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Abstract--Results of the seasonal analysis of the Chemistry of High Elevation Fog (CHEF) project data for 
the years 1985-1991 are presented. The mountain sites are located in southern Quebec, Canada, and range 
in altitude from 250 to 970 m. Fog, precipitation, and mixed fog and precipitation chemistry data are given 
for major inorganic ions for all seasons of the year. This paper documents the occurrence of highly acidic 
fog events; it points out the potential importance of high elevation fog as a major pathway for acidic wet 
deposition in southern Quebec; and it provides results paralleling those from the American Mountain 
Cloud Chemistry Project (MCCP), thus supporting the relevance of investigations of high elevation fog to 
at least latitude 47°N. Data are from 8034 analyses of event-length samples, of which 1140 are mountain fog 
samples collected as duplicate pairs, making this one of the largest fog/cloud water databases available. The 
1985-1991 fog sample mean pH at Roundtop was 3.90 and at Mont Tremblant 3.72. The mean fog pH for 
all sites and seasons was 3.79. The minimum fog pH was 2.80 and the maximum 7.20. The mean 
precipitation pH on Roundtop was 4.22 and at Mont Tremblant 4.19. Mixed sample pH values are 
intermediate between fog and precipitation. There is a small tendency ( < 0.1 pH units) for both rain and 
snow to be more acidic at low elevations, with snow having a higher pH range. The more northerly Mont 
Tremblant site had higher ion concentrations arid higher acidity than did the Roundtop Mountain site. The 
dominant anion was SO~- followed by NO~. The dominant cation was NH2. The NO3/SO ~ - equivalents 
ratio showed a strong wintertime peak from year to year with values sometimes exceeding 1.0. Over the 6 yr 
data set, the average concentrations of the major ions in the mixed and precipitation samples showed small 
decreases w/th time in all seasons. In contrast, the average and median wintertime H +, SO~- and NO~ 
concentrations, in the high elevation fog samples, increased. The results show that the mountain areas of 
southern Quebec have a potential for total wet deposition that is distinct from low elevation sites in the 
region. 
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1. INTRODUCTION 

The deposition of fog water to North American for- 
ests has been written about for the last 100 years (e.g. 
Earlescliffe, 1898; Carpenter, 1899). The observations 
have been made in the obvious locales: coastal areas, 
where fog is frequent as the result of the advection of 
sea fogs at low elevations; and high elevation sites due 
to the advection of clouds over the terrain, or the 
generation of orographic clouds on certain topo- 
graphic features. Despite many field experiments, the 
use of a variety of fog collectors, and a wide, multi- 
disciplinary acceptance of the importance of fog de- 
position, it has largely been neglected as a water input 
to be monitored on a continuous basis (Schcmenauer 
and Cereceda, 1994). 

Events of the 1980s, however, put an emphasis on 
chemical deposition from high elevation fog. Observa- 
tions of forest dieback in the mountains of central 

Europe were reviewed in North America (e.g. 
McLaughlin, 1985; Schutt and Cowling, 1985) and 
this led to a heightened awareness of the condition of 
forests in the Appalachian Mountains of the eastern 
United States and southeastern Canada. The Chem- 
istry of High Elevation Fog (CHEF) project began 
field measurements in southern Quebec in 1985 and 
the Mountain Cloud Chemistry Project (MCCP) be- 
gan, in 1986, a comprehensive investigation of both 
the inputs to forested high elevation areas in the 
eastern U.S. and the state of the forests. Protocols 
for the two programs were closely linked, with the 
objective of having comparable databases covering 
eastern North America. Early results from CHEF 
(Schemenauer, 1986; Schemenauer and Winston, 
1988) and MCCP and other American projects (e.g. 
Mohnen and Kadlecek, 1989; Saxena et al., 1989) 
indicated that the fogs covering these upland areas for 
much of the year were both more acidic and had 
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higher concent ra t ions  of ma jo r  ions than  did precipi- 
ta t ion  at  the same sites. Recent reviews of the results 
from M C C P  and  o ther  projects (Vong et al., 1991; Li 
and  Aneja, 1992; M o h n e n  and  Vong, 1993) have con- 
firmed these and  o ther  more  specific conclusions,  and  
discussed the chemical  processes involved. The Na-  
t ional  Acid Precipi ta t ion Assessment P r og r am  (NA- 
PAP,  1992) in the Uni t ed  States, based in large par t  
on  the M C C P  database,  has concluded, "There  is 
evidence tha t  acidic cloud water  (pH 2.8 to 3.8) in 
combina t ion  with o ther  stresses affects some high- 
elevation spruce forests in the eastern Uni t ed  States." 
The present  paper  presents a seasonal  summary  of the 
fog and  precipi ta t ion chemistry da ta  for the C H E F  
moun ta in  sites in sou thern  Quebec, for the per iod 
1985-1991; compares  the extensive da ta  set to moun-  
ta in  cloud chemistry da ta  for the eastern Uni ted  
States; and  briefly reviews the l i terature per ta in ing to 
fog chemistry in eastern C a n a d a  and  to the effects of 
high elevat ion fog on  b io ta  in this region. The exten- 
sive European  (e.g. Kroll  and  Winkler ,  1989) and  
western U.S. (e.g. Jacob  et al., 1985) l i terature on  fog 
chemistry is acknowledged but  will no t  be discussed 
below. 

2. SAMPLING PROGRAM 

2.1. The sites 

The CHEF project sites, described in detail by Scheme- 
nauer (1986), are on three mountains, all with maximum 
elevations of 970 m, which form a triangle, with sides of 
about 200 km, in southern Quebec. The site locations, elev- 
ations and abbreviations are given in Table 1. The bulk of 

the data reported here is from the ridge sites at Mont 
Tremblant (MT) and Roundtop Mountain (RT). A contour 
map of RT can be found in Bridgman et al. (1994). Informa- 
tion on the percentage of areas on RT in different altitude 
ranges, as well as mean slopes, can be found in Scbemenauer 
et al. (1988). At MT and RT all fog and precipitation events 
throughout the year are sampled for analysis. The valley sites 
collected only precipitation. 

The CHEF sites are more northerly and generally at lower 
altitudes than the MCCP sites. Locations and altitudes of 
the MCCP sites are given in Table 2 for comparison. 

2.2. Fog and precipitation samplers 

Samples of fog (cloud passing over the mountain) were 
collected with a Canadian-built passive sampler (hereafter 
AES/ASRC), modelled on the ASRC passive sampler as used 
at Whiteface Mountain, New York (Mohnen and Kadlecek, 
1989), which in turn is a modification of that used by Falcon- 
er and Falconer (1980). The ASRC sampler was used in the 
MCCP project (Mohnen and Vong, 1993). The AES/ASRC 
fog collector has two polypropylene plates 48.5 cm apart 
separated by three Teflon-coated stainless steel rods. A con- 
tinuous length of Dupont Teflon Fluorocarbon Mono- 
filament #ME19835A, caliper 0.020", is wound onto the 
collector to make 370 collecting filaments each 48.5 cm long 
and 0.5 mm diameter. The water, collected on the filaments, 
drains into a polyethylene funnel and empties into a poly- 
ethylene collection bottle. Mohnen and Vong (1993) report 
the diameter of the filament for the ASRC collector as 
0.4 mm. The smaller diameter filament may have a 3% 
higher collection efficiency for 10 #m diameter droplets in 
winds of 5 m s-1 (Mohnen and Kadlecek, 1989), but the 
overall collector collection efficiency will also depend on the 
total number of filaments and how the collector is strung. 
One should expect r~o collector induced difference in the 
chemistry of the collected fog water in the two projects. 

