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Predicting Particle Critical Supersaturation from Hygroscopic Growth Measurements 
in the Humidified TDMA. Part II: Laboratory and Ambient Studies 

F R E D  J .  B R I X H T E L *  AND SONIA M .  K R E I D E N W E I S  

( M a n u s c r i p t  r e c e i v e d  2 1  O c t o b e r  1 9 9 X ,  i n  f i n a l  f o r m  2 2  J u l y  1 9 9 9 )  

A B S T R A C T  

L a b o r a t o r y  s t u d i u  a r e  u s e d  t o  t e s t  t h e  m e t h o d  p r o p o s e d  i n  P a r t  I  f o r  c s t i m a t i n  g  t h e  c r i t I c a l  s u p e r s a t u r a t i o n  

o f  ~ l l l ~ s i - r n ( ~ n o d i s p e r s e ,  d r y  p a r t i c l e s  f r o m  m c a \ u r e m e n t s  o f  h y g r o s c o p i c  g r o w t h  a t  r e l a t i v e  h u m i d i t i e s  h e l o w  

l l 3 0 ? 4 .  A n  a d v a n t a g e  o f  t h e  p r o p o s e d  t e c h n i q u e  i s  t h a t  i t  d i r e c t l y  l i n k 5  d r y  p a r t i c l e  G z c  t o  c l o u d  c o n d e n s a t i o n  

n u c l e i  ( C C N )  a c t i v i t y  a n d  s i m u t t a n e o u l y  p r o v i d e s  \ o m e  i n f o r m a t I o n  o n  p a r t i c l e  c h e m i c a l  c o m p o h l t i o n .  S t u d i e s  

h a v e  b e e n  c o n d u c t e d  o n  p a r t i c l e s  c o m p o h e d  o f  N a C t ,  ( N H 4 ) $ O a ,  N H * H S O , ,  i n t e r n a l l y  a n d  e x t e r n a l l y  m i x e d  

N a C l - ( N H 4 ) : S 0 , ,  a n d  o n  a m b i e n t  p a r t i c l e \  o f  u n k n o w n  c h e m i c a l  c o m p o s i t i o n ,  A  m o d i f i e d  f o r m  o f  t h e  K i j h l c r  

e q u a t i o n  i j  t i t  t o  m e a s u r e m e n t s  f r o m  a  h u m i d i f i e d  t a n d e m  d i f f c r c n t l a l  m o b i l i t y  a n a l y z e r  t o  d e r i v e  t w o  c h e m i c a l  

c o m p o \ i t i 6 l l + d c p e n d e n t  p a r a m e t e r s  a n d  t h e  c r I t i c a t  s u p e r s a t u r a t i o n  f o r  a  g i v e n  d r y  p a r t i c l e  h u e .  A  c l o u d  c o n -  

d e n s a t i o n  n u c l e u s  c o u n t e r  i s  u s e d  t o  s m l u l t a n e o u s t y  o b \ e r \ e  t h e  c r i t i c a l  s u p e r s a t u r a t i o n  o f  t h e  u m e  d r y  p a r t i c l e s .  

R e \ u t t $  h h o w  t h a t  f o r  p a r t i c l e s  c o m p o s e d  o f  s i n g l e  s a l t s  a n d  f o r  d i a m e t e r 5  b e t w e e n  3 2  a n d  S 7  n m .  t h e  a v e r a g e  

a g r e e m e n t  h e t w e c n  c r i t i c a l  s u p e r ? a t u r a t i o n s  d e r i v e d  f r o m  m e a s u r e m e n t s  o f  h y g r o h c o p i c  g r o w t h  a n d  t h c o r e t l c a l  

v a t u e \  o f  S k , , ,  i \  ~  l j c k  (I CT = X.5%. II = 9 ) .  T h i s  a g r e e m a t  i s  s i m i l a r  t o  e x p e r i m e n t a l  u n c e r t a i n t i c \  i n  c r l t i c ‘ l l  

h u p e r s a t u r a t l o n \  d e t e r m i n e d  f r o m  l a b o r a t o r y  \ t u d l e s  o n  p a r t i c l e s  o f  k n o w n  c h c m i c a t  c o m p o ~ i t ~ o ~ ~ .  T h e  a p r c c m c n t  

b e t w e e n  v a l u e \  o f  . S * r , ,  p r e d i c t e d  b J  t h e  l i t  t e c h n i c l u e  a n d  C C N  s t u d y - d e r i v e d  v a l u e \  i \  p o o r e r  t -6% to -CficL 1 
f o r  a m b i e n t  p a r t i c l e \ .  T h i s  i s  h k c l y  d u e  t o  b o t h  c h a n g e s  i n  a m h i c n t  p a r t l c l c  c h a r a c t e r i s t i c \  d u r i n g  t h e  s t u d y  a n d  

l i m i t a t i o n \  i n  t h e  m o d i f i e d  K G h t e r  m o d c t  d e r l v c d  i n  t h i \  s j o r k .  

1. Introduction 

T h e  c l o u d  n u c l e a t i n g  a b i l i t y  o f  a n  a e r o s o l  p a r t i c l e  i s  
f r e q u e n t l y  e x p r e s s e d  i n  t e r m s  o f  S L , , , ,  i t s  c r i t i c a l  s u p e r -  
s a t u r a t i o n  ( H u d s o n  e t  a l .  1 9 9 8 ;  P r u p p a c h e r  a n d  K l e t t  
1 9 9 7 ) .  A t  r e l a t i v e  h u m i d i t i e s  a b o v e  S _ , ,  t h e  d r o p l e t  c a n  
s p o n t a n e o u s l y  g r o w  b y  a d d i t i o n  o f  w a t e r .  I n  g e n e r a l ,  
S L , ) ,  d e p e n d s  o n  b o t h  p a r t i c l e  s i z e  a n d  c o m p o s i t i o n ,  a n d  
s o m e  s t u d i e s  h a v e  d i r e c t l y  l i n k e d  a e r o s o l  s i z e  t o  , S _ ,  
( C o v e r t  e t  a l .  1 9 9 8 ;  F i t z g e r a l d  e t  a l .  1 9 8 2 ;  H u d s o n  
1 9 8 2 ) .  M a n y  s t u d i e s  r e l a t i n g  c h e m i c a l  c o m p o s i t i o n  t o  
c l o u d  n u c l e a t i n g  a b i l i t y  h a v e  r e l i e d  o n  b u l k  c h e m i c a l  
s a m p l e s  a n d  a s s u m p t i o n s  a b o u t  p a r t i c l e  h o m o g e n e i t y  
( e . g . ,  S v e n n i n g s s o n  e t  a l .  1 9 9 4 ;  C o v e r t  e t  a l .  1 9 9 8 ) .  

T h i s  p a p e r  o u t l i n e s  t h e  e x p e r i m e n t a l  m e t h o d s  a n d  r e -  
s u l t s  o f  l a b o r a t o r y  s t u d i e s  w h e r e  v a l u e s  o f  , S _ , ,  a r e  d e -  
r i v e d  f o r  k n o w n - s i z e ,  m o n o d i s p e r s e  p a r t i c l e s  c o m p o s e d  
o f  N a C l ,  ( N H , ) $ O J ,  N H J H S O d ,  i n t e r n a l l y  a n d  e x t e r -  

n a l l y  m i x e d  N a C l - ( N H a ) Z S O L ,  a n d  a m b i e n t  p a r t i c l e s  o f  
k n o w n  s i z e  a n d  u n k n o w n  c h e m i c a l  c o m p o s i t i o n .  F o r  
p a r t i c l e s  o f  k n o w n  c o m p o s i t i o n ,  S L , L ,  i s  d e t e r m i n e d  t h r e e  
w a y s :  b y  t h e o r e t i c a l  c a l c u l a t i o n ,  f r o m  m e a s u r e m e n t s  u s -  
i n g  a  t h e r m a l  g r a d i e n t  d i f f u s i o n  c l o u d  c h a m b e r  c I o u d  
c o n d e n s a t i o n  n u c l e u s  ( C C N )  c o u n t e r ,  a n d  b y  f i t t i n g  t h e  
m o d i f i e d  K G h l e r  m o d e l  d e r i v e d  i n  P a r t  I  o f  t h i s  w o r k  
t o  h y g r o s c o p i c  g r o w t h  o b s e r v a t i o n s  f r o m  a  h u m i d i f i e d  
t a n d e m  d i f f e r e n t i a l  m o b i l i t y  a n a l y z e r  ( H T D M A ;  R a d e r  
a n d  M c M u r r y  1 9 8 6 ) .  T h e  r e s u l t s  f r o m  q u a l i t y  c o n t r o l  
e x p e r i m e n t s  t o  v e r i f y  p r o p e r  e q u i p m e n t  o p e r a t i o n  a r e  
p r e s e n t e d .  O b s e r v e d  h y g r o s c o p i c  g r o w t h  i s  c o m p a r e d  
t o  p u b l i s h e d  r e s u l t s  a n d  t h e o r e t i c a l  c a l c u l a t i o n s  i n  o r d e r  
t o  v a l i d a t e  H T D M A  o p e r a t i o n .  V a l u e s  o f  S c r , t  d e r i v e d  
f r o m  H T D M A  r e s u l t s  a r e  c o m p a r e d  t o  t h e o r e t i c a l  v a l u e s  
a n d  t o  v a l u e s  d e r i v e d  f r o m  C C N  c o u n t e r  m e a s u r e m e n t s  
t o  t e s t  t h e  p r o p o s e d  t e c h n i q u e  f o r  d e r i v i n g  S L L , ,  f r o m  
o b s e r v e d  h y g r o s c o p i c  g r o w t h .  

