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FIG. 5. Comparison of values of Scrit determined from all CCN
studies in this work and theoretical values of Scrit calculated using the
reference Köhler model for the temperature conditions of each CCN
study. Solid line is 1:1 line and designates perfect agreement between
theory and experiment. Symbols represent the following: plus for
(NH4)2SO4, asterisk for NaCl, diamond for NH4HSO4, triangle for
internally mixed NaCl–(NH4)2SO4, and squares for externally mixed
NaCl–(NH4)2SO4. The confidence interval for CCNC-derived values
of Scrit is 622%.

TABLE 2. Summary of theoretical Scrit values, Yf and b0, f fit parameters, and Dcrit values determined HTDMA study results on particles
composed of single solutes. The confidence interval of HTDMA-derived values of Scrit is 628%. ‘‘N’’ designates the number of HTDMA
scans used in the fit routine. 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 Scrit to average values of Scrit were less than 0.16 for the cases with applied
errors. Errors in Scrit and Dcrit are calculated relative to theoretical values from the reference Köhler model.

Compound N Dp,sol (nm) Yf b0,f Scrit (%) Scrit Err. (%) Dcrit (nm) Error Dcrit (%) x2

NaCl
NaCl
NaCl
NaCl
NaCl
NaCl
(NH4)2SO4

(NH4)2SO4

NH4HSO4

NH4HSO4

19

12

8

43

30

37
37
46
46
44
44
57
57
40
40

84.767
93.656
45.787
55.641
65.292
67.561
33.353
34.225
31.289
33.059

0.01611
0.01114
0.08943
0.06072
0.03302
0.03248
0.00247
0.00101
0.00596
0.00398

0.42
0.40
0.40
0.36
0.37
0.36
0.35
0.33
0.62
0.61

221
224

6
26

210
211
213
216
216
218

321
334
337
379
368
372
388
403
217
222

12
17

215
25

0
0
5
9
5
8

0.0800
1.04
2.44
1.73
1.31
0.981
1.72
2.35
2.51
3.21

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 Scrit 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 622% confi-
dence interval in CCNC-derived values of Scrit about the
experimentally determined value of Scrit . For all of the
studies shown in Table 2, the average agreement be-
tween HTDMA-derived and theoretical values of Scrit is
213% with a standard deviation of 8.5% (n 5 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 Scrit .
The confidence interval expressed as a percent error in
Scrit was found to be 628%, similar to the value of
622% found for CCNC-derived values of Scrit . The
628% confidence interval in HTDMA-derived Scrit val-
ues is shown in Fig. 4b as the large triangles. The
HTDMA-derived values of Scrit and Dcrit 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 Scrit . This underpred-
iction of Scrit is due primarily to the overestimate of
values of the osmotic coefficient by the parameterization
of F used in the modified Köhler model. Larger dis-
agreement between theoretical and HTDMA-derived
values of Scrit is found for NH4HSO4. The disagreement
is similar to that found in numerical studies on particles
composed of NH4HSO4 and is due to the fact that the
proposed parameterization for F 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 Yf

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 b0, f

is much less than that to the value of Yf ; therefore, we
only compare values of Yf . We note that, although the
values of Yf are similar for (NH4)2SO4 and NH4HSO4,
the value for NaCl is between 1.4 and 3 times greater
than those for (NH4)2SO4 and NH4HSO4. Values of Yf

for NaCl, (NH4)2SO4, and NH4HSO4 derived from the
fit routine agree with theoretically perfect values within
217%, 215%, 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 Scrit . Values of Scrit as much as 45% lower than
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TABLE 3. Summary of theoretical Scrit values, Yf and b0, f fit parameters, and Dcrit values determined HTDMA study results on particles
composed of internally and externally mixed particles and ambient particles of unknown chemical composition. The confidence interval of
HTDMA-derived values of Scrit is 628%. ‘‘N’’ designates the number of HTDMA scans used in the fit routine. 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 Scrit to average values of Scrit were less than 0.16 for the cases with applied errors. Errors in Scrit and Dcrit are calculated relative to
theoretical values from the reference Köhler model. ‘‘Emix’’ designates results from externally mixed studies and ‘‘Imix’’ those from internally
mixed studies. Results from the two externally mixed studies have been combined and results from NaCl and (NH 4)2SO4 particles are reported
separately.

