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Figure 11. The estimated minimum diameter of particles activated 
in these stratus (activation diameter) wrsus th• N• and th• %. based 
on th• da• •rom Tabl• 2. In addition to th• compl•t• data s•t, two 
group• o• th• N• da• at• id•nti•d •or •mall• vmation• in %,. Th• 
curw fits are used to indicate the tendencies ot the data points. 

diameters are associated with lower Ow.. The activation 
diameter versus Na data are identified for o w, < 0.17 m s -1 and 
Ow. > 0.23 m s -1. For the higher Ow. data the activation size 
tends to increase with higher Na. For the lower o w, data there 
is a very weak tendency for the activation size to increase with 
increasing N•. The smaller activation diameters for 

higher(lower) Ow,(Na) are consistent with the higher Nd/N a for 
higher(lower) Ow.(Na) demonstrated by Figure 8. 

3.5. Chemical Observations 

Twenty eight samples of cloud water were collected from the 
marine stratus and analyzed for major inorganic and organic ion 
concentrations. There are incomplete microphysical data for the 
time of collection of one sample, and the concentrations in 
seven pairs of samples, collected simultaneously, have been 
averaged, making a total of 20 data points. The physical data 
have been averaged over the in-cloud collection time of each 
sample, which ranges from about 2 to 23 min. The ion 
concentrations and corresponding physical data averages for the 
20 points are given in Table 3. The aqueous concentrations 
have been converted to equivalent air-volume units 
(nanoequivalents per cubic meter), using the LWC. Percentiles 
(25th, 50th and 75th) for the cloud water data are also given. 
The Chebogue Point observations are pertinent here, since this 
site was sampling aerosol in the marine boundary layer, and 
often downwind of the low clouds. The Chebogue Point 
percentiles at the bottom of Table 3 are for the aerosol measure- 
ments identified by Liu et al. [this issue] as having been 
processed through these low marine stratus (50 % of the full data 
set reported by Liu et al.). 

Sulfate and nitrate were the principal anions in the cloud 
water. The median cloud water SO4 = concentration (cwSO4 =) 
is somewhat lower than the median Chebogue Point aerosol 
SO4 = concentration. This is consistent with the activation of 

Table 3. Ion Concentrations and Corresponding Physical Parameter Averages for Cloud Water Samples 
Pres. Alt. Temp. 