T h e  e v e n t u a l  g o a l  o f  t h i s  w o r k  i s  t o  d e v e l o p  t h e  c a -  
p a b i l i t y  t o  l i n k  p a r t i c l e  s i z e  a n d  S k , , ,  f o r  a m b i e n t  a e r o s o l  
s i z e  d i s t r i b u t i o n s  o f  u n k n o w n  c o m p o s i t i o n .  T o  t h i s  e n d ,  
a  v e r s i o n  o f  a  g e n e r a l  a n d  t h e r m o d y n a m i c a l l y  c o n s i s t e n t  
m o d e l  o f  t h e  o s m o t i c  c o e f f i c i e n t  h a s  b e e n  i n c o r p o r a t e d  
i n t o  t h e  m o d i f i e d  K G h l e r  e q u a t i o n  d e r i v e d  i n  B r e c h t e l  
a n d  K r e i d e n w e i s  ( 2 0 0 0 ,  h e r e a f t e r  P a r t  I ) .  I n  p r i n c i p l e ,  
i f  s u f f i c i e n t l y  m a n y  m o n o d i s p e r s e  p a r t i c l e  p o p u l a t i o n s  
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alyzer (DMA). The DMA selects particles based upon 
their electrical mobility. The relationship between elec- 
trical mobility and particle size is given by 

(3) 

where Z,, is the electrical mobility, n is the number of 
charges carried by the particle, e is the elementary elec- 
tric charge, Cc is the Cunningham correction factor, x 
is a shape factor that accounts for nonspherical particles 
(Hinds 1982) and v~,<, is the dynamic viscosity of air 
(Kinney et al. 1991). The electric field voltage in the 
first DMA is kept constant in order to select a constant, 
dry, monodisperse particle size. Each DMA was oper- 
ated with the aerosol sample inlet flow equal to the 
aerosol sample outlet flow. Sheath flow rates between 
6.9 and 10 times the aerosol flow rate were used in the 
first DMA and the sheath airflow rate was five times 
the aerosol how rate in the second. Therefore, the width 
of the sampled mobility window was between ? 10% 
and ? 14.4% of the centroid mobility for DMAl and 
220% for the second DMA. 

The concentration of particles exiting the first DMA 
was measured with an ultrafine condensation particle 
counter (UCPC; model 3025, TSI Incorporated, St. Paul, 
Minnesota). Particles exiting the first DMA were ex- 
posed to controlled RHs between 80% and 92% before 
entering the second DMA. The sheath airflow RH of 
the second DMA was controlled to agree with the aero- 
sol inlet flow RH of the second DMA within 1%. Rel- 
ative humidity sensors (Humitter 40, Vaisala Inc., Wo- 
burn, Massachusetts) were calibrated over saturated salt 
solutions before and after HTDMA studies using the 
results of Greenspan (1977). Results from the RH cal- 
ibrations indicated that RH measurements for all 
HTDMA studies exhibited an accuracy between ?0.8% 
and ? 1% RH and a precision of ?0.85%. The second 
DMA was housed in a Plexiglass enclosure to maintain 
constant temperature and RH conditions. The maximum 
temperature gradient in DMA2 measured using preci- 
sion thermistors (model 44030, YSI Inc., Yellow 
Springs, Ohio) was 0. l°C, corresponding to a maximum 
0.6% change in RH at the standard operating temper- 
ature of 29.S’C. If the particles take up water, they will 
grow in size and exhibit a lower electrical mobility in 
the second DMA. A condensation particle counter 
(CPC; model 3010, TSI Incorporated) is used to count 
the particles exiting the second DMA as the voltage in 
that DMA is scanned. By observing the electrical mo- 
bility where the CPC measures the maximum number 
of particles, the size of the wetted particles can be de- 
termined, and the water content derived from the dif- 
ference between the wet and dry sizes. By controlling 
the conditioner and second DMA humidities at several 
different values, the growth as a function of relative 
humidity may be determined for each input, dry mono- 
disperse particle population. Between 6 and 15 size bins 
were used to resolve the grown droplet size distribution. 

A TSI model 3760 Constant Output Atomizer (TSI 
Incorporated) was used to generate particles of known 
chemical composition for all studies except those on 
ambient particles. Salt solutions were made by combin- 
ing a known volume of nanopure water with a known 
mass of salt. A compressed air source was used to gen- 
erate the atomizer flow, dilution system flow, and both 
sheath airflows in the DMAs used in the HTDMA sys- 
tem. All airflows generated from the compressed air 
source were passed through HEPA filters and a coa- 
lescing filter with a carbon membrane to remove oil 
droplets and organic vapors. The atomizer and dilution 
system airflows were dried to RHs between 2% and 10% 
using in-line Drierite columns (W. C. Hammond Incor- 
porated, Xenia, Ohio). The atomizer produces on the 
order of lOx particles cm-‘; therefore, it was necessary 
to dilute the output flow with dry, particle-free air with 
a dilution ratio of 10: 1. 

b. Cloud condensation nucleus counter 

The CCN counter is used to measure the number con- 
centration of dry particles activated to cloud droplets at 
a given supersaturation. The model Ml Cloud Conden- 
sation Nucleus Counter (DH Associates, Tucson, Ari- 
zona) used in this study was the same unit used by Cruz 
and Pandis (1997) in their studies of the CCN activity 
of organic compounds. The unit consists of a thermal 
gradient diffusion chamber, a laser used to illuminate 
the droplets formed inside the chamber, a video camera 
to image the illuminated droplets, and electronics to 
digitize and count the droplets in the captured images. 
The top and bottom surfaces of the diffusion chamber 
are kept saturated with liquid water and are separated 
by a glass cylinder so the laser may be used to illuminate 
droplets formed between the two plates. A thermoelec- 
tric cooler is used to cool the bottom plate, while the 
top plate temperature is allowed to equilibrate with the 
room temperature. When the bottom plate is cooled, a 
linear temperature gradient is created between the two 
plates. Both surfaces are kept at 100% RH, and since 
the saturation vapor pressure of water depends expo- 
nentially on temperature, the linear temperature gradient 
produces a quasi-parabolic water vapor supersaturation 
profile between the two plates. Although the maximum 
supersaturation between the plates cannot be measured 
directly, it can be calculated from the measured top and 
bottom plate temperatures using Eq. (4): 

p<(T) + p>VJ - 2~5 
T + T,z I I, 2 

S ,,l‘,X = 100 (4) 

1 ‘ 1 
where T, and T,> are the top and bottom plate temper- 
atures, respectively, and p, is the water vapor density 
at saturation for the indicated temperature. The laser 
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passes through the glass ring and is directed through the 
chamber so that its position coincides with the location 
of maximum supersaturation in the chamber. Particles 
are introduced into the chamber by a pump that draws 
I.5 L min ’ for 5 s through the chamber from the same 
monodisperse outlet flow of DMAl sampled by DMA2 
of the HTDMA system. The sample flow is drawn 
through the chamber so that the particles enter through 
the top plate and later exit through a hole in the bottom 
plate. The 5-s pumping time is sufficient to draw 125 
cm’ of air through the chamber. The chamber volume 
is 100 crnj. After the 5-s pumping time, an additional 
5 s are allowed for the supersaturation profile to be 
reestablished. The remaining 20 s of the 30-s sampling 
period are used to obtain video images of droplets within 
the laser beam in the chamber. The sensing volume is 
determined by the diameter of the laser and by the length 
along the laser viewed by the video camera. The volume 
and data processing algorithm are set by the manufac- 
turer and cannot be changed. The sensing volume is 
0.006 cm?, and one sample takes 0.5 min; therefore, to 
sample a full cubic centimeter of air, 83.3 min are re- 
quired. The extremely small sample volume has im- 
portant ramifications with respect to counting statistic 
uncertainties. The images are digitized and processed 
to remove spurious counts by the software within the 
instrument. Once processed, the number of droplets 
counted in the beam, the current accumulated 0.1 cm ’ 
counts, and the current accumulated 1 cm? counts of 
droplets are read and stored by a data acquistion system. 

