentration in each measured size intek&l of  the data (black line) and the diameter of 50 % activation of
droplets and residual particles as a function of ambient particle and| 30 nm is indicated (green vertical line). The scavenging ra-
dry particle diameter on 31 August 2010, 23:51UTC. The threeyjq i similar to that in previous studies Byenningsson et al.
black lines in theDp—Dy plane indicate the critical diameter of (1997, Martinsson et al(1999 andMertes et al(2009, the
activation according to Kohler's theory for different volume frac- steep ’rise indicating a higher degree of internally mi’xed par-

tions of ammonium sulfate in the particleBy; ). The projec- ticl d h . ticl The sl .
tions in paler colors show the distribution of ambient particles (left, ICles and more nygroscopic particles. The slower increase

Dg—AN plane), the distribution of dry (residual) particles (right, TOF Particles larger than 150 nm may be due to more exter-
Dp—AN plane) and ambient particle diamet®y as a function of ~ hally mixed particles with a fraction of less hygroscopic par-
dry (residual) particle diametebp (bottom, Dp—Dq plane). (b) ticles that gradually become activated, although the larger
The 48 h back trajectories arriving at Mt. Brocken at 23:00 UTC, size would, on the other hand, favor droplet formation for
30 August 2010 (green) and 01:00 UTC (blue) and 02:00 UTC (red)particles of similar composition.
31 August 2010, derived with the HYSPLIT model are shown.  The size of the ambient cloud interstitial aerosol par-
The HYSPLIT trajectories arrive at 1161 ma.s.l., representing 20 Mijcles in the cloud in relation to their dry particle size
above the station at the summit of Mt. Brock&rgxler and Rolph shows a steady increase for the smallest residue sizes, as
2013 shown in Fig.5. This increase would continue throughout
the measured dry particle size range for particles of similar
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N = Nig =Nop The settings of the DMA 2a—f of the DAA are based on dry
: : particle size. Therefore, dry distributions can be obtained di-
rectly. To obtain the ambient particle size distribution, a func-
W R tion is fitted to the ambient particle diametéry, as a func-
tion of dry (residual) particle diametehp, for each mea-
= surement obtained. By differentiating dibg with respect
T T to dlogDy, the function%{%gz is obtained, and the ambient
. . . . particle size distribution is calculated from the dry (residual)
23:30 00:00 o 00:30 01:00 particle size distribution as follow$(ank et al. 1998

[\ P D

[ (=] (=]

(=] (=] (=]
1 | |

Total number concentration
[om”]

@) dN dN dlogDp

= ) 16
dlogDy dlogDp dlogDy (16)

3000 L L
Q O Interstitial

2500 O Droplet - The ambient size distribution obtained (FHp) is another
e o0 —oal e rage | unique feature of the DAA and shows that interstitial parti-
= Droplet average cles below 1 um are separated from the drop mode by a gap
B around the ambient particle diameter of 2 um with a mean
L ambient particle diameter of 6 um.

Another application of the DAA data products is the es-
timation of the solute concentration as a function of cloud
T droplet size. This can be achieved from the dry particle vol-
ume; measurements of its hygroscopic properties, for exam-
ple, using a hygroscopic tandem differential mobility ana-
lyzer (H-TDMA); and the volume of the cloud droplet. Since
1 1 1 we did not have access to H-TDMA data, we assumed ap-
proximately constant hygroscopic properties. This study con-
cerns European continental air masses. For such air masses
= the volume fraction of soluble matter in dry particles of the

size range between 0.1 and 0.5 um was approximated to 0.5
ammonium sulfate and 0.5 insoluble material in approximate
B accordance witiKKandler and Schiit£2007). In Fig. 5c it
DAA can be seen that the solute concentration depends strongly
— Fit on the size of the dry (residual) particles. Particle size depen-
005 o1 0a 05 X dence of the dry particle soluble fraction usually varies by
Dp [pm] much less thaet:0.25 (Kandler and Schiit2007), i.e., much
© smaller than the size dependence in the solute concentration,
which was based on assumption of a size-independent parti-
Fig. 4. (a) The total, interstitial and droplet number concentrations cle soluble fraction. Limitations in vapor transport by diffu-
during the event, in the size range 49 to 5631h). Dry (resid-  sjon prevent droplets formed on large particles from increas-