A mixed sample refers to a sample collected in a fog 
collector for a time period in which one of the following has 
occurred: a precipitation sample was collected in the precipi- 
tation sampler; the recording rain gauge indicated that pre- 

Table 1. Location and elevations of the CHEF sites in Quebec; adapted from Schemenauer (1986) 

Sampling Elevation Latitude Longitude 
Site location (m) (N) (W) 

Mont Tremblant Ridge MT 860 46 ° 12' 50" 74 ° 33'20" 
Mid-level MM 590 46 ° 13'21" 74 ° 34'04" 
Valley MV 275 46 ° 12'49" 74 ° 34'49" 

Roundtop Mtn Summit RS 970 45 ° 04'51" 72 ° 32'46" 
Ridge RT 845 45 ° 05'19" 72 ° 33'25" 
Valley RV 250 45 ° 04'34" 72 ° 42'05" 

Montmorency Summit MS 970 47 ° 19'15" 71 ° 10'28" 
Valley MY 665 47 ° 19'31" 71 ° 08'59" 

Table 2. Locations and elevations of the MCCP sites in the eastern United 
States; data from Mohnen and Vong (1993) 

Elevation Latitude Longitude 
Site (m) (N) (gO 

Mt Moosilauke, NH 962 44o01 ' 71 ° 50' 
Whiteface Mtn, NY 1483 44023' 73 ° 05' 
Whitetop Mtn, VA 1689 36 ° 39' 81 ° 36' 
Shenandoah, VA 1014 38 ° 12' 78 ° 20' 
Mt Mitchell, NC 1950 35 ° 44'05" 82 ° 17' 15" 
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cipitation occurred; or the observer noted precipitation 
occurring. A mixed sample can range from almost pure fog 
to almost pure precipitation. 

Precipitation samples were collected in high pressure, low 
density polyethylene bags from Chandler and Chandler Inc. 
The bags had design specifications, for precipitation collec- 
tion, set by the Onlario Ministry of the Environment. The 
bags were 77.8 crn wide, 81.3 cm high, 0.01 cm thick, met the 
EVA fractional melt standard and had a single bottom seal. 
They were supported in 50 cm diameter plastic containers. 

2.3. Field methods 

Samples were coUected following detailed procedures 
given in the Operator's Manual for the CHEF Program 
(CHEF, 1987a). The procedures are briefly summarized here. 
Fog collectors were cleaned between events by copious rins- 
ing of all surfaces with 5 g of deionized water (conductivity of 
< 1 #S cm- 1) sprayed from a polyethylene reservoir. Col- 

lector bottles were kept soaking in deionized water when not 
in use. A final rinse of approximately 150 ml was carefully 
applied to the strings and collected. The conductivity of the 
final rinse of the collector and the collector bottle soak water 
were measured (Fisher conductivity meter model C33 with 
manual conductivity cell) and confirmed to be below 
2 #S cm-1 before ,'t collector and bottle were used. The 
collectors were kep! tightly covered with clean polyethylene 
bags until use. During the daytime, collectors were deployed 
at the onset of a fog event, defined as when an object 1 km 
away was obscured from view for 15 min (CHEF, 1987a). 
Whenever in excess of 100 mi was collected, or the nature of 
the event changed (e.g. precipitation began or ended), the 
collector bottle was changed (temperatures > 0°C), or a new 
collector was deployed (temperature < 0°C). During the 
evening and nighttime period the collectors were exposed 
from 16:00 until 08:00 the following morning. A collector 
with rime and/or snow was taken into a warm building 
dedicated to the collection of wet deposition samples, 
covered with a clean polyethylene bag, and the entire frozen 
deposit allowed to melt into a collection bottle. Similarly, 
after collection of a precipitation sample, snow or ice was 
allowed to fully melt in the closed precipitation collection 
bag before extracting the sample. 

Sixty percent of the fog samples were collected for periods 
of 1-6 h, 10% for shorter periods and 30% for longer peri- 
ods. Fifty-four percent of fog sample volumes were from 120 
to 500 ml, 34% had smaller volumes and 12% larger vol- 
umes. 

Fog and precipitation samples were transferred to 60 ml 
polyethylene bottles for storage and subsequent analysis. 
The storage bottles were prewashed three times with de- 
ionized water and shaken dry. Samples were not filtered, nor 
were preserving agents added; samples were refrigerated 
(4°C) immediately after collection, and kept cold until analy- 
sis by the laboratory. The pH was measured in the field 
(Lisle-Metrix Ltd Model LMA85 pH meter with a combina- 
tion electrode) at a central location for each site (RT, MT or 
MS), on two different aliquots of sample (volume permitting). 
Beginning in May 1987 each site was provided with a com- 
mon low ionic strength pH control solution (nominal pH of 
4.3), to complement the available commercial buffers. For 
341 fog samples with both a field and laboratory pH 
measurement, and pH less than 4.5, the median difference in 
pH was 0, and the average difference was 0.03. The field pH is 
used whenever a laboratory pH measurement is not avail- 
able. Overall, for 583 fog samples (most with both field and 
laboratory pH values) covering the full range of pH values 
seen, the mean laboratory pH for 466 samples was 3.81, and 
the mean field pH Ibr 562 samples was 3.77. For the full 583 
sample set, with field pH inserted for missing laboratory pH, 
the mean was 3.79. 

Fog samples were collected in duplicate by co-located 
samplers (3 m separation) at all sites except for the subsites at 

Mont Tremblant Mid-level and Roundtop Summit where 
single samples were collected. Small volume fog samples 
( < 30 ml) from the pair of collectors were combined for 
analysis. All other fog samples were analyzed in duplicate 
and the average ion concentrations for the sample pair are 
reported here. The median difference in ion concentrations 
between the two samples in a pair, e.g. for SO 2-, was 2.5%. 
About 2% of sample pairs were discarded due to differences 
in ion concentrations. Field blanks, collector rinse samples 
and split samples were submitted for analysis for all fog 
collectors at a rate close to 25 per 100 wet deposition sam- 
ples. Concentrations of major ions in the blanks and rinses 
were typically below or close to the laboratory method 
detection levels. 

2.4. Particulate deposition to collectors exposed in clear air 

Approximately once per week, when no cloud or precipi- 
tation was forecast, or occurred, the fog and precipitation 
collectors were left exposed for 24 h and then washed with 
approximately 200 ml of deionized water. The resulting sam- 
ples give a means of estimating an upper limit on the amount 
of particulate material deposited on a collector in the ab- 
sence of wet deposition. Assessment of the impact of this 
particulate deposition was important, since 29% of the fog 
samples were from collectors that were potentially exposed 
in clear air during the evening and nighttime hours before 
being washed with fog or precipitation. An examination of 
the relative ion concentrations in dry deposition and fog 
water leads to the conclusion that the dry deposition contri- 
bution to the most abundant ion concentrations, in the 
overnight fog samples, should be less than 5%. 

2.5. Laboratory procedures 

Laboratory analyses were performed according to proced- 
ures given in the Laboratory Manual for the Chemistry of 
High Elevation Fog program (CHEF, 1987b). Analysis for 
Na +, K +, NH~, CI-, NO~ and SO 2- was performed with 
a Waters ion chromatograph (IC). In general, for samples 
collected in 1985 and 1986, Ca 2+ and Mg 2+ were also 
analyzed by the IC method; for subsequent samples atomic 
absorption was used, leading to an improvement in detection 
level for these bivalent cations. Laboratory accuracy, as 
assessed by long-term charting of the QC check solutions 
and replicate measurements of samples, indicates that the 
range of variability for the ions, as well as for conductivity, is 
less than 5%, except when the value lay within 10 x MDL, 
when the variability was higher. The pH was accurate to 
within 0.05. 

Samples collected at Montmorency in 1986, and Mont 
Tremblant for May-September for 1987-1989, were ana- 
lyzed at the MCCP laboratory at the Illinois State Water 
Survey in Champaign, Illinois (Central Analytical Laborat- 
o r y -  CAL). During these periods some of the samples were 
split for analysis at both laboratories. The results of a set of 
32 split samples from the 1988 intensive season show that for 
ion concentrations greater than 5 #eq ~-1, the average dif- 
ference for NO~, SO 2- and Ca 2 + was less than 5%, and the 
average difference for CI- and Na + was less than 7%. All 
samples showed low K + with an average difference of 
1.6 #eq ~ - i  compared with an average concentration of 
3.7 #eq g-1. Differences in Mg 2+ and NH~ ranged from 
15% at lower concentrations ( < 10 #eq E-1 for Mg 2+ and 
< 100/zeq #-1 for NH~) to 8% for larger. The average 

difference in pH was 0.02. 

3. DATA SET 

The  ion concen t ra t ion  da ta  discussed here are f rom 
8034 samples collected at  the C H E F  field sites f rom 
1985 to 1991. The sample b r eakdown  is: fog 1140; 
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mixed 2277; precipitation 3256; collector rinses, dry 
deposition samples, blanks, spikes and splits 1361. 
The majority of the fog samples were collected, and 
analyzed, as duplicate pairs, with the average ion 
analysis used for the sample period. The mixed and 
precipitation samples were also normally collected as 
sample pairs, with a field pH on both samples, but the 
majority of the ion analyses are from one sample of 
the pair. 