At droplet concentrations around 1000 cm 3, the vid- 
eo imaging system cannot resolve all of the individual 
droplets in the laser beam and the droplet number ac- 
tually counted is reduced due to the coincidence of drop- 
lets in the sensing volume. Tabulated corrections for 
this effect have been provided by the manufacturer and 
were applied during data processing. The correction 
amounts to ~10% for droplet concentrations near 1000 
crnm3. Particle losses in the CCN counter were also 
quantified and are described below. 

3. Results 

a. Validation of HTDMA operation 

ln order to validate proper HTDMA sizing and op- 
eration, three types of experiments were performed. The 
first type of experiment quantified potential particle con- 
tamination. To examine the potential contamination due 
to leaks, the system was operated with no solution in 
the atomizer and filtered air as the sample flow. Ob- 
served artifact particle number concentrations were two 
and five orders of magnitude smaller than those ob- 
served during experiments where ambient and labora- 
tory particles were sampled, respectively. The observed 
artifact particles were also found to have diameters 
smaller than 30 nm, smaller than the sizes selected dur- 
ing HTDMA studies. Therefore, contamination due to 

leaks was found to be insignificant. To examine possible 
contamination from impurities in the nanopure water 
used to mix the salt solutions, nanopure water with no 
added solute was atomized and the size distribution mea- 
sured using DMAl and the UCPC. Artifact particles 
were observed from the atomized nanopure water so- 
lution. The observed size distribution was found to ex- 
hibit a mode size near 30 nm, a geometric standard 
deviation of 1.6, and a number concentration (before 
DMAl) of 7000 cm 3. The measurement was repeated 
with similar results. The concentrations of artifact par- 
ticles in the 40-60-nm size range, representative of par- 
ticles sampled in HTDMA studies on known compo- 
sition particles, was between 180 and 450 cm ‘. For 
comparison, the range of concentrations of 40-60-nm 
salt particles sampled during HTDMA studies was two 
orders of magnitude higher than the observed concen- 
tration of artifact particles. Therefore, some fraction of 
the total number concentration of atomized salt particles 
may have contained impurities from the nanopure water. 
Based on the low relative monodisperse number con- 
centrations of the particles resulting from impurities in 
the nanopure water, the assumption is made that they 
did not significantly influence the results of HTDMA 
growth or CCN activity studies conducted for this work. 

The second type of experiment was intended to quan- 
tify the systematic oversizing of the TDMA system, as 
found by previous investigators (Rader and McMurry 
1986). The humidity system was bypassed and dry par- 
ticle size distributions were measured. These studies 
were performed on particles in the 40-lOO-nm size 
range composed of ammonium sulfate and sodium chlo- 
ride. For 25 size distribution scans performed on 40- 
nm NaCl particles, the average mode diameter deter- 
mined by fitting a lognormal curve to the number con- 
centration data from DMA2 was 40.9 nm. The standard 
deviation of the average mode diameter was 0.13 nm, 
resulting in a coefficient of variation in the mean size 
of 0.33%. The ratio of the average mode size from 
DMA2 to the mean diameter selected by DMAl was 
1.02, or a systematic oversizing of 2% was found in the 
TDMA for 40-nm particles. This is consistent with pre- 
vious results from Rader and McMurry (1986). Similar 
results were obtained with ammonium sulfate particles. 
Studies performed on 50-nm (NH,)S04 particles in- 
dicated that the oversizing decreased to around 1%. At 
60 nm, the systematic oversizing again decreased to 
0.7%. At 100 nm, no systematic oversizing was ob- 
served. Given that the systematic oversizing in the 
TDMA amounts to a very small correction for droplet 
sizes between 60 and 200 nm measured by DMA2, 
HTDMA data were not corrected for this effect. 
HTDMA studies on dry 40-nm particles demonstrated 
that the sizing precision of the system was 20.33%. 

The third type of experiment involved controlled, el- 
evated RH droplet growth studies on NaCl and 
(NHA)JOd particles with diameters between 25 and 60 
nm. The goal was to compare experimentally deter- 
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TABIX I. Summary of all HTDMA and CCN studies conducted for this work, Study numbers designate day of year of study and are used 
in text to designate particular studies. 

Number of RH 
Chemical compostion D,, range (nm) HTDMA study numbers scans CCN study numbers 

Single solutes 

Ammonium suItate 25-102 161, 162 85 74*. 7S*. 147, l4X, 162, 169, I76 
169, I76 

Sodium chloride 37-96 146, I63 49 76, 77, 152, 163, I64 
I64 

Ammonium hi\ulfate 40 172, I78 43 172, I78 

MIxed solutes 

Internally mixed NaCl-(NH&O, 32 173 I6 I73 
Externally mIxed NaCl~(NH,)$O~ 37-40 177, ISI 47 177. 181 

Ambient samples 

l_!nknown 6S~l2O 174, 17s 42 174. l7S, I82 
IS2 

Total 5tudic\ IS 282 22 

+ Two CCN studies conducted on this day. 

mined droplet growth with theoretical predictions from 
the reference Kohler model and with results of electro- 
balance measurements of droplet growth by Tang and 
Munkelwitz (1994). A summary of all HTDMA and 
CCN studies conducted for this work is given in Table 

1. Study numbers in the table designate the day of year 
(DOY) of the study. The results from all studies on NaCl 
and (NHJ$Oa particles are shown in Fig. 2. In Fig. 2, 
the solid line designates theoretical growth curves cal- 
culated using the reference Kohler model described in 

L 

78 80 82 84 86 88 90 92 

Relative titimidity (%) 

FIG. 2. (a) Hygroscopic growth study results from all HTDMA experiments conducted on NaCl particles. Solid lint designates RH calculated 
u\inz the reference Kfihler model. Thick dashed-dot line represent\ results from Tang and Munkelwitz (1994) for NaCl particles. Dashed 
lines represent two times the standard deviation in the average error between observed and theoretical growth factors added and subtracted 
from the dashed-dot line. Experimental data are designated by solid dots. Vertical uncertainty bars represent a %3.S% uncertainty in the 
observed growth factor. Horizontal uncertainty bars are calculated usmg the observed standard deviations in the sheath. monodisperse inlet. 
and monodispcrsc outlct RHs. and the 057r RH uncertainty attributable to the RH sensor calibration procedure. (b) As in (a) except for 
(NHa)$O, particles. 
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Part I, which uses the Pitzer and Mayorga (1973) model 
for the osmotic coefficient. The thick dashed-dot line 
is the theoretical growth curve using u,, computed from 
polynomials from Tang and Munkelwitz (1994). The 
measured average HTDMA study temperature was used 
in the theoretical RH calculations. Experimental points 
are shown as solid dots; the vertical and horizontal bars 
designate calculated uncertainties in the measurement 
RH and particle and droplet sizes. The RH measurement 
uncertainties were determined by calculating the root 
mean square sum of the standard deviations of the 
sheath, monodisperse inlet, and monodisperse outlet 
flow RHs in the second DMA, as well as the ?0.5% 
RH uncertainty attributable to the RH sensor calibration 
procedure. A ?2% uncertainty was assumed as a con- 
servative estimate for droplet and dry particle size un- 
certainties, producing a ?3.5% overall uncertainty in 
the droplet growth factor. Due to the cubic shape of 
NaCl particles, a shape factor (x) of 1.08 was used to 
convert the dry particle electrical mobility diameter to 
the Stokes diameter, as suggested by Kelly and Mc- 
Murry (1992). No shape factor was applied to the di- 
ameter of (NHd)SOd dry particles. The dashed lines 
represent the 2 uvalue in the percent agreement between 
observed and theoretical growth ratios (53.5%). The 2 
g value has been added to and subtracted from the drop- 
let growth curve from the results of Tang and Munkel- 
witz (1994). In processing the results from these studies 
it was found that the RH of the monodisperse inlet flow 
to DMA2 had to be controlled within 2% of the sheath 
flow RH and that the standard deviations of both RHs 
had to be less than 1% in order for accurate growth 
measurements to be made. HTDMA results not satis- 
fying the above RH control criteria were deemed un- 
acceptable. Applying these criteria resulted in the re- 
jection of 17% of HTDMA study results. 