ual) particle size distribution, d/dlogDp, of interstitial particles ing in volume at the same relative rate as droplets formed on
and droplets including averages (line®) DAA scavenging ratio smaller particles

during the cloud event (red dots) with error bars indicating the esti-

mated standard deviation in DAA counts during the event (smaller

than the marker size for almost all data points), and a log-normals  conclusions

double-sigmoid fit (black line). The diameter for 50 % activation is

0.13um, indicated by the green line. The DAA was developed specifically for studying the inter-
action between aerosol particles and cloud/fog droplets. It

. . . collects droplets and interstitial particles under ambient con-

composition, because the interstitial aerosol can be eXpeCte(Siitions and can be used to determine the ambient particle size

FO b_e at equilibrium_with the _surrour_1ding air_. As can b? S€eNsf individual droplets and the number and sizes of the dry

in Fig. 5, the rate of increase in ambient particle size with dry (residual) particles after evaporation of the water. This gives

part'de siz€ Qecreases in the region aroung (130 nm). . __aunique three-parameter data set (ambient particle diameter,
This strongly indicates preferential cloud droplet nucleatlondry (residual) particle diameter and number concentration).

ﬁcavengmg of n;_orle hygros_copu_: pt)artlt(_:tl_eT, Wf:_erleas the less The DAA inversion approach presented here employs ba-
ygroscopic particies remain as interstitial particies. sic corrections to the DAA raw data and different steps to
convert the ambient particle charge distributions for certain

]
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measured dry particle diameters into an ambient particle size
distribution. The components of the DAA, such as the DMAs
(dimensions, flows, transfer function) and the CPCs, have
been calibrated and characterized to provide the necessary
input for data evaluation, ensuring reliable results.

The data can be evaluated with automatic fitting of the
charge distribution. For particle number concentration of
dN/dlogDp = 12.5 cnT3 ambient particle diameters down
to 0.050 um can be determined with an erroetdf.005 pm.

The fitting routine is run automatically; however, manual
screening of the results is necessary. In cases of low num-
ber concentrations in particular, manual fitting is sometimes
needed to identify the interstitial particle and cloud droplet
distributions. The estimated uncertainties in the basic DAA
parameters, i.e., the diameters of ambient and dry particles
and the number concentration, are 12 %, 6 % and3 %,
respectively.

The inversion algorithm presented here was developed to
evaluate long-term DAA data by using more automated data
processing, making it possible to evaluate larger amounts of
data. The presented data are part of long-term measurements
made during 2010 on Mt. Brocken, performed with a ver-

Dd [um] sion of the DAA designed for long-term measurements, with
(b) better time resolution than the previous version of the in-
strument. The data show the capability of the DAA when
..... studying the influence of aerosol properties on clouds. The
Droplet | e three-parameter DAA data set is presented in relation to
T T thermodynamic activation with various aspects of the cloud-
. T L7 T aerosol data set, such as the number concentration of intersti-
I tial particles and cloud droplets, the dry particle size distribu-
§> § tion, droplet size distributions, scavenging ratios due to cloud
s é 0.10 droplet formation and size-dependent solute concentrations.
2= | Both the improved version of the DAA and the inversion al-
. =T oo gorithm will help to relate aerosol and cloud properties to
2.00 050 oe facilitate investigations of cloud and fog formation.
dia:ble:;l(ian 10.00 ) /ﬁ 0 0'20‘;\6\)@\\ g@«\\
Cler pyy llllc]:; 2000 0.05 odé%:me\eso

(c)
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