In some cases a complete analysis of a sample is not 
available. This results in slight differences in the num- 
ber of analyses for a given parameter in the seasonal 
averages. The number of discrete samples in the pH 
data set are 596 for fog, 1965 for mixed samples, and 
2768 for precipitation. For  SO 2-  the sample numbers 
(n) are 598, 1886 and 2170, respectively. For  compari-  
son with the M C C P  data, an appropriate subset of the 
C H E F  data was used to produce equal sample aver- 
aging periods. 

In order to create seasonal data sets, the seasons 
have been defined as follows: winter- -December ,  Jan- 
uary, February; spr ing--March,  April, May; sum- 
mer- - June ,  July, August; fal l--September,  October, 
November.  This conforms best to the climatology at 
the sites and allows for easy comparison to other data 
sets. At some sites or subsites the data are at times 
missing for a season because of analysis priorities or  
because the subsite could not be accessed at a given 
time of the year. 

4. SEASONAL MEAN pH VALUES 1985-1991 

The seasonal mean fog pH values for RT and MT 
are given in Tables 3 and 4. The seasonal mean pH 
values for the mixed samples for RT and MT are given 
in Tables 5 and 6, and the values for the RT, MT and 
RV precipitation samples are given in Tables 7, 8 and 
9. All mean pH values are calculated by averaging the 
H ÷ concentrations. The data for Roundtop Summit 
(RS), Mont  Tremblant  Mid-level (MM), Mont  Trem- 
blant Valley (MV), Montmorency Summit (MS) and 
Montmorency Valley (MY) are not shown but are 
discussed. 

4.1. Fog 

The RT and M T  seasonal mean fog pH values are 
plotted in Fig. 1. Only seasons with three or more 
samples are shown. The largest number of samples in 
a season was 34 and the average number was 14.9 per 
season. For  13 out of the 17 seasons with data at both 
sites, the M T  pH values are lower. The 1985-1991 
sample mean, calculated from the H ÷ concentrations, 
was 3.90 for RT (n = 274) and 3.72 for M T  (n = 298). 
The mean fog pH  for all sites and all seasons was 3.79 
(n = 597). The minimum fog pH measured was 2.80 
and the maximum 7.20. This minimum value is slight- 
ly higher than those reported for the Whiteface, Mt 
Moosilauke, Shenandoah and Whitetop M C C P  sites 
by Li and Aneja (1992). 

Table 3. Seasonal mean pH values and ion concentrations for fog samples collected at the CHEF Roundtop Ridge site from 
1985 to 1991 

pH Conductivity SO4 NO3 C1 Na NH4 K Ca Mg 
Season n (#S cm - 1 ) 0J eq ~- 1 ) 

Win' 86 2 3 . 9 6  . . . . . . . . .  
Spr' 86 . . . . . . . . . . .  
Sum' 86 18 (I"14) 3.79 59.2 296.5 103.0 9.3 13.0 168.1 9.3 242.2 14.7 
Far 86 2 (t) 3.55 - -  217.0 78.3 2.1 1.2 - -  0.6 - -  - -  
Win' 87 1 4.09 73.4 162.4 150.4 26.6 65.4 103.7 10.3 40.5 5.8 
Spr' 87 15 (C) 4.04 26.8 146.2 61.8 5.7 7.3 133.3 1.8 6.7 1.9 
Sum' 87 9 (C) 3.95 - -  220.4 82.7 3.2 9.9 166.4 3.7 5.8 1.4 
Far 87 27 3.98 75.7 213.1 159.7 9.6 9.6 182.7 4.3 67.8 9.3 
Win' 88 6 3.93 97.3 226.7 209.3 25.0 25.3 233.2 7.9 94.0 7.7 
Spr' 88 15 4.37 68.5 222.4 163.3 12.3 15.1 300.2 6.1 86.9 10.3 
Sum' 88 22 3.85 91.9 280.0 90.8 9.8 4.1 196.3 3.0 33.2 4.5 
Fal' 88 20 (C) 4.13 48.4 146.3 58.1 3.8 3.5 111.6 1.9 23.2 2.0 
Win' 89 3 3.85 76.3 119.5 71.1 7.6 8.7 38.3 1.7 - -  - -  
Spr' 89 15 (C) 4.01 70.2 181.0 67.3 11.2 13.5 79.0 1.7 18.6 7.2 
Sum' 89 23 3.86 108.8 340.7 98.4 7.6 10.5 188.3 3.1 51.8 11.7 
Far 89 12 (C) 3.81 38.7 100.6 64.3 5.4 9.1 68.4 2.3 27.6 4.1 
Win' 90 . . . . . . . . . . .  
Spr' 90 10 3.97 62.6 153.4 53.9 2.6 5.1 97.8 1.3 6.5 2.1 
Sum' 90 10 3.63 140.7 348.5 142.8 8.2 6.9 241.4 2.9 -33.6 7.8 
Fal' 90 34 3.85 103.3 227.6 182.0 24.1 21.8 158.5 4.1 83.5 18.7 
Win' 91 9 3.71 155.3 336.6 361.4 45.0 52.8 345.6 5.6 82.8 21.9 
Spr' 91 12 3.89 93.4 265.6 112.3 6.5 4.7 224.2 2.6 17.7 4.3 
Sum' 91 14 3.97 81.1 230.2 89.3 5.8 5.0 183.6 2.6 32.6 7.4 

The number of samples is given (n). For pH, (f) indicates field pH values were used, (C) indicates laboratory and field data 
were combined and no flag indicates laboratory measurements only. 
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Table 4. As for Table 3 but for Mont Tremblant ridge fog samples 
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pH Conductivity S04 NO3 C1 Na NH4 K Ca Mg 
Season n (#S em- 1) (# eq ¢ - 1) 

Sum' 85 5 3 . 7 2  . . . . . . . . .  
Fal' 85 12 3 . 8 1  . . . . . . . . .  
Win' 86 1 4 . 4 1  . . . . . . . . .  
Spr' 86 18 4.00 - -  194.4 107.8 11.7 5.7 143.0 1.4 49.0 58.1 
Sum' 86 9 (t"8) 3.83 - -  241.7 99.6 26.3 9.8 129.1 15.7 42.8 14.9 
Fal' 86 3 - -  - -  337.9 126.5 15.4 6.8 - -  9.4 - -  - -  
Win' 87 6 if2) 3.68 111.6 190.1 175.1 39.4 30.6 - -  2.7 - -  - -  
Spr' 87 28 (C) 3.76 98.5 277.9 159.4 27.1 34.8 256.3 4.0 135.1 29.8 
Sum' 87 30 (f27) 3.74 - -  463.5 220.3 12.9 20.0 296.2 6.7 135.2 25.2 
Fal' 87 15 (f) 3.71 - -  316.7 201.4 8.5 6.6 343.0 5.8 30.2 6.9 
Win' 88 3 (C) 3.75 102.6 174.0 86.9 8.4 5.4 80.8 1.4 2.3 1.4 
Spr' 88 12 3.83 95.5 233.9 136.5 16.5 19.4 193.2 3.7 17.2 6.3 
Sum' 88 18 3.80 97.9 230.6 100.1 6.3 3.3 154.2 2.2 12.6 3.6 
Fal' 88 19 3.53 185.7 443.8 296.0 23.3 13.2 332.6 4.9 71.7 18.7 
Win' 89 8 (C) 3.73 139.2 291.4 311.0 31.2 22.4 301.9 4.0 67.8 16.5 
Spr' 89 13 3.59 166.9 443.2 210.4 17.9 14.1 311.0 5.4 41.3 11.9 
Sum' 89 15 3.67 133.7 387.1 85.9 6.3 5.2 213.2 4.5 40.0 7.8 
Fal' 89 12 3.62 152.9 405.7 164.9 20.0 13.9 300.0 3.4 20.7 7.8 
Win' 90 . . . . . . . . . . .  
Spr' 90 2 3.21 373.5 830.3 655.0 53.8 54.4 629.5 7.1 149.8 45.2 
Sum' 90 28 3.78 126.6 363.4 201.3 12.4 19.7 251.0 9.2 134.1 30.0 
Fal' 90 22 3.76 125.6 256.2 259.3 15.7 14.7 241.4 3.9 74.6 20.0 
Win' 91 14 3.50 221.7 337.6 584.5 53.7 105.5 366.3 8.2 109.1 34.3 
Spr' 91 21 3.82 90.7 184.4 141.2 6.6 4.3 134.0 1.4 16.0 3.4 
Sum' 91 9 3.97 94.2 252.7 196.2 7.3 5.0 193.3 4.5 101.2 14.5 