Results in Fig. 2a for NaCl show excellent agreement 
with both theoretical growth curves. An uncertainty of 
?5% was reported by Rader and McMurry (1986) in 
their growth ratio measurements on NaCl particles using 
the HTDMA technique. Berg et al. (1998) report a ?3% 
error in HTDMA-derived growth factors, attributable to 
counting statistics and RH fluctuations inside the DMAs. 
For HTDMA studies on NaCl particles, the average per- 
cent agreement between observed and theoretical 
growth factors is 0.6% (1 u = l%, n = 40). The average 
percent agreement between observed and theoretical RH 

and Ddrc>p values are - 1.2% [( 1 u = 1.4%, n = 40)] 
and 0.5% [(l o = 1.8%, n = 40)], respectively. 

Results in Fig. 2b for (NHd)SOq also show very good 
agreement with theory; however, there is a slight trend 
to underestimate growth at RHs above 88%. For 
HTDMA studies on (NHa)SOa particles, the average 
percent agreement between observed and theoretical 
growth factors is -0.3% (1 g = l.l%, n = 63). The 
average percent agreement between observed and the- 
oretical RH and Ddvc,P values are 0.2% [( 1 u = 1.6%, n 
= 63)] and -0.8% [(1 cr = 1.8%, n = 63)], respectively. 

A likely explanation for the lower observed growth of 
(NHa)SOd particles at higher RHs is the smaller relative 
DMAl dry size selected during some of the elevated 
RH (NHA)$OJ runs compared to other studies. Studies 
with dry particle sizes smaller than 35 nm are labeled 
in Fig. 2b with the study number. The smaller DMAl 
dry size may have resulted in an increased penetration 
of relatively smaller particles through Brownian diffu- 
sion, contributing to the underestimated droplet growth 
factor. Nevertheless, the droplet growth factors observed 
in this study are within experimental agreement with 
the theoretical values and serve to validate the capability 
of the HTDMA system to accurately measure particle 
hygroscopic growth for RHs between 80% and 92%. 

b. Vulidation of CCN counter operation 

Preliminary studies with the CCN counter showed 
that the number concentrations of activated droplets 
were no more than 80% of the input particle number 
concentrations for dry particle sizes and compositions 
where all of the particles should have acted as CCN. 
Therefore, the total particle losses in the CCN counter 
sample line, solenoid valve, and top plate inlet were 
determined experimentally for particle sizes between 15 
and 250 nm by measuring the monodisperse particle 
concentration in the diffusion chamber with a CPC, 
while the first DMA monodisperse outlet tlow concen- 
tration was simultaneously measured with the UCPC. 
The CPC sampled from the CCN diffusion chamber 
through a modified ring assembly. Results from the par- 
ticle loss study are shown in Fig. 3. For particle di- 
ameters between 15 and 250 nm, between 26% and 76% 
of the particles counted by the UCPC entered the CCN 
chamber. Over 90% of the observed particle loss is due 
to losses inside the CCN counter, with the remainder 
due to diffusional losses in sample tubing. A polynomial 
fit for the particle penetration as a function of diameter 
is shown in Fig. 3. The size-dependent losses were ac- 
counted for in determining the correct value of the input 
dry particle concentration (N,icpJ to use in calculating 
the ratio of the droplet concentration measured by the 
CCN counter (NccO) to NL,c,,c. 

To validate proper operation of the CCN counter, the 
activation supersaturations of (NHd)$SOd, NHJHSOJ, 
and NaCl particles were investigated for chamber su- 
persaturations between 0.2% and 1.0%. The purpose of 
these studies was to evaluate the experimental uncer- 
tainties in the techniques for deriving experimental val- 
ues of SL,jt and also to verify the repeatability of the 
method. A total of 16 runs were performed using two 
different experimental techniques. The first technique 
involved sampling progressively smaller, monodisperse 
particles with the CCN counter set for a constant cham- 
ber supersaturation. The diameter where 50% of the 
input particles were activated to droplets (D~,c,,sO) could 
be determined by fitting a sigmoidal function to the ratio 
of N_.,, to Ni,cOc versus particle diameter. Using the ex- 
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perimentally determined value of D,IL,,s,I and the known 
chemical composition, the theoretical value of S_st could 
be calculated and compared to the average chamber 
maximum supersaturation for the experiment calculated 
from Eq. (4). A total of 10 studies of this type were 
performed. UCPC data were corrected for sample line 
losses and for losses inside the CCN counter. CCN data 
were corrected for coincidence errors and the 0.1 cm? 
data were averaged to determine the droplet number 
concentration for either a full cubic centimeter of air 
sampled by the CCN counter, or after 400 droplets had 
been counted, whichever came first. 

The second method for deriving S_,, from CCN mea- 
surements involved maintaining a constant input, mono- 
disperse particle size, and varying the chamber super- 
saturation so that values of the ratio of NC_, to Nuc,,c 
between 0.2 and 0.9 could be observed. The supersat- 
uration where the ratio of N_” to N_ was equal to 0.5 
was then defined as the experimental estimate of SL,>,. 
Although both methods for deriving S_, are equally val- 
id for evaluating experimental uncertainties in derived 
SC,), values for particles of known composition, the sec- 
ond method was employed for all simultaneous 
HTDMA-CCN studies after and including DOY 163. 
This choice was based on the fact that for ambient par- 
ticles of unknown chemical composition, only the sec- 
ond method will allow valid experimental estimates of 
SC,,, to be made. 

Figure 4a shows results from a CCN study conducted 
on DOY 152 using the first method and NaCl particles. 
The chamber was set for a supersaturation of 0.255% 

and the chamber supersaturation exhibited a standard 
deviation of 20.018% over the course of the measure- 
ment. Experimental data are shown as squares in the 
figure. The particle size corresponding to the point 
where 50% of the input dry particles were activated to 
droplets and counted as CCN was determined by fitting 
a sigmoidal function to the ratio of NC_, to N_. From 
the fit results, the observed value of Dacr,T,, was 59 nm. 
The theoretical value of SC,,, for a 59-nm NaCl particle 
at the average chamber temperature is 0.263%. For this 
run, the experimental estimate of SL,,, is 3% lower than 
the theoretical value. 

Results from a CCN study conducted on DOY 169 
using the second method where the chamber supersat- 
uration was varied are shown in Fig. 4b. Experimental 
data are shown as asterisks and the solid line represents 
the best-fit line to the data. The sigmoidal function was 
not used because of the sparsity of data points; the ap- 
proximately linear portion of the function has been fit 
instead. Between 1 and 2 h were required for the cham- 
ber supersaturation to stabilize after being reset. The 
same amount of time was required to measure a sig- 
nificant number of droplets at a given supersaturation. 
Therefore, the 2-4-h period required for each chamber 
supersaturation limited the number of points that could 
be obtained. For the study shown in Fig. 4b, the input 
monodisperse size to the CCN chamber was kept con- 
stant at 57.2 nm, and the particles were composed of 
(NHJ):SOq. The theoretical value of SLr,, for this size 
and composition particle is 0.41%, and is shown in Fig. 
4b as the small solid dot. The experimentally determined 
value of SLr,, shown in Fig. 4b by the intersection be- 
tween the dotted line and the x axis, was 0.42%. The 
agreement between theoretical and experimental values 

of SLL,, is 3%. For chamber supersaturations between 
0.3% and 0.54% for this study, the standard deviation 
in chamber supersaturation was less than 0.005% for 
each of the four different chamber supersaturations ex- 
amined. The other symbols in Fig. 4b are described 
below. 