Compound N Dp,sol (nm) Yf b0,f Scrit (%) Scrit Err. (%) Dcrit (nm) Error Dcrit (%) x2

Imix
Imix
Emix
(NH4)2SO4

Emix
NaCl
Ambient
Ambient
Ambient
Ambient
Ambient
Ambient

17

34

34

19

14

18

32
32
40
40
37
37
85
85
68.4
68.4

120
120

37.791
53.002
39.751
41.757
90.184
96.198

8.824
9.332

10.743
10.808
13.617
13.772

0.05239
0.02558

20.00141
20.00242

0.01185
0.00919

20.00404
20.00450
20.00444
20.00434
20.00260
20.00299

0.78
0.65
0.55
0.54
0.41
0.40
0.37
0.35
0.47
0.47
0.18
0.18

10
28

222
223
224
225
227
232
26
26

265
265

175
207
245
249
330
337

5
25
16
18
15
18

2.11
2.51
3.16
3.76
1.72
2.01
4.21
3.54

10.35
10.05

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. Comparison of measured, HTDMA-derived, and
theoretical values of Scrit for internally and
externally mixed particles

The proposed method for deriving Scrit from HTDMA
results was applied to equimolar, internally mixed par-
ticles of NaCl and (NH4)2SO4. Internally mixed parti-
cles represent a more stringent test of the proposed
method for deriving Scrit 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 DMA1 so that experimental
growth would match theoretically predicted growth; the
average percent difference was 0.7% 6 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 fit 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 Scrit

is between 28% and 10%, with a standard deviation of
10% in the values of Scrit from the 20 runs with applied
errors. The agreement between derived and theoretical
values of Yf is 223% 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
Y f for internally mixed NaCl–(NH 4 ) 2SO 4 and
(NH4)2SO4 or NH4HSO4 compositions, but smaller than
the differences between values of Yf for internally mixed
NaCl–(NH4)2SO4 and NaCl. The similarity between de-
rived and theoretical values of Yf for internally mixed
particles suggests that the modified Köhler model is
capable of predicting Yf 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–(NH4)2SO4 particles, the
agreement between CCNC-derived and theoretical val-
ues of Scrit was 28%. We note that the theoretical critical
supersaturation of an internally mixed (NH4)2SO4–NaCl
particle without the applied shape factor (i.e., 40-nm
diameter) is 40% lower than the value of Scrit 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
flows 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 (NH4)2SO4 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 DMA1, 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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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 175 results are shown as asterisks.

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% 6 0.7% for NaCl and 0.7% 6 1.4%
for (NH4)2SO4.

The average agreement between experimentally de-
rived and theoretical values of Scrit in Table 3 for the
externally mixed particle studies is 223% (1 s 5 5%,
n 5 34) for (NH4)2SO4 and 225% (1 s 5 6%, n 5
34) for NaCl. The poorer average agreement is reflected
in the larger average x2 values in Table 3 compared to
previous studies on (NH4)2SO4 and NaCl particles. The
values of Yf in Table 3 derived from the fit routine for
(NH4)2SO4 and NaCl are clearly different. This dem-
onstrates that the technique for deriving Scrit from
HTDMA results can differentiate between particles with
different chemical compositions sampled at the same
time. The percent difference between HTDMA-derived
and theoretical Scrit values is larger than for other studies.
The differences are close to the 622% confidence in-
terval in values of Scrit derived from CCN studies. The
individual values of Scrit corresponding to the externally
mixed NaCl–(NH4)2SO4 particles could not be distin-
guished by the CCN counter. Interestingly, the agree-
ment between the experimentally determined value of
Scrit and the average of the theoretical values of Scrit for
40-nm (NH4)2SO4 and 37-nm NaCl particles was ex-
tremely good, within 27%.