Table 5. As for Table 3 but for Roundtop Ridge mixed samples 

pH Conductivity SO4 NO3 CI Na NH4 K Ca Mg 
Season n (gS era- 1 ) (# eq ~'- 1 ) 

Win' 86 14 (C)3.92 - -  166.3 134.3 45.5 85.7 72.7 10.8 - -  - -  
Spr' 86 26 (f23)4.14 42.2 152.6 61.7 8.1 11.5 - -  4.2 - -  - -  
Sum' 86 43 (f) 3.74 (9)29.1 217.2 86.0 4.3 7.1 122.5 3.2 65.8 4.6 
Fal' 86 24 (f23) 3.46 100.2 355.1 198.2 7.4 9.3 225.8 3.0 189.4 48.3 
Win' 87 50 (C40) 3.87 71.7 173.6 138.9 63.8 85.1 151.3 8.7 49.7 11.6 
Spr' 87 25 (C)4.17 23.8 115.0 56.8 5.7 10.4 85.8 2.2 11.0 3.0 
Sum' 87 56 if) 3.99 - -  191.8 86.4 3.9 6.0 160.7 2.8 43.8 6.9 
Fal' 87 72 4.25 41.7 116.9 100.3 8.3 16.9 104.2 3.3 55.2 14.0 
Win' 88 55 3.90 80.6 168.6 149.1 36.8 51.7 132.2 5.4 33.6 8.5 
Spr' 88 50 3.90 85.6 198.2 138.8 19.6 29.8 142.7 4.6 47.6 10.6 
Sum' 88 57 4.28 38.3 95.0 42.5 7.5 2.9 59.2 3.0 22.9 4.6 
Fal' 88 53 4.23 46.2 113.3 66.1 8.1 13.1 84.1 1.8 26.2 5.3 
Win' 89 47 3.98 70.7 139.5 113.0 24.0 26.7 103.2 2.2 43.3 7.4 
Spr' 89 55 (C) 4.06 84.8 191.6 106.1 17.5 9.0 74.8 1.8 9.1 6.0 
Sum' 89 42 (C) 4.07 128.1 386.0 102.6 6.4 7.7 195.0 3.4 32.2 7.5 
Fal' 89 11 (f) 4 . 5 6  . . . . . . . . .  
Win' 90 . . . . . . . . . . .  
Spr' 90 20 4.31 36.6 83.8 42.9 2.2 3.7 65.1 1.3 10.8 2.3 
Sum' 90 57 3.96 69.2 169.2 72.2 4.4 4.9 92.7 1.6 28.3 6.4 
Fal' 90 71 4.17 42.7 86.6 59.6 6.3 7.0 59.9 1.2 15.9 3.7 
Win' 91 52 4.02 58.0 107.8 93.4 13.7 14.5 74.1 1.4 19.5 4.7 
Spr' 91 68 4.17 47.9 111.1 70.1 7.8 9.9 76.1 1.1 26.0 5.3 
Sum' 91 40 3.97 72.6 163.1 75.8 5.3 3.6 105.4 1.3 36.6 7.6 

His tograms (not shown), giving the seasonal distri- 
but ion of fog pH values at the two main sites, show 
that  values of pH > 5.0 are more  likely to be from RT 
than MT. This in part  explains the higher seasonally 
averaged pH values for RT. The peaks in the distribu- 
tions are broad,  especially for RT, and are the flattest 

in the fall. When the fog pH values for all seasons at 
all sites are combined,  Fig. 2, a distr ibution peaking 
below pH 4.0 results, with a long tail to higher values. 
The figure suggests that  H + in the fog samples is 
approximately log normally distributed for pH values 
from 2.8 to 4.8. Fo r  this abbreviated distribution, the 
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Table 6. As for Table 3 but for Mont Tremblant Ridge mixed samples 

pH Conductivity SO+ NO a CI Na NH+ K Ca Mg 
Season n (~S ¢m- 1 ) (# eq ~'- 1 ) 

Sum' 85 9 3.92 . . . . . . . . .  
Far  85 16 4.17 . . . . . . . . .  
Win' 86 10 4.05 . . . . . . . . .  
Spr' 86 34 3.99 - -  216.0 134.3 15.9 12.6 138.6 4.1 77.0 40.7 
Sum' 86 23 (f) 3.72 - -  166.3 63.0 8.9 7.5 93.6 6.9 47.8 15.9 
Far  86 6 - -  - -  276.6 100.1 10.0 11.0 - -  17.7 - -  - -  
Win' 87 30 (C)3.50 86.3 194.4 131.7 19.7 37.4 (5)57.6 3.1 (5)7.7 (5)2.6 
Spr' 87 31 ((2)3.82 41.0 178.1 83.0 12.4 19.5 126.3 3.0 45.6 12.7 
Sum' 87 49 (f)3.95 - -  200.8 85.4 5.6 9.4 120.4 3.1 39.6 7.1 
Far  87 62 (f) 3.92 - -  149.1 113.0 6.3 5.7 117.7 5.9 20.5 4.8 
Win' 88 60 (C) 3.80 71.3 186.4 176.0 24.9 33.5 142.0 3.6 41.4 9.1 
Spr' 88 52 3.94 77.0 171.5 110.7 8.7 11.0 133.9 2.7 28.3 5.5 
Sum' 88 44 3.99 69.8 194.8 70.0 5.3 3.5 122.8 2.7 28.3 7.9 
Fal' 88 83 3.91 73.8 199.0 131.0 10.7 10.8 142.5 3.5 44.7 9.3 
Win' 89 63 (C) 4.04 68.6 131.9 130.1 30.2 35.6 122.5 2.3 20.6 8.1 
Spr' 89 37 3.96 69.6 172.3 81.6 6.0 6.4 113.1 2.5 19.9 5.7 
Sum' 89 33 4.15 49.6 133.5 50.2 3.6 2.0 92.5 2.4 21.2 6.7 
Fal' 89 12 3.77 104.9 267.2 129.1 9.2 6.2 172.4 2.1 38.4 9.7 
Win' 90 . . . . . . . . . . .  
Spr' 90 15 4.00 93.7 245.4 181.3 11.1 13.6 219.5 4.2 91.6 23.8 
Sum' 90 56 4.02 63.5 173.8 67.6 5.9 10.1 104.9 2.2 30.0 6.6 
Far  90 76 4.20 44.4 94.0 76.6 5.7 7.2 79.3 1.5 21.8 6.6 
Win' 91 56 4.06 56.6 104.1 96.9 15.4 20.3 74.1 1.5 18.7 8.1 
Spr' 91 52 4.19 43.1 92.2 66.4 5.3 7.3 60.1 1.4 21.7 2.6 
Sum' 91 21 4.08 65.1 183.1 101.7 5.3 4.1 138.4 3.2 49.9 9.5 

Table 7. As for Table 3 but for Roundtop Ridge precipitation samples 

pH Conductivity SO+ NOa CI Na NH,, K Ca Mg 
Season n (~S cm -1) (peq ~,-1) 