The best estimate of the accuracy of derived SC_, val- 
ues is determined by averaging the percent differences 
between theoretical and experimental values of Sc,,t for 
all CCN studies on known composition particles, shown 
in Fig, 5. The theoretical value of ,ScrL, shown in Fig. 5 
for the externally mixed results is the average of the 
theoretical S‘,,, values for the sampled NaCl and 
(NHd):SOd particles. For all CCN studies conducted on 
known composition particles at supersaturations below 
0.8%, the agreement between theory and experiment is 
very good. The calculated average percent agreement is 
-0.6%, with a standard deviation of 1 I % (n = 16). The 
vertical error bars represent the ?22% confidence in- 
terval value in S_,t. The precision in cloud condensation 
nucleus counter (CCNC)-derived values of SLr,, was de- 
termined by pooling results from three sets of two rep- 
licate measurements of ScrI, conducted on (NHa)$Od, 
NHdHSOa, and externally mixed NaCl-(NHJ)$Od par- 
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FIG. 4. (a) CCN validation study results for NaCl particle\ on DOY lS2. Solid line designates fit of sigmoidal function to experimental 
data designated by squares. Vertical uncertainty bars represent Poi5wn counting error in CCN droplet concentration. The nominal CCN 
chamber supersaturation was 0.26%. The confidence interval for CCNC-derived values of SC,,, is ?22%. (b) CCN validation study results 
for 57.2.nm (NHJ)?S04 particles on DOY 169. Solid line designates best-fit line to experimental data designated by asterisks. Vertical 
uncertainty bars represent Poisson counting error in CCN droplet concentration. Horizontal uncertainty bars represent the 222% confidence 
interval in SC,,,. Triangles designate the ?28% contidencc interval in S‘,,, value\ predicted by fit routine from HTDMA growth rejuits. Square 
represents value of SL,,, from the fit with all data pairs and no applied error, while the plus symbol represents the value from the tit with 
applied error. Dotted lines designate experimentally observed values of .Scr,,, The small solid dot represents the theoretical value of SC,,, for 
a 57.2.nm-diameter (NHJ$O, particle. Larger solid dots represent the 522% confidence interval in CCNC-derived values of S,,,. 

titles with the same diameter (Skoog et al. 1992). The 
confidence interval, expressed as the ratio (multiplied 
by 100) of the pooled standard deviation in SLr,, divided 
by the smallest average value of Sc,Lt from the pooled 
datasets, is ?22% at the 95% confidence level. 

c. Cotnpurison of meusured, HTDkfA-derived, and 
theoretic& values of SC,,, for purticles composed of 
single solutes 

Having validated the operation of the HTDMA sys- 
tern and the CCN counter, we now examine the values 
of Sc,,t derived from HTDMA studies and compare them 
to those from simultaneous CCN studies and to theo- 
retical values. 

Hygroscopic growth results for NaCl and (NHd)$OJ 
were shown in Fig. 2. The (DdF,IP, RH) data pairs were 
input to the fit routine with the modified KGhler model, 
Eq. (I), to derive S_,,. The fit routine was run on all 
available data pairs, with and without applied random 
errors to the input data. The results from the fit routine 
for studies on NaCl, (NHa)$Od, and NHJHSOa are 
shown in Table 2. In Table 2, the dry particle size and 
derived values of Y,, @ ,,,,, SC,,,, and Dcrt, are listed. Also 

shown are the errors in Scr,, and Dc,I, derived from the 
fit routine relative to theoretical values calculated using 
the reference Kchler model described in Part I of this 
work. The xl convergence value of the fit is shown in 
Table 2 in units of percent RH. For each HTDMA study 
and chemical composition there are two rows in Table 
2. The first row represents results where no errors were 
applied to the input data pairs. The second row for each 
composition in Table 2 shows the average results of 20 
runs of the fit routine where random errors were applied 
to the input data. The purpose of the fitting runs with 
applied errors was to test the sensitivity of derived val- 
ues of Scr,t to variations in the data input to the fit routine. 
The applied random errors were between ? 2% for D,, ,<>, 

and D~II~~P. The random errors for the input RH values 
were calculated for each HTDMA RH as the root-mean- 
square sum of the experimental uncertainty in the RH 
measurement and the standard deviations in the DMA2 
RHs during the HTDMA scan due to fluctuations in RH 
control. The maximum applied RH errors were between 
?l%. 

From Table 2, the agreement between theoretical and 
HTDMA-derived values of S_,, is between 6% and 
- 24%. The greater disagreement for the first NaCI study 
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FIG. 5. Comparison of values of S<,,, determined from all CCN 
studies in this work and theoretical values of ,S,,, calculated using the 
reference Kohler model for the temperature conditions of each CCN 
study. Solid line is I: I line and designates perfect agreement between 
theory and experiment. Symbols represent the following: plus for 
(NHa)$Od, asterisk for NaCl, diamond for NHaHSOa. triangle for 
internally mixed NaCl&(NHa)$OJ, and squares for externally mixed 
NaCl~(NH,)$O~. The confidence interval for CCNC-derived values 

of %W is 222%. 

shown in Table 2 is most likely due to the fact that this 
was one of the earliest HTDMA studies and the RH 
control was not as good as during later studies. The 
error analyses summarized in Table 2 are shown for one 
run in Fig. 4b. The square in the figure represents the 
value of S_ from the fit routine using all data pairs as 
input and no applied error, while the plus symbol (be- 
hind leftmost solid dot) represents the value with applied 
error. The large solid dots represent the 522% confi- 
dence interval in CCNC-derived values of sc,,t about the 
experimentally determined value of scr,t. For all of the 
studies shown in Table 2, the average agreement be- 
tween HTDMA-derived and theoretical values of scr,, is 
-13% with a standard deviation of 8.5% (n = 10). 

Using the techniques outlined in Skoog et al. (1992), 
the confidence interval for a 95% confidence level can 
be calculated for the HTDMA-derived values of s_,!. 
The confidence interval expressed as a percent error in 
scc,t was found to be ?28%, similar to the value of 
?22% found for CCNC-derived values of ,S_,,. The 
?28% confidence interval in HTDMA-derived ,S_,, val- 
ues is shown in Fig. 4b as the large triangles. The 
HTDMA-derived values of ,Sc,,t and DC,,, demonstrate 
reasonable agreement with theory. It is evident from 
both the figure and tabulated results that the fit routine 
tends to underpredict the value of Scr,,. This underpred- 
iction of s_,t is due primarily to the overestimate of 
values of the osmotic coefficient by the parameterization 
of @ used in the modified Kohler model. Larger dis- 
agreement between theoretical and HTDMA-derived 
values of sc,,t is found for NHdHSOb. The disagreement 
is similar to that found in numerical studies on particles 
composed of NHdHSOd and is due to the fact that the 
proposed parameterization for @ is less accurate for this 
compound than is the full Pitzer model itself (Kim et 
al. 1993). 

It is of interest to compare the derived values of Y, 
with the theoretically perfect values listed in Table 4 of 
Part I of this work. Numerical studies indicate that the 
sensitivity of the fit routine results to the value of @,,, , 
is much less than that to the value of Y,; therefore, we 
only compare values of Y,. We note that, although the 
values of Yf are similar for (NHd)SOd and NHdHSOb, 
the value for NaCl is between 1.4 and 3 times greater 
than those for (NH4)$SOb and NHdHSOd. Values of Y/ 
for NaCl, (NHJ$Od, and NHdHSOb derived from the 
fit routine agree with theoretically perfect values within 
- 17%, - 15%, and 7%, respectively, suggesting that 
useful information concerning the chemical composition 
of the sampled particles may be derived from the fit 
routine parameters. 

Finally, we examined how the choice of different sub- 
sets of the total set of (Ddrop, RH) data pairs influences 
the agreement between theoretical and HTDMA-derived 
values of Scr,!. Values of sc,,t as much as 45% lower than 

TABLE 2. Summary of theoretical scr,, values. Yf and PC, ~ fit parameters, and DLrxt values determined HTDMA study results on particles 
composed of single solutes. The confidence interval of HTDMA-derived values of S,,,, is %28’%. “N” dcsignatcs the number of HTDMA 
scans used in the fit routme. The first row for- each composition shows results for the fit routine run without added random error, the second 
row of results for the same data pair represents average results of 20 runs of the fit routine with assumed random error added to the input 
data pairs. Ratios of standard deviations in predicted values of .~,r,, to average values of ,yL,,, were less than 0. I6 for the cases with applied 
errors. Errors in SC,,, and DLr,, are calculated relative to theoretical values from the reference Kohler model. 

Compound 

NaCl I9 37 
NaCl 37 
NaCl 12 46 
NaCl 46 
NaCl 8 44 
NaCl 44 

(NH&SO, 43 s7 
(NH&SO, s7 
NHbHSOJ 30 40 
NHdHSO, 40 

84.767 0.0161 I 
Y3.6S6 0.01114 
45.787 O.OX943 
5S.641 0.06072 
65.292 0.03302 
67.561 0.03248 
33.353 0.00247 
34.22s 0.00101 
31.289 O.OOS96 
33.OS9 0.00398 

0.40 ~24 

0.40 6 

0.36 -6 

0.37 ~ IO 

0.36 PII 
0.3s -I3 
0.33 -16 
0.62 - I6 
0.61 -18 

S ‘,,, Err. (%) DC,,, (nm) Error Dcr,, (%) XZ 

-21 321 I2 O.OXOO 
334 I7 
337 - 1s 
379 ps 
368 0 
372 0 
388 s 
403 9 
217 s 
222 F 

I.04 
2.44 
I .73 
I.31 
0.9x I 
I .72 
2.3s 
2,s I 
3.21 
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TAFU 3. Summary of theoretical SLr,, values, y, and fl,, ~ fit parameters, and IIc,,, values determined HTDMA study results on particles 
composed of internally and externally mixed particles and ambient particles of unknown chemical composition. The coniidence interval of 
HTDMA-derived values of ,S,,, is 228%. “N” designates the number of HTDMA scans used in the fit routine. The iirst row for each 
composition shows results for the fit routine run without added random error, the second row of results for the same data pair represents 
average results of 20 runs of the fit routine with assumed random error added to the input data pairs. Ratios of standard deviations in predicted 
values of Scr,, to average values of S_ were less than 0. I6 for the GIV.X with applied errors. Errors in S_,, and n_, are calculated relative to 
theoretical value5 from the reference Kehler model. “Emix’. designates results from externally mixed studies and “Imix” those from internally 
mixed studies. Result5 from the two externally mixed studies have been combined and results from NaCl and (NHd)$O, particles are reported 
separatclv. 