Flil•ht Sample ID ACE- FOR-MSA' 
8 18 <0.2 12 

8 11 3.3 2.2 0.2 7.0 

14 6&7 0.4 9.6 

14 9,10& 19 0.4 5.6 
16 26 <0.9 <3 0.2 36 

21 55 0.1 3.2 

34 63 0.6 9.1 

34 38 0.4 15 

36 76 0.2 14 

38 53&54 0.2 10 

39 95 3.5 9.3 0.3 35 

39 97 0.2 10 

43 17&102 <0.1 <0.1 

43 103 <0.08 0.6 

44 89 0.2 0.5 

44 93 0.06 2.6 

45 137&141 0.05 1.4 

45 126&140 <0.2 <0.4 

46 130 0.2 1.0 

47 119 4.3 8.4 0.3 3.4 

Median 3.4 5.3 0.2 6.3 

25th percentile <0.1 1.2 
75th percentile 0.3 10 
C.P. Median 0.7 10 

25th percentile 0.4 <6 
75th percentile 1.7 42 

CI- NO3- SO4=C204 = Na + NH4 + MI• +• Ca ++ 
2.7 9.9 0.9 

2.7 5.7 0.3 

12 60 1.3 

8.9 55 3.8 

15 28 0.2 

20 113 1.3 

59 69 0.9 

76 87 <0.2 

21 46 0.2 

29 56 1.7 

42 56 <0.2 

9.7 21 0.7 

8.9 <0.7 <1.4 <1.4 

5.0 0.8 0.6 0.4 

29 9.4 1.3 1.7 

5.9 16 <1.5 <1.5 45 

36 1.2 4.2 2.1 

2.0 11 <0.6 <0.6 130 

2.9 13 <0.7 <0.7 109 

8.1 15 1.4 2.4 

11 11 2.5 1.5 60 

9.5 16 1.5 2.7 56 

35 19 4.4 5.1 45 

7.0 6.8 1.0 1.5 19 

1.9 4.1 0.2 <0.4 0.5 <0.4 <0.4 

4.9 21 <0.2 <0.5 3.2 <0.5 <0.5 

0.8 2.9 0.0õ 0.2 0.7 <0.2 <0.2 

4.8 17 <0.2 0.7 4.9 <0.3 <0.3 

19 41 0.5 <0.4 5.2 <0.4 <0.4 

33 47 0.7 2.9 6.2 2.5 7.3 

14 36 0.9 4.7 7.1 <0.2 0.4 

39 91 0.05 <0.2 23 <0.2 

40 

0.5 107 

Nd LWC Ow. Na 
H + (mb•) (m) (øC) (cm -3) (• m -3) (m• -l) (cm -3) 
15 953 525 15.5 96 0.39 0.28 150 

953 523 15.5 111 0.20 0.29 150 

999 161 14.6 304 0.25 0.19 454 

999 163 14.7 335 0.16 0.18 454 

1005 108 16.1 151 0.11 0.09 405 

956 407 16.4 352 0.11 0.31 1240 

989 202 18.7 145 0.17 0.18 708 

993 170 18.6 118 0.24 0.14 708 

948 605 14.2 291 0.15 0.24 470 

974 345 21.1 119 0.26 0.09 818 

963 412 21.5 369 0.41 0.60 400 

976 300 22.4 74 0.24 0.07 400 

8.3 1000 151 13.2 68 0.23 0.13 213 

22 987 259 14.5 89 0.19 0.11 515 

4.2 985 275 16.5 159 0.18 0.23 310 

18 981 303 16.3 234 0.20 0.23 350 

959 489 13.6 180 0.13 0.19 278 

977 343 14.1 114 0.16 0.16 445 

929 756 12.9 291 0.25 0.28 374 

920 844 14.0 358 0.20 0.26 1048 

15 44 0.4 4.9 7.0 0.8 <1.1 42.3 977 323 15.5 155 0.20 0.19 425 

4.9 19 <0.2 0.5 2.2 <0.4 <0.5 18 955 194 14.2 110 0.16 0.14 340 

31 56 0.9 9.2 12 1.5 1.9 59 990 498 17.0 295 0.24 0.27 565 

13 69 3.6 32 38 4 <5 460 

<1 51 2.1 5.0 28 <1 <5 340 

17 90 4.8 55 59 11 <5 850 

All chemical units are nEq m-Z; less than indicates below value; blank indicates no analysis; C.P. - Chebogue Point (the C.P. percentiles 
are from the data of Liu et al. [this issue] for aerosol believed to have been processed by low stratus); Pres., pressure; Alt., altitude; Temp., 
temperature. 
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only a fraction the sulfate-bearing fine particles ß the results of 120 
Liu et al. [this issue] suggest that sulfate was presem in particles 
both smaller and larger than the activation sizes in Table 2 ß E 

Much of the Chebogue Point aerosol NO3- was associated with m 
Na + from the reaction of HNO3 with NaC1 either in the ' '-• 150 

atmosphere or on the collection filters [Liu et al. this issue]. • O 

The relatively close agreement between the cwNO 3- and 
Chebogue Point NO 3- medians can then be explained as due to 

o 

the efficient scavenging of nitrate by these clouds if its presence o 

before cloud was as HNO 3 and/or an aerosol salt associated with 0 4o II 

larger particles (e.g., NaNO3). 