Win' 86 10 (C) 4.03 . . . . . . . . .  
Spr' 86 16 (f) 4.10 27.9 90.3 43.5 6.7 6.2 - -  2.5 - -  - -  
Sum' 86 36 (f) 3.85 73.2 157.8 56.9 5.3 6.0 38.3 3.6 55.7 6.5 
Fal' 86 13 (03.84 49.9 166.1 68.5 4.0 6.2 166.5 2.8 81.1 29.8 
Win' 87 39 (C38) 4.16 38.9 74.8 70.5 23.4 23.0 34.9 2.4 16.1 2.4 
Spr' 87 28 (C) 4.09 28.2 101.6 56.9 5.7 6.5 78.8 2.9 20.1 4.9 
Sum' 87 64 (f)4.12 19.0 94.1 39.9 3.6 3.6 65.2 2.2 15.0 2.9 
Far  87 60 (C)4.38 27.1 61.7 37.0 3.6 4.7 39.9 1.0 25.7 4.0 
Win' 88 42 4.24 33.5 52.6 71.0 14.8 15.5 30.6 1.2 55.3 6.6 
Spr' 88 48 (f) 4.27 . . . . . . . . .  
Sum' 88 65 (f) 4.27 . . . . . . . . .  
Fal' 88 50 (f) 4.37 . . . . . . . . .  
Win' 89 42 (f) 4.29 50.9 59.3 53.3 99.9 171.2 34.4 0.7 29.6 3.4 
Spr' 89 66 (f)4.30 . . . . . . . . .  
Sum' 89 48" (C) 4.30 54.3 126.5 46.4 4.4 6.1 47.2 1.1 14.5 3.2 
Fal' 89 11 (f)4.38 . . . . . . . . .  
Win' 90 . . . . . . . . . . .  
Spr' 90 21 4.13 41.6 88.6 37.0 2.6 2.7 39.0 0.7 10.5 2.4 
Sum' 90 60 4.24 32.7 74.5 31.2 2.4 6.5 32.9 0.4 12.8 3.3 
Far  90 68 4.40 25.0 49.0 29.0 4.8 4.4 25.9 0.2 11.3 3.1 
Win' 91 70 4.27 31.3 44.7 54.5 9.2 7.9 25.8 0.3 15.2 3.2 
Spr' 91 66 4.31 29.1 57.2 37.0 3.2 3.2 30.5 0.4 14.4 2.8 
Sum' 91 39 4.17 36.8 71.2 32.4 2.9 1.5 27.6 0.1 11.3 2.2 

• Only 10 of 48 summer 1989 samples had full ion analysis. 

mean  is 3.90, the  median  is 3.88, the skewness is 
- 0.011 and  the  kur tosis  is - 0.30. These factors lie 

within the range of 95% of  normal ly  dis t r ibuted da ta  
dis t r ibut ions  (Taylor, 1990). A no rma l  curve, based  on  
the  m e a n  and  s t anda rd  devia t ion of  the  sample  distri- 

bu t ion  between p H  2.8 and  4.8, is also plot ted in Fig, 2 
for comparison.  

M o h n e n  and  Vong (1993) summar ize  the  fog (non- 
precipi ta t ing cloud) chemist ry  da ta  f rom the  M C C P  
sites in the  eas tern  U.S. The  da ta  are p redominan t ly  



High elevation fog 

Table 8. As for Table 3, but for Mont Tremblant Ridge precipitation samples 
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pH Conductivity SO4 NO3 CI Na NH4 K Ca Mg 
Season n ~ S  cm- x ) ~ eq ~'- 1 ) 

Sum' 85 18 4 . 3 2  . . . . . . . . .  
Far 85 16 4 . 1 7  . . . . . . . . .  
Win' 86 14 4 . 2 7  . . . . . . . . .  
Spr' 86 34 4.41 - -  57.8 32.9 14.7 4.1 40.8 1.0 45.1 11.6 
Sum' 86 20* (f) 3.75 - -  76.4 35.5 2.8 1.9 34.4 0.8 40.2 6.2 
Fal' 86 3 - -  45.8 92.7 58.7 9.1 2.0 - -  1.2 - -  - -  
Win' 87 36 (C11) 3.27 73.5 57.8 57.8 9.4 11.2 (2) 5.7 0.6 (2) 6.0 (2) 3.3 
Spr' 87 39 (C) 4.02 30.5 106.4 52.7 8.5 8.6 61.3 1.9 29.7 9.0 
Sum' 87 62 (f) 4.09 - -  102.0 38.0 3.5 1.7 42.4 1.0 14.4 2.6 
Fal' 87 66 (f)4.19 - -  55.6 35.2 2.3 4.2 28.6 1.8 12.4 2.8 
Win' 88 49 (f) 4.07 - -  63.4 75.2 10.6 12.4 39.5 4.8 20.6 6.0 
Spr' 88 12 4.47 23.7 58.4 25.8 2.9 1.6 34.5 3.2 15.3 4.3 
Sum' 88 53 4.32 29.2 70.7 26.7 4.8 3.1 32.3 2.5 13.9 3.8 
Fal' 88 79 4.33 29.5 67.5 35.1 3.1 2.6 36.1 1.4 11,1 2.6 
Spr' 89 24 4.30 31.7 75.7 28.7 3.2 2.4 29.6 1.3 12.4 3.2 
Sum' 89 52 4.33 29.6 68.2 28.0 2.4 1.6 34.2 1.0 14.8 3.5 
Far 89 11 4.28 33.2 76.5 37.1 4.0 3.4 24.8 0.8 30.6 8.2 
Spr' 90 20 4.40 31.5 78.7 40.5 3.3 3.7 50.8 1.5 31.2 6.8 
Sum' 90 66 4.18 37.9 86.3 35.6 4.9 9.6 36.5 1.4 15.0 4.3 
Fal' 90 79 4.40 23.8 43.7 28.0 4.8 4.4 22.7 0.3 8.8 3.0 
Win' 91 89 4.27 31.9 43.4 57.1 10.4 11.8 27.2 0.3 13.1 5.2 
Spr' 91 67 4.26 32.9 68.5 43.0 3.9 5.0 31.7 0.7 15.0 3.1 
Sum' 91 28 4.36 26.2 58.4 31.0 2.9 1.8 24.8 2.7 15.8 4.8 

'Only 4 of 20 summer 1986 samples had full ion analysis. 

Table 9. As for Table 3 but for Roundtop Valley precipitation samples 

pH Conductivity SO4 NO3 CI Na LqH4 K Ca Mg 
Season n (pS cm- 1) (peq ~-1) 

Sum' 85 6 4 . 2 8  . . . . . . . . .  
Far 85 31 4 . 2 1  . . . . . . . . .  
Win' 86 . . . . . . . . . . .  
Spr' 86 . . . . . . . . . . .  
Sum' 86 11 (f)4.10 (1)27.5 91.0 24.7 10.4 18.8 18.8 27.8 129.6 25.5 
Far 86 6 (f) 3.96 37.9 64.2 75.3 4.9 3.1 - -  0.01 - -  - -  
Win' 87 18 (C)4.12 42.6 39.4 60.9 18.3 7.0 36.0 0.2 25.5 1.4 
Spr' 87 17 (C) 4.25 26.5 70.8 42.9 4.6 7.0 85.5 2.0 26.3 5.7 
Sum' 87 46 (f)4.12 75.0 95.0 44.7 3.9 3.8 60.7 1.1 12.7 2.9 
Fal' 87 55 (C)4.26 33.2 65.1 51.4 3.6 3.4 38.9 0.8 41.4 4.6 
Win' 88 42 4.15 40.7 55.5 73.4 10.3 11.5 25.7 1.4 63.1 5.2 
Spr' 88 31 (f)4.16 . . . . . . . . .  
Sum' 88 52 (f)4.10 . . . . . . . . .  
Fa•' 88 53 (f)4.33 . . . . . . . . .  
Win' 89 . . . . . . . . . . .  
Spr' 89 19" (f)4.12 57.7 120.8 61.0 7.15 7.0 51.8 1.8 (2)9.4 (2)3.1 
Sum' 89 53" (C)4.35 20.3 45.2 19.2 2.7 1.7 21.7 0.3 (8) 11.5 (8)2.5 
Far 89 . . . . . . . . . . .  
Win' 90 . . . . . . . . . . .  
Spr' 90 21 4.17 40.0 82.6 43.8 3.4 6.1 37.1 2.0 18.1 4.8 
Sum' 90 53 4.21 34.1 71.1 31.8 3.8 8.4 29.5 0.7 7.4 2.4 
Fal' 90 51 4.22 33.7 56.8 35.9 4.8 2.7 24.4 0.2 9.5 2.4 
Win' 91 65 4.17 36.5 44.5 60.6 6.5 4.4 26.4 0.1 12.2 2.9 
Spr' 91 56 4.25 32.9 59.0 46.1 5.4 4.2 30.7 0.7 17.7 3.0 
Sum' 91 18 4.03 48.7 87.8 44.3 4.4 1.9 30.0 0.1 17.1 4.5 

"Only 2 and 8 samples, respectively, for spring and summer 1989 had full ion analysis. 

for the warm season (May-September)  and for years 
1986-1988. The most  direct compar ison with the 
C H E F  data is to modify the C H E F  summer (June-  
August) data  to include the entire warm period 