e. Comparison of measured, HTDMA derived, and
theoretical values of Scrit for ambient particles

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 min21. 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 DMA1 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 DMA1 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 DMA1 was different for the
three studies: 85-nm-diameter particles were selected on

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 cm23, corresponding to 85-, 68.4-, and 120-nm dry
particle diameters, respectively. However, concentra-
tions reached 80 cm23 on DOY 182, whereas maximum
concentrations were only 60 cm23 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 Scrit 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 monodisperse number concentrations during all studies on ambient particles. Average number
concentration, standard deviation, and coefficient of variation (%) are arranged in a column from top to bottom in
each plot.

with pure salts. The (NH4)2SO4 and NaCl particles ex-
hibit growth that is between 26% and 52% greater at
80% RH and between 21% and 72% greater at 90% RH
than the largest growth factors observed for ambient
samples. Assuming that the particle chemical compo-
sitions were similar on the three days, the results also
suggest that when only a single hygroscopic mode was
observed larger particles (120 nm, squares) were more
hygroscopic than smaller particles (other symbols).
Larger particles were also found to be more hygroscopic
in HTDMA studies by McMurry and Stolzenburg
(1989) in the Los Angeles area.

Of the 54 total HTDMA scans conducted, two distinct
growth modes were discerned in eight. Of these eight
cases, only one was observed on DOY 174, at the high-
est study RH (data pair 18, DOY 174.76); three were
observed at the highest RHs examined on DOY 175
(data pairs 21, 22, and 24, DOY 175.57–175.61); and
four were observed at RHs between 81% and 90% on
DOY 182 (data pairs 33, 34, and 36, DOY 182.49–
182.54). On DOY 182, two distinct growth modes were
observed in the first four HTDMA scans at RHs between
82% and 90%, but not during HTDMA scans at these
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-
served, there appeared to be a larger difference between
the growth factors of the two modes for the larger par-
ticles compared to the smaller particles.

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 (NH4)2SO4, NH4NO3, and an in-
soluble compound. The insoluble compound was as-
sumed to have a dry density of 1000 kg m23 and a
molecular weight of 40 g mol21. A full Köhler 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 (NH4)2SO4 and NH4NO3 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 Ddrop

were compared to observed (RH, Ddrop) data pairs for
each ambient study. The mass fraction values that pro-
vided the best fit, determined visually, to observed
(RH, Ddrop) data pairs were used to calculate Scrit 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
(NH4)2SO4, NH4NO3, 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 Scrit for
the assumed chemical compositions on DOYs 174 and
175 differ from values derived from CCN studies by
10% and 223%, 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 (NH4)2SO4, NH4NO3,
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 Scrit for DOY 182
is 0.2%, much lower than the value of 0.53% derived
from CCN studies. The hypothetical value of Scrit 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

less than 1.11 and 53% for more hygroscopic particles
with growth factors around 1.35. The soluble fraction
and growth factor values are in reasonable agreement
with the corresponding values of this work.

The RH, Ddrop pairs were used in the fit routine to
derive Scrit 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 Scrit derived from
CCN studies and values of Scrit derived from HTDMA
results is 238% 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 Köhler 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, 265%, 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 Scrit 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 Scrit values
is larger than the 20.6% (1 s 5 11%, n 5 16) uncer-
tainty in Scrit 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 Scrit

is much better: 26%, closer to the experimental un-
certainty in the value of Scrit . Studies of the influence
of the choice of data pair subsets on predicted values
of Scrit again demonstrated that a 7% RH range was too
small to derive accurate values of Scrit . A 10% RH range
was found to produce better predicted values of Scrit .

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 Köhler model may preclude the prediction of ac-
curate values of Scrit 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. 8. Comparison of values of Scrit derived from CCN studies (solid dots), the fit technique with
the Köhler model in this work (diamonds), and the fit technique with the Köhler 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 Scrit. The ‘‘3’’ 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 Scrit on the y axis and the HTDMA-derived value of Scrit on the x axis. The confidence interval
for CCNC-derived values of Scrit is 622% while that for HTDMA-derived values is 628%.