The medians of Na+, CI-, methanesulfonate (MSA'), NH4 +, 
and oxalate (C204 =) are all lower in the cloud water compared 
with the Chebogue Point aerosol. Because of the relative calm 0 
sea conditions during the study, it is likely that the concentra- 
tions of sea-salt particles were higher nearer the surface than 
aloft. Also, because of the coastal location, local sea-salt 

80 

generation may have occasionally influenced the Chebogue 

Point sampling. Thus the higher cloud water sampling altitudes E 
relative to Chebogue Point can explain the lower cwNa+, cwC1- 
(in which case the NO 3- scavenged by the cloud was more HNO3 m 
than NaNO3) and perhaps the cwMSA-. The lower cwNH4 + • O 

-.• 

compared with Chebogue Point and the high cwH+/cwNH4 + 
indicates that the low clouds were more acidic than would have E 4o 
resulted from the dissolution of the aerosol sampled at 

o 

Chebogue Point. The Chebogue Point aerosol may have reacted o 
with NH3 from local sources before or during sampling at the 
site. Oxalate sampled at Chebogue Point was primarily z 
associated with particles smaller than about 0.2 ttm [Liu et al.]. 
Thus the lower cwC204 = is consistent with the inactivation of 0 
the smaller particles ( < 0.2 ttm) in these clouds (Table 2). 

Figure 12 shows the relationships of the cwSO4 = and cwNO3- 
with the Na. There is a good relationship between the cwSO4- 
and the Na, consistent with this ion making a large contribution 
to the accumulation-mode aerosol and being strongly associated 
with particles activated in cloud. The relationship for cwNO 3- 
is weaker due to lower concentrations than cwSO4 =, and/or 
because much of the cwNO3' can have its source in the gas 
phase (e.g., HNO3), [Daum et al., this issue]. 

The N d has been shown to be related to cwSO4 = for continen- 
tal clouds [Leaitch et al., 1992], and Kulmala et al. [1993] have 
shown that HNO 3 can influence the N d. Plots of the N d versus 
the cwSO4 = and cwNO•- are shown in Figures 13a and 13b, 
respectively. The r 2 for the regressions to all of the data are 
0.30 and 0.12 for cwSO4 = and cwNO3-, respectively (the 
cwSO4 = result is significant at the 95 % confidence, but the 
cwNO•- is not). Separation of the data using the same criteria 
as for the N d versus Na yields two distinct groups, one with 
higher N d corresponding to the higher %. and the other with 
lower N d corresponding to the lower %.. This separation 
substantially increases the ability to explain the variance in the 
No, particularly for the cwNO3-. 

4. Discussion 

The regression curves in Figures 8 and 13 show that the N,, 
increase with increasing Na and cwSO4 =, but the rate of increase 
of N d decreases with increasing Na and cwSO4 =. This result is 
consistent with that predicted by Jensen and Charlson [1984] 
and with the observations of Leaitch et al. [1986], 
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Figure 12. (a) The cloud water SO4 = concentrations and (b) the 
cloud water NO3' concentrations plotted against the Na. The r 2 values 
for the fitted curves and the 95 % confidence limits for r are given in 
the legend. 

Hallberg et al. [1994], and Gillani et al. [1995]. The physical 
and chemical nature of the CCN and competition for water 
vapor contribute to the nonlinearity of these relationships. 

The estimated activation diameters for the aerosol particles 
ranged from 0.13 ttm to 0.31 ttm. Based on the CCN observa- 
tions at Chebogue Point [Liu et al., this issue], this corresponds 
to average supersaturations in these clouds of _<0.1%. This 
compares with the result of Hudson [1984] who found from 
CCN measurements in fogs that particles active at > 0.12 % 
supersaturation were not activated. The activation diameters are 
also consistent with the explanation for the differences in the 
aerosol size distributions noted at the Chebogue Point depending 
on whether low stratus was present or not [Liu et al.]. Liu et 
al. found that more particle volume was associated with 
particles larger than about 0.2 ttm and that sulfate had a higher 
statistical association with larger particle sizes when low stratus 
was present. This was explained by Liu et al. as being due to 
the addition of small and reasonable quantities of sulfate to 
particles larger than about 0.2/•m via S(IV) oxidation in these 
clouds. These results concur well with those of Hoppel et al. 
[ 1986, 1990, 1994], who have discussed the potential impact of 
S(IV) oxidation on the aerosol particle size distribution in 
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Figure 13. (a) The average Nd plotted against the cloud water 804-- 
concentrations and (b) the cloud water NO3- concentrations. The data 
are separated according to the ranges of Ow, indicated in the legend, 
and curves are fitted to the data for the higher and lower Ow,. The 
r 2 values and the 95 % confidence limits for r are also given in the 
legend. 