(May-September)  for the same three years. The 
M C C P  averages range form 3.40 at Mitchell, NC to 
3.77 at Shenandoah,  VA, and Whiteface-I,  NY. Mo-  
hnen and Vong argue against interpreting this as 
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Fig. 1. Seasonal mean fog water pH values for Roundtop 
Ridge (RT 845 m) and Mont Tremblant (MT 860m), 
Quebec, beginning in summer 1985 ($85). The fall 1985 

Roundtop data are from the Summit (970 m). 
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Fig. 2. Frequency distribution for fog water pH, for all sites 
and all seasons combined. The solid line is a normal curve 

for pH values between 2.8 and 4.8. 

a south to north increase in pH because both White- 
face, NY, and Whitetop, VA, show an increase in pH 
with altitude, with lower ion concentrations at higher 
altitudes and higher concentrations near cloud base. 
For  example, Whiteface-1 (1483 m) has a mean value 
of 3.77 and Whiteface-2 (1250 m) has a mean pH of 
3.59. Li and Aneja (1992) report quite different values 
for the same MCCP 1986-1988 May to October 
cloud chemistry data, e.g. mean pH values of 4.01 on 
Whiteface-1 and 3.91 at Whiteface-2. However, con- 
verting the H + concentrations of Li and Aneja (their 
Table 4) for Whiteface-1 and 2, one obtains pH values 
of 3.69 for Whiteface-1 and 3.42 for Whiteface-2. The 
reason for the difference between the data of Mohnen 
and Vong (1993) and Li and Aneja (1992) is not clear. 
In the comparison reported here, the data sets provid- 
ing the most directly comparable outputs to the 
CHEF data will be used. 

The MCCP Whiteface Mountain, NY site is about 
150 km to the southwest of Roundtop Mountain and 

220 km south of Mont Tremblant. RT (845 m) and 
MT (860 m) are both at lower elevations than the 
lower site at Whiteface-2 and yet have higher summer 
mean pH values for the 1986-1988 period, 3.84 and 
3.77, respectively. The warm season (May to Septem- 
ber) values are 3.93 for RT and 3.74 for MT. The 
CHEF values are similar to the Whiteface Summit pH 
value (3.77) (Mohnen and Vong, 1993). The 
1986-1988 summer mean fog pH, for all CHEF sites 
combined, was 3.74 (n = 109). Mean, summer, cloud 
base height for RT over the 3 yr, determined twice 
daily by visual observations from the valley, was 
597 m at 0800 EST and 629 m in the afternoon. 
Values for MT are not available. The Quebec sites 
were typically about 250 m above cloud base in this 
period. The summit of Whiteface is about 650 m high- 
er than the RT and MT sites, which dominate the 
CHEF fog sample summary, and yet the pH values 
are similar. This argues against applying altitudinal 
gradients from one site to other sites and for an 
approximate regional uniformity, in 1986-1988, in fog 
pH for mountain sites a few hundred meters above 
cloud base. 

If one looks specifically at the summer of 1986, the 
CHEF mean fog pH values were MS (970m) 3.14 
(n = 3), MT (860m) 3.83 (n = 8), RT (845 m) 3.79 
(n = 14) and RS (970m) 3.59 (n = 9). Whiteface-1 
(1483 m) (Mohnen and Kadlecek, 1989) had a mean 
pH of 3.6 (n = 306) and Mt Mitchell, NC (2006 m), 
a value of 3.3 for short episodes. The CHEF samples 
were usually averaged over events. The Whiteface 
samples were hourly. The range of mean pH values 
for high elevation fog events in eastern North Am- 
erica during this summer was 3.1-3.8. The extremely 
low pH values at Montmorency, the most northerly 
site, are noteworthy and have been discussed by 
Schemenauer and Winston (1988). MS summer 1986, 
mixed fog and precipitation, pH values were also low 
at 3.46 (n = 12), giving credence to seasonal low pH 
values at 47°N. 

4.2. Mixed fog and precipitation 

Fog events at the mountain sites are frequently 
accompanied by light precipitation in the form of 
drizzle or snow. Less frequent, but still occurring 
often, are concurrent more intense periods of precipi- 
tation. Ion concentrations for mixed samples were 
measured as described above. The mixed category of 
wet deposition is important in assessing total chem- 
ical deposition as well as the water inputs to forests. 
The CHEF mixed samples correspond closely to 
the MCCP definition of "precipitating clouds". The 
slight difference is that a small number of CHEF 
overnight mixed samples may have had fog occurring 
for a period of time and precipitation occurring for 
a separate time period. The water from both sources 
would be mixed in the overnight sample. 

The seasonal, mixed sample, summary for RT is 
given in Table 5 and for MT in Table 6. Sample 
numbers, in the summer, are typically two to six times 
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higher than for fog. In the winter, 5 to 15 times as 
many mixed samples are collected. This illustrates 
that there are many more fog events than are listed in 
Tables 3 and 4 for the fog-only eases. The maximum 
number of mixed samples in a season was 83 at MT in 
the fall of 1988. At RT the seasonal mean values range 
from pH 3.46 (n = 23) in the fall of 1986 to 4.31 
(n = 20) in the spring of 1990. At MT the range was 
from pH 3.50 (n = 30) in winter 1987 to 4.20 (n = 76) 
in fall 1990. Figures 3 and 4 show that at RT and MT, 
respectively, the seasonal, mixed sample pH values 
usually lie between the higher values for precipitation 
and the lower values for fog. This would be the ex- 
pected result and it shows up most clearly at MT, in 
large part because of the larger spread between the fog 
and precipitation pH values at the site. The seasonal 
histograms (not shown) of mixed sample pH for the 
two sites produce distributions that are smooth with 
a peak around pH 4.0 and a tail out to values of pH 
6.8. As was the ease for fog, one sees more frequent pH 
values > 5.0 at RT. 
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Fig. 3. Seasonal mean pH values for the fog, mixed,, and 
precipitation sample categories at RT beginning in summer 

1985. 
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Fig. 4. Seasonal mean pH values for the fog, mixed, and 
precipitation sample categories at MT beginning in summer 

1985. 

Mohnen and Vong (1993), in their climatology of 
the MCCP results for 1986-1988, do not present pH 
data for mixed samples nor do Li and Aneja (1992). 
Vong et al. (1991) in their review of cloud water 
deposition to Appalachian forests do not explicitly 
consider the contribution of cloud water during mixed 
events. Mohnen and Kadlecek (1989) also discuss 
only the chemistry of non-precipitating clouds at 
Whiteface Mountain, NY. Saxena and Lin (1990) do 
present MCCP data for mixed samples, for the sum- 
mers of 1986 and 1987, at Mt Mitchell, NC, and 
report pH values of 4.20 and 4.06, respectively, com- 
pared to cloud pH values of 3.45 and 3.51. Aneja et al. 
(1992) also report MCCP mixed sample pH values 
from Mt Gibbs, NC, which is the location of the 
MCCP Mt Mitchell site. Their mean pH values were 
3.81, 3.98 and 3.42, for parts of the spring and summer 
periods of 1986, 1987 and 1988, respectively. The 
values of Aneja et al. appear to be considerably differ- 
ent from those of Saxena and Lin (1990) for the identi- 

• cal site and period. The mean mixed sample pH values 
of Aneja et al. are from 0.3 to 0.7 pH units higher than 
their mean cloud water values. This is a larger differ- 
ence than reported here for the CHEF sites. This may 
be in part explainable if, in MCCP, precipitation had 
to fall throughout the event; whereas, in CHEF, if 
precipitation fell during any part of an event it was 
classified as mixed. In general, published data on 
samples of mixed fog and precipitation in the Ap- 
palachians are sparse but the data do show consis- 
tently higher pH values than for high elevation fog 
alone. 