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 Scrit could be successfully derived for ambient
particles.

f. Summary of HTDMA-derived values of Scrit and
comparison with a simpler Köhler model

The values of Scrit 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 Scrit 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 Köhler
model proposed by Weingartner et al. (1997) discussed
in Part I of this work was also fit to HTDMA data, with
derived values of Scrit shown as squares in Fig. 8. The
‘‘3’’ 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 Scrit are
plotted as the abscissa and the CCNC-derived value of
Scrit 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 Scrit , demonstrating that both
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chemical composition and particle size are important
factors in determining Scrit . Results in Fig. 8 demonstrate
good agreement between HTDMA-derived, CCNC-de-
rived, and theoretical values of Scrit . The average agree-
ment between theoretical and predicted values of Scrit

for particles of known chemical composition is 220%
(1 s 5 8%, n 5 7) for the model proposed by Wein-
gartner et al. (1997) and 216% (1 s 5 7%, n 5 7) for
the model of this work. On average, both methods for
predicting Scrit from HTDMA results tend to underpre-
dict values of Scrit over the supersaturation range ex-
amined.

As shown in Part I, assumptions made in the modified
Köhler model result in underpredictions of values of the
Kelvin term and overpredictions of F, which in turn
result in underpredictions of values of RH and Scrit. 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 [(NH4)2SO4, NH4HSO4, NH4NO3, inter-
nally mixed solutes] for the RH range and molalities
experienced during HTDMA studies (1–6 molal). For
example, for (NH4)2SO4 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 nrsF/Ms is assumed to be constant as the one
free fit parameter in the model (Ni). Therefore, the as-
sumption is made that F 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 Scrit 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 NH4NO3, 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 Scrit in numerical
studies on particles composed of NH4NO3.

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, (NH4)2SO4, NH4HSO4,
internally mixed NaCl–(NH4)2SO4, externally mixed
NaCl–(NH4)2SO4, 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 (NH4)2SO4

were calculated to be less than 61.7%. 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 20.6% of theoretical val-
ues with a standard deviation of 11% (n 5 16). The
confidence interval in CCNC-derived values of Scrit was
622% at the 95% confidence level.

A modified Köhler 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, Yf and b0, f . Only 30–60 min
are required to acquire the data necessary to derive a
value of Scrit from HTDMA study results. HTDMA-de-
rived values of Scrit for particles composed of NaCl,
(NH4)2SO4, and NH4HSO4 agree with theoretical values
to within 213% (s 5 8.5%, n 5 8). The 95% confidence
interval in HTDMA-derived values of Scrit was 628%.
The agreement between the theoretical, CCNC-derived,
and HTDMA-derived values of Scrit demonstrates that
the proposed technique can derive accurate values of
Scrit from hygroscopic growth data for the particle types
studied here.

Values of Scrit were also derived from HTDMA study
results using the Köhler model proposed by Weingartner
et al. (1997). Slightly better agreement was found be-
tween theoretical and predicted values of Scrit from the
model of this work than values predicted by the model
of Weingartner et al. (1997). The Scrit 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 Köhler model. The presence of slightly
soluble compounds, for example, CaSO4 or some or-
ganic acids, can alter Scrit 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
Köhler theory. Furthermore, as pointed out by Laak-
sonen et al. (1998), the presence of soluble gases could
decrease the values of Scrit of particles sampled by the
CCN counter, and this effect would not be accounted
for in the modified Köhler model used to determine the
HTDMA-derived values of Scrit . An additional adjust-
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able parameter in the model that accounts for the pres-
ence of insoluble material may improve the accuracy of
HTDMA-derived values of Scrit for ambient particles.
Future work will include more studies of ambient par-
ticles of unknown composition and the development of
an improved Köhler model explicitly accounting for the
presence of partially soluble and insoluble material in
sampled particles.
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