Compound N D,, .,>, (nm) V B ,I, L @J S,r,, Err. (%) D ,,,, (nm) Error D ,,,, (%) xz 

Imix I7 32 
Imix 32 
Emix 34 40 

(NH,GOa 40 
Emix 34 37 
NaCl 37 
Ambient 19 8s 
Ambient 8s 
Ambient 14 68.4 
Ambient 68.4 
Ambient 18 I 20 
Ambient 120 

37.791 O.OS239 
53.002 0.0255x 
3Y.7Sl -0.OOl4l 
4l.lS7 ~0.00242 
90.184 0.0118s 
96.198 0.00919 

8.824 ~ 0.00404 
9.332 -0.004s0 

10.743 ~0.00444 
IO.808 -0.00434 
13.617 -0.00260 
13.772 -0.00299 

0.78 10 
0.6s -8 
05s -22 
o.s4 -23 
0.4 I -24 
0.40 -2s 
0.37 -27 
0.3s -32 
0.47 -6 
0.47 ~6 
0.18 -6s 
0.18 -6s 

175 s 2.11 
207 2S 2.51 
245 16 3.16 
249 I8 3.16 
330 1s 1 .I2 
337 18 2.01 

4.21 
3.s4 

10.35 
10.0s 
4.44 
4.61 

theoretical values were predicted by the fit routine when 
the total RH range of the input data was smaller than 
6% RH. The worse agreement is the result of having 
an insufficient number of data pairs to capture the cur- 
vature in Eq. (1). 

d. Compurison of measured, HTDMA-derived, und 
theoretic& values of Scr,t for internally und 
external1.y mixed particles 

The proposed method for deriving L?c,5, from HTDMA 
results was applied to equimolar, internally mixed par- 
ticles of NaCl and (NHd)SOd. Internally mixed parti- 
cles represent a more stringent test of the proposed 
method for deriving s_,, from HTDMA results compared 
to runs with single solutes, as internally mixed particles 
dissociate into three or more ions, whereas the model 
is explicitly written only for solutes that dissociate into 
two ions. A shape factor of 1.25 was applied to the dry 
particle size selected by DMAl so that experimental 
growth would match theoretically predicted growth; the 
average percent difference was 0.7% ? 1.2%. The use 
of a shape factor is supported by transmission electron 
micrographs of deposited particles showing that they 
were of irregular shape with protrusions. The micro- 
graphs did not allow a quantitative assessment of the 
shape factor to be made, but qualitatively supported the 
need for a shape factor; the chosen factor is between 
that for a cubic structure (1.08) and quartz (1.36: Hinds 
1982). Results from the tit of Eq. (1) to the internally 
mixed particle growth results are listed in Table 3 using 
the same format as in Table 2. The average agreement 
between HTDMA-derived and theoretical values of scr,t 
is between -8% and lO%, with a standard deviation of 
10% in the values of ,S‘,,, from the 20 runs with applied 
errors. The agreement between derived and theoretical 
values of Y, is -23% for the case with no applied errors 

and 8% for the case with applied errors. The agreement 
is similar to differences in the magnitudes of values of 
Yf for internally mixed NaCl-(NHd)lSOb and 
(NHh)SOd or NHdHSOe compositions, but smaller than 
the differences between values of Yf for internally mixed 
NaCl-(NHd)SOd and NaCl. The similarity between de- 
rived and theoretical values of Y, for internally mixed 
particles suggests that the modified Kohler model is 
capable of predicting Y, values for the more complex 
composition. We note, however, that only one study of 
internally mixed particles was conducted involving 17 
HTDMA scans. For the one CCN study conducted on 
32-nm internally mixed NaCl-(NHb)SOd particles, the 
agreement between CCNC-derived and theoretical val- 
ues of scr,t was -8%. We note that the theoretical critical 
supersaturation of an internally mixed (NHe)JOd-NaCl 
particle without the applied shape factor (i.e., 40-nm 
diameter) is 40% lower than the value of s_,t determined 
from the CCN study on internally mixed particles and 
the value predicted by the fit routine. 

Externally mixed particles were created by operating 
two atomizers in parallel and combining their output 
llows in the dilution and drying chamber so that ap- 
proximately equal number concentrations of each com- 
position was present. One atomizer was operated with 
an (NHd)SOJ solution and the second atomizer with 
an NaCl solution. A shape factor of 1.08 was applied 
to the NaCl dry particle size selected by DMAl, as 
described previously. Two growth modes were observed 
in the HTDMA, clearly demonstrating that particles of 
different chemical composition sampled simultaneously 
could be distinguished based on differences in their hy- 
groscopic growth. The results from two such studies are 
shown in Table 3. For each of the two studies, a dry 
particle size of 40 nm was selected with the first DMA, 
and results have been combined in Table 3. The agree- 
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ment between experimental and theoretical growth was 
very good for both solutes. The average percent differ- 
ence between theoretical and experimental hygroscopic 
growth was 1.3% ? 0.7% for NaCl and 0.7% ? 1.4% 
for (NHA)SO,,. 

The average agreement between experimentally de- 
rived and theoretical values of s_,, in Table 3 for the 
externally mixed particle studies is -23% (1 v = 5%, 
n = 34) for (NHJZSOJ and -25% (1 q = 6%, n = 
34) for NaCl. The poorer average agreement is reflected 
in the larger average xZ values in Table 3 compared to 
previous studies on (NHJISOJ and NaCl particles. The 
values of Y, in Table 3 derived from the fit routine for 
(NHa)SOJ and NaCl are clearly different. This dem- 
onstrates that the technique for deriving scr,, from 
HTDMA results can differentiate between particles with 
different chemical compositions sampled at the same 
time. The percent difference between HTDMA-derived 
and theoretical s_,, values is larger than for other studies. 
The differences are close to the ?22% confidence in- 
terval in values of see,, derived from CCN studies. The 
individual values of s_st corresponding to the externally 
mixed NaCl-(NHJ)SOJ particles could not be distin- 
guished by the CCN counter. Interestingly, the agree- 
ment between the experimentally determined value of 
s_,, and the average of the theoretical values of scV,, for 
40-nm (NH,)SO, and 37-nm NaCl particles was ex- 
tremely good, within -7%. 

e. Compurison of mea.sured, HTDMA derived, and 
theoretic& v&es of SC I/, for ambient purticles 

Ambient air samples were drawn from above the roof 
of the laboratory through a 1.2-cm inside diameter, elec- 
trically conductive, plastic sampling line 8 m long. We 
note that ambient studies were conducted on three dif- 
ferent monodisperse particle populations on three dif- 
ferent days (one size per day). The flow rate in the inlet 
tubing was 8 L min. No dilution air was added to the 
ambient sample, as the monodisperse particle concen- 
trations were already significantly lower than during lab- 
oratory studies of atomized salt particles. The particle 
sample was drawn into DMAl through a diffusion dryer 
and the operation of other components of the HTDMA- 
CCN system was analogous to studies on atomized salt 
particles. The relative humidity of the DMAl sample 
inlet flow was between 2% and 9% for all studies on 
ambient particles. Hygroscopic growth results for am- 
bient particles are shown in Fig. 6. A shape factor is 
likely required for the sampled particles: however, we 
have no way of estimating an appropriate value and 
electron micrograph grid samples were not collected; 
thus the particles were assumed to be spherical. Data 
pairs have been numbered for later reference. Three 
studies of ambient particles were conducted on DOYs 
174 (solid dots), 175 (asterisks), and 182 (squares). The 
particle size selected by DMAl was different for the 
three studies: 85-nm-diameter particles were selected on 
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FIG. 6. As in Fig. 2 except for three studies on ambient particles. 
Results from DOY 182 designated by squares, results from DOY 174 
designated by solid dots. and DOY l7S results are shown as asterisks. 