4.3. Precipitation 

4.3.1. Seasonal mean precipitation pH values. The 
seasonal precipitation data summary is given in Table 
7 for RT, in Table 8 for MT and in Table 9 for RV. 
For  18 of the 22 seasons at RT, the seasonal mean 
precipitation pH values are between 4.10 and 4.40. 
The mean pH of all the samples at RT from 1986 to 
1991 was 4.22 (n = 957). The lowest pH was 3.20 and 
the highest 7.22. The mean pH of all precipitation 
samples at MT for the period 1985-1991 was 4.19 
with a minimum value of 2.73 and a maximum of 7.10. 
The total sample set pH values are almost identical at 
the two principal mountain sites; however, MT has 
the lower minimum seasonal value and event sample 
pH value. The mean precipitation pH values of 4.22 
and 4.19 at RT and MT, respectively, were well above 
the mean fog pH values of 3.90 and 3.72, at the same 
sites, for the same 1985-1991 period. The seasonal 
distributions (not shown) of precipitation pH for RT 
and MT are smooth and symmetrical between pH 3.4 
and 5.4 with peaks above pH 4.0. The broadest and 
flattest distribution is for fall, as was seen for the fog 
distributions. The change in shape from a peaked to 
a flatter distribution is particularly evident at RT. 

Mohnen and Vong (1993) do not compare fog 
(cloud) and precipitation pH for the MCCP data set 
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nor do Mohnen and Kadlecek (1989) for the White- 
face Mountain, NY, data. However, Mohnen and 
Vong (1993) do show that clouds have higher SO 2- 
and NO3 concentrations in both summer and winter, 
at the WF-1 site, than is found in rain. Mueller and 
Weatherford (1988) compared rain and cloud chem- 
istry for a 26 d period in the spring of 1986 at White- 
top Mountain, VA. They did not report pH values but 
found SO 2- and NO3 concentrations about four 
times higher in cloud. Saxena and Lin (1990) report on 
the 1986 summer data from Mt Mitchell, NC, and 
give a mean cloud water pH of 3.45 and a mean 
precipitation pH of 4.49. Aneja et al. (1992) report 
1987 and 1988 MCCP field season, mean rainfall pH 
values of 4.43 and 4.34 for Mt Mitchell, compared to 
summer cloud pH values of 3.30 and 3.17, respective- 
ly. These are considerably larger pH differences than 
for the CHEF mountain sites. Li and Aneja (1992) 
show frequency distributions of cloud and rain pH for 
the 1986-1988 May-October  MCCP data. The peaks 
in the rain distribution vary from zero to two pH units 
higher than the cloud water peaks at the six sites. 

The CHEF Roundtop Valley site was co-located 
with a number of other permanent or temporary 
network installations. It is the Sutton site for the 
Canadian Air and Precipitation Monitoring Network 
(CAPMoN). A comparison of the data for seasons 
with more than 50 CHEF precipitation samples 
(Table 9) shows the sample averaged CAPMoN 
(CAPMoN, private communication) data (approxi- 
mately 40 samples per season) were an average of 
0.26 pH units higher than the sample averaged CHEF 
data. In addition, the CAPMoN data were 
6.1/~eq~ -1 of SO 2- higher and 4.4/teq¢ -1 of NO~ 
higher. Considering that different sampling protocols, 
instruments, exposure periods and laboratories were 
used, this is reasonable agreement between the two 
programs. Schemenauer (1986) also found good 
agreement between CHEF and network precipitation 
pH data at Roundtop Valley; there was no difference 
in the sample averaged pH and the volume weighted 
network pH was 0.08 pH units higher. 

4.3.2. Elevational gradients in precipitation pH. 
Measurements of elevational gradients in precipita- 
tion chemistry exist for all three mountains, Round- 
top, Mont Tremblant and Montmorency, but the 
most extensive data set is for Roundtop. There are 18 
seasons at Roundtop with Ridge (845 m) and Valley 
(250 m) data; for 12 of the seasons the Valley precipi- 
tation pH is lower; for five seasons it is higher and for 
one season it is the same. The overall mean precipita- 
tion pH for Roundtop Ridge is 4.22 (n = 957) and for 
Roundtop Valley it is 4.19 (n = 704). For  six of seven 
seasons with both Summit (970 m) and Valley precipi- 
tation data, the seasonal mean Valley pH is lower. For  
four of five seasons with both Summit and Ridge 
precipitation data, the Ridge seasonal mean pH is 
lower. The differences are small, typically 0.1 pH unit 
or less, but persistent, with lower pH values at lower 
altitudes. Schemenauer (1986) discussed this effect for 

coincident precipitation events at the CHEF moun- 
tain and valley sites in 1985 and concluded that below 
cloud base evaporation could explain the increases in 
H + concentration. At Mont Tremblant there are six 
seasons with Ridge (860 m) and Valley (275 m) pre- 
cipitation data. For  four of the seasons the Valley pH 
is lower, for two it is higher. At Montmorency, during 
both summer and fall of 1986, the Valley (665 m) pH 
values were lower than the Summit (970 m) values. 
Thus, throughout southern Quebec, one sees a tend- 
ency for a small drop in precipitation pH over fall 
distances of 300-600 m. 

4.3.3. Rain vs snow pH. By removing from the data 
set the samples containing a mixture of rain and snow, 
one can directly compare the rain and snow chem- 
istry. At Roundtop, the mean rain pH was 4.18 
(n = 618) and the mean snow pH was 4.36 (n = 259). 
The difference in rain pH between Ridge and Valley 
was insignificant, from 4.18 to 4.17 (n = 535). The 
change in snow pH from Ridge to Valley was from 
4.36 to 4.27 (n = 107). The snow pH values were 
higher than the rain values at both the mountain and 
the valley sites and the snow pH decreased at the 
lower elevation. 

5. SEASONAL MEAN ION CONCENTRATIONS 1985-1991 

5.1. Fog 

Seasonal mean ion concentrations for fog at RT are 
given in Table 3 and for MT in Table 4. The ion with 
the highest concentration in each of the 20 seasons at 
RT was SO 2-,  as it was at MT in each of the 21 
seasons with data. Seasonally averaged SO 2-  concen- 
trations at RT ranged from 100.6 #eq d-  1 in the fall of 
1989 to 348.5 #eq ~'-1 in the summer of 1990. Stan- 
dard deviations will not be given with the mean values 
since, as will be seen below, the major ions are more 
nearly log normal than normally distributed. At MT 
the seasonal range was from 174.0 in the winter of 
1988 to 830.3 in the spring of 1990. The seasonal 
SO 2-  means were higher at the more northerly MT 
site in 16 of the 20 seasons. The exceptions were 
summer 1986, winter 1988, summer 1988 and spring 
1991. The mean fog SO 2-  concentration for RT for all 
seasons combined was 235.2 #eq ~'-1 (n = 268) and at 
MT 319.3 (n = 304). The highest value measured was 
2583/zeq# -~ at RT and the lowest < 2.3/~eqf -1, 
also at RT. Seasonal mean SO 2- concentrations 
tended to be higher in summer at both sites but not in 
all years. 

The next highest anion concentrations are those for 
NO~, followed distantly by the values for C1-. The 
seasonal NO~ values at RT range from 58.1 # e q f -  
in the fall of 1988 to 361.4#eq~ -1 in the winter of 
1991. At MT the range is from 85.9 in the summer of 
1989 to 655.0 in the spring of 1990. The mean fog 
NO~ value for all seasons combined at RT was 
122.2#eq~ ' - 1  (n=268)  and at MT 202.6/teq~ -~ 
(n = 304). The highest NO~ value measured was 
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2700 #eq ~'- 1 at MT and the lowest < 2.3 p.eq ~'- 1 at 
both sites. Both N O r  and SO 2-  are present in higher 
concentrations at MT, consistent with the lower fog 
pH values at the site. The highest seasonal mean NO3 
values are in winter but not every winter shows an 
annual peak in values. The winters of 1991 and 1988 
showed well-defined peaks at RT and the winters of 
1991 and 1989 at MT. The mean CI-  concentration 
for all seasons was 12.1/~eq~ ' -1  at RT and 17.7 at 
MT. 

The dominant cation in the fog samples, aside from 
H +, is NH2,  foUowed by Ca 2+, Na +, Mg z+ and 
K + in that order. Seasonal mean NH~ values at RT 
range from 38.3/~eq ~0-1 in the winter of 1989 to 345.6 
in the winter of 1'991. At MT t h e  range is from 
80.8/~eq~ 0-1 in the winter of 1988 to 629.5 in the 
spring of 1990. There is no obvious seasonality to the 
values as one might expect if the NH2 results from 
local agricultural generation of NH3. The mean NH2 
value for fog, for all seasons at RT, is 176.7 ~eq~ "-1 
(n = 262) and at MT 246.5 #eq ~'- 1 (n = 276). The all 
seasons means of the Ca 2+, Mg 2+, Na + and 
K + values at RT are 56.3, 9.04, 12.7 and 3.8 ~eq¢ -1, 
respectively, and at MT 71.2, 19.8, 19.0 and 5.1/teq 
E- 1. All of the mean ion concentrations are higher at 
MT than at RT. 