marine stratus over both the Atlantic and the Pacific Oceans. 

Aerosol observations made outside of Pacific marine stratus 

reported by Anderson et al. [1994] indicate a minimum at 
0.1 ttm or below, which suggests a lower activation diameter 
in their clouds. This might be explained by a significant 
orographic influence that was noted for their measurement site. 

The data in Figures 8 and 10 suggest that the influence of 
turbulence on the N d is stronger than that of the Na. Also, the 
change from smooth air to light turbulence appears to increase 
the relative impact of the aerosol on the N d. The fits in 
Figure 8a show that changes in the average N d for the same 
change in the Na are larger for the higher %. compared with the 
lower Ow. by factors ranging from 1.3 to 3.1. A similar result 
is indicated for the effect of mrbu!ence on the relationships 
between the Nd and the concentration of major ions in cloud 
water (Figure 13). These results are consistent in a general 
sense with the analytical result of Twomey [1959] which 
indicates that for situations with lower supersaturations, as here, 
the Nd are more strongly controlled by the updraft velocity than 
by the Na. The enhancement in the N d for higher Ow, results 
from the fact that there are relatively higher number concentra- 
tions of particles present at smaller particle sizes. Increasing 
turbulent mixing would lead to a more rapid cooling rate during 
ascent and a higher supersaturation. This would be compen- 
sated for in part by the corresponding downdraft. However, as 
Korolev [1995] has demonstrated, the effect of the solute in the 

droplets means that many of the droplets only partially 
evaporate in the downdraft. 

Jones et al. [1994] used a general circulation model to 
estimate the global indirect cooling effect due only to changes 
in cloud reflectance from increased Nd. They used the data of 
Martin et al. [1994] to obtain a parameterization of the change 
in the N,• with changes in aerosol particle concentration. The 
Jones et al. parameterization is shown in Figure 8. There is 
reasonable agreement between the Jones et al. curve and the 
average Na versus N a relationship for the higher Ow., but the 
agreement with the lower-ow, average N,• versus N a is poor. 

A comparison of the N,•-cwSO4 = data with the stratiform 
cloud data from Leaitch et al. [1992] is presented in Figure 14. 
The higher-Ow. data group compares reasonably well with the 
regression from Leaitch et al., while the lower-ow, data are 
mostly at the lower Nd portion of the Leaitch et al. data. This 
result is consistent with higher turbulence over the continent. 
One difficulty with this relationship in general is that S(IV) 
oxidation may increase the cwSO4 = without influencing the Nd. 
In the case of the NARE observations, the Chebogue Point data 
[Liu et al., this issue] suggest that for periods with stratus 
offshore the average contribution from S(IV) oxidation was 
about 30-50% of the non-sea-salt SO4 =. Thus the cwSO4 = 
concentrations in Figure 14 may overestimate the sulfate 
concentrations in the precloud aerosol. On the other hand, the 
fact that the activation of particles stops at a size of about 
0.2 t•m, on average, means that smaller particles of sulfate were 
not activated. From the data of Liu et al. it is estimated that 

from 10 to 40% of the accumulation-mode mass may have 
remained unactivated. For this reason, the cwSO4 = concentra- 
tions in Figure 14 may underestimate the precloud particulate 
sulfate. 