DOY 174, 68.4-nm particles were examined on DOY 
175, and 120-nm particles were selected on DOY 182. 
Local meteorological data were collected at the Colo- 
rado State University (CSU) Department of Atmospher- 
ic Science Christman Field meteorological data station, 
located approximately 100 m from the sample inlet. 
Time lines of concentrations of monodisperse particles 
observed by the UCPC have been plotted in Fig. 7 to 
help interpret changes in the observed hygroscopic 
growth. The average monodisperse particle concentra- 
tions on DOYs 174, 175, and 182 were 34.5, 22.1, and 
48.1 cm mX, corresponding to 85-, 68.4-, and 120-nm dry 
particle diameters, respectively. However, concentra- 
tions reached 80 crne3 on DOY 182, whereas maximum 
concentrations were only 60 cm--< during the other two 
studies. Highest concentrations occurred during periods 
where winds were easterly and light and when winds 
were from the south, consistent with the relative loca- 
tions of anthropogenic sources of particles. Lowest con- 
centrations were observed when winds were high and 
from the west and northwest. The most obvious change 
in UCPC concentration occurred at DOYs 175.57 and 
182.8 (Fig. 7). It is possible that the variability in the 
number concentration on DOY 182 adversely affected 
the value of scr,t derived from CCN studies. 

A striking feature of the results from the ambient 
studies is the much lower observed growth compared 
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FIG. 7. UCPC monodihperse number concentrations during all studies on ambient particles. Average number 
ccmcentrdtion. standard deviation, and coefficient of variation (9%) are arranged in a column from top to bottom in 
each plot 

with pure saks. The (NHJ)$Od and NaCl particles ex- Of the 54 total HTDMA scans conducted, two distinct 
hibit growth that is between 26% and 52% greater at growth modes were discerned in eight. Of these eight 
80% RH and between 2 1% and 72% greater at 90% RH 
than the largest growth factors observed for ambient 

cases, only one was observed on DOY 174, at the high- 
est study RH (data pair 18, DOY 174.76); three were 

samples. Assuming that the particle chemical compo- observed at the highest RHs examined on DOY 175 
sitions were similar on the three days, the results also (data pairs 21, 22, and 24, DOY 175.57-175.61); and 
suggest that when only a single hygroscopic mode was four were observed at RHs between 81% and 90% on 
observed larger particles (120 nm, squares) were more DOY 182 (data pairs 33, 34, and 36, DOY 182.49- 
hygroscopic than smaller particles (other symbols). 182.54). On DOY 182, two distinct growth modes were 
Larger particles were also found to be more hygroscopic observed in the first four HTDMA scans at RHs between 
in HTDMA studies by McMurry and Stolzenburg 82% and 90%, but not during HTDMA scans at these 
(1989) in the Los Angeles area. same RHs later in the study (i.e., data pairs 40-53, DOY 
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182.6-182.85). When two growth modes were ob- less than 1.11 and 53% for more hygroscopic particles 
served, there appeared to be a larger difference between with growth factors around 1.35. The soluble fraction 
the growth factors of the two modes for the larger par- and growth factor values are in reasonable agreement 
ticles compared to the smaller particles. with the corresponding values of this work. 

Although the chemical composition of the ambient 
particles was unknown, possible compositions were ex- 
amined by assuming the sampled particles consisted of 
internal mixtures of (NHJZSOa, NHbN03, and an in- 
soluble compound. The insoluble compound was as- 
sumed to have a dry density of 1000 kg mm3 and a 
molecular weight of 40 g mall’. A full Kohler model 
for an aqueous solution drop containing a solid insoluble 
substance was used to calculate the equilibrium RHs for 
the sample particle compositions (Pruppacher and Klett 
1997). The choice of soluble compounds is supported 
by filter and impactor sampling results from earlier stud- 
ies of ambient particles along the Front Range of Col- 
orado that showed (NHd)SOd and NHdNOs were pre- 
sent. Equilibrium RHs were calculated as a function of 
droplet size for various mass fractions of the three con- 
stituents and the particle sizes selected during each of 
the three ambient studies. Curves of RH versus Dc,rL,p 
were compared to observed (RH, Ddro,,) data pairs for 
each ambient study. The mass fraction values that pro- 
vided the best fit, determined visually, to observed 
(RH, Ddro,,) data pairs were used to calculate s_,[ values 
for each ambient study. For the studies on DOYs 174 
and 175, the same combination of the three compounds 
provided a reasonable fit to observed droplet growth 
factors. For these studies, the mass fractions of 
(NHd)SOd, NHaNOj, and insoluble material were 0.14, 
0.09, and 0.77, respectively. Therefore, the volume frac- 
tion of soluble material in the sampled particles is es- 
timated to be only 14%. We note, however, that the 
estimated mass fractions of the three compounds are 
probably not unique since different combinations of spe- 
cies and insoluble matter could also fit the observed 
droplet growth factors. The calculated values of scr,, for 
the assumed chemical compositions on DOYs 174 and 
175 differ from values derived from CCN studies by 
10% and -23%, respectively. This level of agreement 
is similar to that found in other CCN studies of this 
work. For the study on DOY 182, a different mixture 
of compounds best simulated the observed hygroscopic 
behavior. The mass fractions of (NHd)SOa, NHJN03, 
and insoluble material were 0.25, 0.15, and 0.6, re- 
spectively, The estimated volume fraction of soluble 
material in the 120-nm-diameter particles is 27%. Cor- 
respondingly, the predicted value of S_,t for DOY 182 
is 0.2%, much lower than the value of 0.53% derived 
from CCN studies. The hypothetical value of S_,, de- 
rived for the assumed chemical composition agrees very 
well with the value from the fit routine for this study 
(0.18%). Svenningson et al. (1994) used their HTDMA 
results to estimate the volume fraction of soluble ma- 
terial in particles at a continental sampling site. They 
found that values of the soluble fraction varied between 
2% for less hygroscopic particles with growth factors 

The RH, Ddrop pairs were used in the fit routine to 
derive scr,t for ambient particles, and results are listed 
in Table 3. For the eight cases where two hygroscopic 
modes were observed in a single scan, the more hygro- 
scopic mode was chosen to be used in the fit routine. 
The values of Yf derived for the ambient particle samples 
are also shown in Table 3. It is of interest to note that 
most of the values are between two and ten times smaller 
than those derived for the pure salts, consistent with the 
lower observed hygroscopic growth of the ambient par- 
ticles compared to the salts. For the three studies, the 
average agreement between values of ,S_,, derived from 
CCN studies and values of s_lt derived from HTDMA 
results is -38% with a standard deviation of 5%. Fur- 
thermore, the x2 values of the fits listed in Table 3 are 
generally larger than those from studies on known salts, 
indicating that the modified Kohler model does not sim- 
ulate the growth of ambient particles as well as particles 
composed of the other compositions examined in this 
work. The largest error, -65%, was found for the study 
on 120-nm particles (DOY 182) and may be due to the 
variability in number concentration during the study. As 
mentioned above, the calculated value of scr,f for a hy- 
pothetical chemical composition exhibiting droplet 
growth similar to that observed on DOY 182 is closer 
to the value predicted from the fit routine than to the 
value from CCN studies. The percent difference be- 
tween HTDMA-derived and CCNC-derived s‘,,t values 
is larger than the -0.6% (1 cr = 1 l%, n = 16) uncer- 
tainty in Scr,, values derived from CCN studies on known 
composition particles. For the study on 68.4-nm parti- 
cles on DOY 175, the agreement between HTDMA- 
derived (0.47%) and CCN-derived (0.5%) values of s_, 
is much better: -6%, closer to the experimental un- 
certainty in the value of SC,,,. Studies of the influence 
of the choice of data pair subsets on predicted values 
of sc,l, again demonstrated that a 7% RH range was too 
small to derive accurate values of SC,,,. A 10% RH range 
was found to produce better predicted values of scr,[. 