There was a variety of N• and major ion concentrations 
associated with these low stratus. However, the Na in and 
below these clouds and the major ion concentrations in these 
clouds were often much lower than observed in the aerosol 

above the cloud [Kleinman et al., this issue (a); Banic et al., 
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Fi•e 14. The average Na versus cloud water SO• = concentrations 
for the data from Leaitch et al. [1992] and the North Atlantic 
Regional Experiment (NA•) data. The NA• data are separated 
according to the ranges of O w., as in Figure 13. 
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this issue; Li et al., this issue]. The air back trajectories 
(Figure 1) indicate that there is no connection of the 1000 mbar 
air in the region of Yarmouth with the main anthropogenic 
source regions of eastern North America during these cloud 
events. Even when the stratus was sampled at higher altitudes 
(e.g., flights 45-47), the main anthropogenic plume from the 
continent overrode this cloud, as demonstrated by the profile 
data of flight 45 (Figure 2). This may change as the air moves 
eastward and over the Gulf Stream. 

5. Summary and Conclusions 

Physical and chemical observations were made in and around 
marine stratus on 14 flights during the 1993 NARE intensive. 
The observations were made over the Gulf of Maine within 

50 km of Nova Scotia and over the Bay of Fundy. The clouds 
formed in warmer air over cooler water and, at times, had a fog 
layer underneath. Although the clouds sampled were never 
directly impacted by the main anthropogenic plume from North 
America, some of the precloud aerosol was transported from the 
continent, and a wide range of particle loadings was associated 
with the clouds. The median sampling altitude, liquid water 
content, and temperature were 320 m, 0.20 g m -3, and 16øC, 
respectively. The observations were used to address questions 
pertaining to the control of cloud droplet number concentrations 
(Ns) by aerosol particles, cloud water chemistry, and the 
presence of light turbulence. 

The minimum diameters of the particles activated in these 
clouds were estimated through comparison of the cloud 
interstitial particle spectra with the out-of-cloud particle spectra. 
The activation thresholds range from 0.13/zm to 0.31/zm with 
a median value of 0.18/zm, corresponding to supersaturations 
of < 0.1%. The higher activation sizes were associated with 
either or both of lower Ow. and higher N a. 

There was a weak positive dependence of the Ns on the 
outside-of-cloud aerosol particle number concentration (Na). 
The dependence strengthened when the data were separated 
between smooth and lightly turbulent air. The relationships 
were non-linear, for the range of observed N a, with the rate of 
increase of Ns decreasing with increasing N a. The data for 
cases with light turbulence were in close agreement with the 
function used by Jones et al. [1994] to model the global indirect 
cooling by aerosols. The data for smooth air did not agree with 
that used by Jones et al. 

Sulfate and nitrate were the dominant anions measured in 28 
cloud water samples collected in the marine stratus. The cloud 
water SOn- concentrations (cwSO4-) were positively related to 
the Na and, to a lesser degree, so were the cloud water NO3- 
concentrations (cwNO3'). For all the data, cwSO4 = and cwNO 3- 
explained about 30% and 12% of the variance in the Ns, 
respectively. For the data separated between smooth air and 
lightly turbulent air, the ability of cwSO4 = and cwNO3' to 
explain the variance in the Ns increased significantly. The 
Nd-cwSO4 = relationship for light turbulence was close to the 
relationship obtained by Leaitch et al. [1992] for continental 
stratiform cloud, and the smooth-air data coincided with the 
lower Nd part of the Leaitch et ai. data envelope. The relation- 
ships of the Na with the major ions are consistent with those for 
the No-N a. 

Turbulence in these clouds appears to be a significant factor 
for the determination of the Ns. In addition, changes in the Ns 
were more sensitive to changes in the N a or cwSO4 = for the 
lightly turbulent air than for the smooth air. This suggests that 
cloud turbulence is also important for its potential influence on 
the effect of aerosol particles on the Ns. More knowledge of 
the physical factors controlling the Ns in stratiform clouds, such 
as turbulence, is needed to improve not only our ability to 
represent Ns, but to increase our understanding of the impact 
of the aerosol particles on the Ns and climate. 
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