In addition to the variability of the particle properties 
during the studies, the poor performance of the model 
on the ambient data may be because the particles were 
composed of internal mixtures of materials that did not 
fully dissociate in solution or somehow inhibited the 
condensation process, Limitations in the current, mod- 
ified Kohler model may preclude the prediction of ac- 
curate values of S_,[ from HTDMA results for ambient 
particles of unknown composition. For example, it is 
possible that an additional adjustable parameter, for ex- 
ample, the insoluble fraction, would improve the ability 
of the model to capture the curvature of Eq. (1). Another 
possibility is that certain surface-active organic com- 
pounds influenced the critical supersaturation by inhib- 
iting the uptake of water (Schulmann et al. 1996); this 
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FIG. X. Comparison of values of S_, derived from CCN studies (solid dots), the fit technique with 
the Kfihler model in this work (diamonds). and the fit technique with the K6hler model from 
Weingartner et al, (1997) (squares). for all compounds studied in this work. The solid line designates 
perfect agreement between experimental and theoretical values of S_,. The “X” designates results 

for ambient samples and the model of this work, triangles designate ambient results from the model 
of Weingartner et al. (1997). Results from ambient studies are plotted as the CCNC-derived value 

of SU,, on the y axib and the HTDMA-derived value of SLr,, on the x axis. The confidence interval 

for CCNC-derived values of S_, is 222% while that for HTDMA-derived values is 528%. 

effect is not accounted for in our model. More studies 
on ambient particles are required to better quantify mod- 
el limitations, however, the general applicability of Pitz- 
er’s model of the osmotic coefficient provides some con- 
fidence that a new parameterization could be developed 
so that S_, could be successfully derived for ambient 
particles. 

f Summary of HTDMA-derived values of SC,CJ und 
comparison with a ,simpler Ktihler model 

The values of SLrL, predicted by the model in this work 
(diamonds) are compared to CCNC-derived values (sol- 
id dots) in Fig. 8 for all of the particle types studied 
here. The HTDMA-derived values of ,Scr,, in Fig. 8 are 

predicted using all of the HTDMA study results for each 
compound with applied error. The solid dots shown are 
the same data plotted in Fig. 5. The simpler Kohler 
model proposed by Wemgartner et al. (1997) discussed 
in Part I of this work was also fit to HTDMA data, with 
derived values of S_,, shown as squares in Fig. 8. The 
“X ” symbols in Fig. 8 designate ambient study results 
from the model of this work and triangles represent 
results from the model of Weingartner et al. (1997) for 
ambient studies. The HTDMA-derived value of S_, are 
plotted as the abscissa and the CCNC-derived value of 
SC,,, as the ordinate. It is worth noting that for studies 
involving dry particle diameters between 32 and 40 nm, 
the various chemical compositions examined represent 
a factor of 2 change in S_,,, demonstrating that both 
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chemical composition and particle size are important 
factors in determining SLr,,. Results in Fig. 8 demonstrate 
good agreement between HTDMA-derived, CCNC-de- 
rived, and theoretical values of ,Scll,. The average agree- 
ment between theoretical and predicted values of scr,, 
for particles of known chemical composition is -20% 
(1 cr = 8%, n = 7) for the model proposed by Wein- 
gartner et al. (1997) and - 16% (1 u = 7%, n = 7) for 
the model of this work. On average, both methods for 
predicting ,Scr,t from HTDMA results tend to underpre- 
diet values of SC,,, over the supersaturation range ex- 
amined. 

As shown in Part I, assumptions made in the modified 
Kohler model result in underpredictions of values of the 
Kelvin term and overpredictions of cl), which in turn 
result in underpredictions of values of RH and scrl,. For 
many of the particles composed of single solutes studied 
here, the osmotic coefficient varies between values 
slightly above 1 and values slightly below 1 (NaCl) or 
is less than 1 [(NHd)SOA, NHJHSOA, NHdN03, inter- 
nally mixed solutes] for the RH range and molalities 
experienced during HTDMA studies (1-6 molal). For 
example, for (NHJISOA the osmotic coefficient is near 
0.75 for molalities greater than 6 molal, decreases to 
0.65 for molalities between 6 and 1, and then exponen- 
tially approaches unity as the molality decreases below 
1 molal. In the model of Weingartner et al. (1997) the 
product vprWM5 is assumed to be constant as the one 
free fit parameter in the model (NZ). Therefore, the as- 
sumption is made that Q does not vary with RH. As 
mentioned above, for HTDMA conditions and many of 
the compounds studied here, the osmotic coefficient val- 
ue does not vary significantly, and the simpler model 
of Weingartner et al. (1997) can do a reasonable job of 
predicting s_$, if measurements are made in the appro- 
priate molality range. However, in general, compounds 
do not have osmotic coefficient values that are constant 
for droplet molalities experienced during HTDMA mea- 
surements. A good example is NHdN03, where the os- 
motic coefficient demonstrates a monotonic decrease 
from a value of 0.8 for a 1-molal solution, to a value 
of 0.65 for a 6-molal solution. Correspondingly, as 
shown in Part I, the model of Weingartner et al. (1997) 
exhibited a larger error in predicted ,SL1,, in numerical 
studies on particles composed of NHdNOj. 

4. Conclusions 

A technique for using hygroscopic growth measure- 
ments at RHs < 100% to derive the critical supersat- 
uration required to activate a particle to a cloud droplet 
has been applied to measurements of droplet growth for 
particles composed of NaCl, (NHd)SOa, NHdHSOd, 
internally mixed NaCl-(NHd)SOd, externally mixed 
NaCl-(NHa)SOh, and ambient particles of unknown 
composition. Operation of the HTDMA was validated 
by comparing observed hygroscopic growth with pub- 
lished data. The errors in observed hygroscopic growth 

factors for particles composed of NaCl and (NHb)SOb 
were calculated to be less than ? 1.7%. By applying the 
necessary loss corrections to the input particle number 
concentrations, systematic studies on particles of known 
size and chemical composition have demonstrated that 
a thermal gradient diffusion chamber CCN counter can 
be used to determine the critical supersaturation of 
monodisperse particles within -0.6% of theoretical val- 
ues with a standard deviation of 11% (n = 16). The 
confidence interval in CCNC-derived values of sL,,c was 
?22% at the 95% confidence level. 

A modified Kohler model including a parameteriza- 
tion for the solution osmotic coefficient that approaches 
the correct thermodynamic limit was fitted to experi- 
mental growth results in order to derive two composi- 
tion-dependent unknowns, Y, and &. Only 30-60 min 
are required to acquire the data necessary to derive a 
value of scr,, from HTDMA study results. HTDMA-de- 
rived values of s_,t for particles composed of NaCl, 
(NHd)SOd, and NHdHSOd agree with theoretical values 
to within - 13% (g = 8.5%, n = 8). The 95% confidence 
interval in HTDMA-derived values of ,S_,, was 228%. 
The agreement between the theoretical, CCNC-derived, 
and HTDMA-derived values of s_,t demonstrates that 
the proposed technique can derive accurate values of 
scrl, from hygroscopic growth data for the particle types 
studied here. 

Values of scr,t were also derived from HTDMA study 
results using the Kohler model proposed by Weingartner 
et al. (1997). Slightly better agreement was found be- 
tween theoretical and predicted values of s_,, from the 
model of this work than values predicted by the model 
of Weingartner et al. (1997). The scr,, values from CCN 
studies did not agree within experimental uncertainties 
with those derived from either model applied to 
HTDMA data from two of the three ambient particle 
studies conducted for this work. The poorer agreement 
for the ambient studies is believed to be due to the 
variability in ambient particle concentration and chem- 
ical composition during the study, the low number con- 
centrations of particles that were available to be sam- 
pled, and the likely complex mixture of more and less 
hygroscopic material in the ambient particles resulting 
in hygroscopic behavior that could not be captured by 
the modified Kohler model. The presence of slightly 
soluble compounds, for example, CaSOd or some or- 
ganic acids, can alters_,, through changes to the droplet 
solution surface tension and by the presence of an un- 
dissolved, insoluble, or slightly soluble core (Schul- 
mann et al. 1996; Laaksonen et al. 1998). These effects 
are likely to be important for ambient particles and are 
not accounted for in the current version of the modified 
Kohler theory. Furthermore, as pointed out by Laak- 
sonen et al. (1998) the presence of soluble gases could 
decrease the values of s_,, of particles sampled by the 
CCN counter, and this effect would not be accounted 
for in the modified Kohler model used to determine the 
HTDMA-derived values of sccl,. An additional adjust- 
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able parameter in the model that accounts for the pres- Hudson. J. G., 1982: Correlation between surface and cloud base 

ence of insoluble material may improve the accuracy of CCN spectra in Montana. J. A&. Meter., 21, 1427-1440. 

HTDMA-derived values of s_,, for ambient particles. 
-, Y. Xie, and S. S. Yum, 1998: Vertical distributions of cloud 

condensation nuclei spectra over the summertime Southern 
Future work will include more studies of ambient par- Ocean. .l. Ge&z~.s. Re.y., 103 (Dl3), I6 609-16 624. 

ticles of unknown composition and the development of Kelly, W. P., and I? H, McMurry, 1992: Measurement of particle 

an improved KGhler model explicitly accounting for the density by inertial classification of differential mobility analyzer- 

presence of partially soluble and insoluble material in 
generated monodisperse aerosols, Aermol Sci. Tech,, 17, l99- 
512. 

sampled particles. Kim, Y. P.. J. H, Seinfeld, and P Saxcna, 1993: Atmospheric gas- 
aerosol equilibrium, I. Thermodynamic model. Aermol .Qi. 
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