For  the sample set as a whole, including the main 
sites at Roundtop, Mont Tremblant and Montmoren- 
cy, and the subsites at Mont Tremblant Mid-level and 
Roundtop Summit, the average fog composition for 
all seasons (n = 59911 is as follows (in/~eq ~'-1): SO 2-  
279.8; NO~ 163.3; CI-  14.7; NH2 210.3; Ca 2+ 67.9; 
Mg 2+ 14.2; Na ÷ 15.8; K + 4.5; and H + 162.2. The total 
anion concentration is 457.8 #eq~'-1 and the total 
cation concentration is 474.9 #eq¢-1,  a difference of 
1.8%. This indicates that it is unlikely that other 
stable ions are consistently present in significant con- 
centrations. As well, organic ions would have a weak 
influence on field pH, and would be rapidly lost dur- 
ing and after sample collection. They would not be 
seen in the laboratory analyses and would not appear 
in the ion balance. Ion balances based on seasonal 
means are not tabulated due to differing numbers of 
analyses for some ions in some seasons. However, for 
the 23 seasons at RT and MT, for which sample 

numbers are the same for all ions, the ion balance 
differences range from - 5.1 to + 7.4% with a mean 
of the absolute values of 2.5%. 

Mohnen and Vong (1993) present two slightly con- 
flicting sets of ion concentrations (their Table 2 and 
Fig. 4) in their review of the 1986-1988 MCCP warm 
reason, cloud chemistry climatology. Therefore, the 
CHEF data presented here will be compared to the 
MCCP summary given by Li and Aneja (1992) for the 
1986, 1987 and 1988 warm seasons. As an example of 
the difference in the presentation of the MCCP re- 
suits, Li and Aneja give the Whiteface, NY, summit, 
mean, cloud water, SO 2- concentration as 245/leq 
g-1 (122.5/tM ~0-1). For  the same period, the SO 2-  
mean of Mohnen and Vong (1993) is 102.5/~M ¢ -  1 
(reported as 205/~M ¢-1 in their Table 2) and 
108.4/~M ~-  1 in their Fig. 4. 

In Table 10 the CHEF RT and MT seasonal mean 
fog data have been reworked to produce a subset of 
the CHEF data, which can be compared directly to 
the MCCP data for the period of the MCCP project, 
i.e. May-October  in 1986,1987 and 1988. The MCCP 
data are adapted from Li and Aneja (1992). Clearly, 
the CHEF and MCCP high elevation sites experi- 
enced exposures to cloud/fog events that had similar 
rankings of the importance of the ions, and had sim- 
ilar total ion concentrations. The anion concentra- 
tions at Roundtop Mountain are very similar to those 
at the higher Whiteface Mountain-1 site, which is 
150 km to the southwest. The cation concentrations 
are also similar except that the RT site has lower 
H + and higher NH +. The two CHEF sites have 
higher Ca 2+ values than the MCCP sites, perhaps 
reflecting the lower site altitudes. The Mont Trem- 
blant Mg 2+ value is also higher than for the MCCP 
sites. The Na + and C1- concentrations at the two 
CHEF sites, together with the two Whiteface Moun- 
tain sites, are the lowest in the group, possibly reflect- 
ing the relative isolation of these sites from marine 
source regions. The anion concentrations at the more 
northerly CHEF MT site are similar to the concentra- 
tions at Shenandoah and Whitetop. The MT pH is, 
however, higher because of higher concentrations of 
NH2,  Ca 2 + and Mg 2+. The CHEF and MCCP sites 
taken together, show a tendency for decreasing major 

Table 10. Summary of mean high elevation fog ion concentrations at two CHEF sites and six MCCP sites 

SO4 NOa C! H NH4 Na K Ca Mg Total 
~eq ~ - 1) conc. pH 

Mont Tremblant 339 170 12.8 181 239 10.4 5.4 70.3 22.6 1051 3.74 
Ronndtop Ridge 221 89.8 6.6 116 158 6.9 4.1 60.8 6.1 669 3.93 
Whiteface-l" 245 91 6.5 203 119 3.7 2.7 16 4.1 691 3.69 
Whiteface-2" 525 133 9.4 380 225 4.9 2.6 26.7 6.7 1313 3.42 
Moosilauke" 448 231 23.7 440 179 17.9 3.5 13.9 7.4 1364 3.36 
Shenandoah a 367 180 19.8 325 206 11.9 3.6 17.4 5.6 1136 3.49 
Whitetop a 400 169 19.1 344 170 8.4 3.0 29.1 6.3 1149 3.46 
Mt Mitchell" 576 205 32.9 462 218 19.4 7.8 55.1 13.9 1590 3.34 

• The MCCP data are adapted from Li and Aneja (1992) and are for May-October in 1986, 1987 and 1988. The subset 
of the CHEF data is for the same period. 
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ion, or total ion, concentrations from south to north 
but the decreases are irregular and are ion dependent. 
The site chemistry is influenced by the sheltering ef- 
fects of the surrounding mountain ranges as well as by 
elevation. In the case of RT and MT, they are fre- 
quently covered by a low-level flow of polluted air 
from the Great Lakes area to the southwest. The air is 
channeled by the St Lawrence Lowlands as it moves 
to the northeast. RT is to the east of the main valley 
and sheltered by the mountains of Upper New York, 
while the MT site is in a more exposed location. 
Having given these qualifications, it should also be 
noted that the lowest high elevation fog ion concen- 
trations were at the CHEF RT site and the highest at 
the MCCP Mt Mitchell site. 

5.2. Mixed samples 

Seasonal mean ion concentrations for fog mixed 
with precipitation are given in Table 5 for RT and 
Table 6 for MT. Generally, the mixed concentrations 
are lower than for fog alone, reflecting a dilution of 
the fog concentrations by precipitation. At RT, SOl -  
concentrations range from 83.8 kteqf -~ in spring 
1990 to 386.0 in summer 1989. At MT, the range was 
from 92.2 in spring 1991 to 276.6 in the fall of 1986. 
The seasons with the highest and lowest mean concen- 
trations are different, in all cases, from those for the 
fog samples. The more northerly MT site had higher 
seasonal mean SO 2- concentrations in 13 of 20 sea- 
sons, a tendency which is not as strong as for the fog 
samples. Seasonal mean NO3 values at RT ranged 
from 42.5/~eqd -1 in summer 1988 to 198.2 in fall 
1986. At MT the range was from 50.2 ~teqf-t in 
summer 1989 to 181.3 in spring 1990. It is interesting 

to note that both Na ÷ and C1- showed a very consis- 
tent peak in the winter. This was also evident in the 
fog sample data set but not with the same degree of 
consistency. The mean mixed sample composition, for 
all seasons from 1985 to 1991, for Roundtop Ridge, 
Roundtop Summit, Mont Tremblant Ridge, Mont 
Tremblant Mid-level and Montmorency Summit 
combined is compared in Table 11 to the correspond- 
ing values for fog and precipitation. 

5.3. Precipitation 

Seasonal mean ion concentrations for precipitation 
are given in Table 7 for RT, Table 8 for MT and Table 
9 for RV. The range of values for SO~- at RT was 
from 23.7 in winter 1986 to 166.1/~eq ~'-1 in the fall df 
1986. At MT the range of values was from 43.4 in 
winter 1991 to 106.4 in the spring of 1987. NO~ 
values at RT ranged from 29.0 in fall 1990 to 71.0 in 
winter 1988. At MT the range was from 25.8 in spring 
1988 to 75.2 in winter 1988. As well as having lower 
concentration ranges than the seasonal mean fog 
values at the sites, the seasonal precipitation means 
agree better between the two sites than do the fog 
means. The mean precipitation sample composition, 
for all seasons from 1985 to 1991, for the high elev- 
ation sites, is compared in Table 11 to the correspond- 
ing values for fog and mixed samples. 

A comparison (Table 12) of the mean ion concen- 
trations at RT (845 m) and RV (250 m) does not show 
an increase in all ion concentrations at the low eleva- 
tion site, which would be consistent with below cloud 
base scavenging for each ion species or an increase in 
all concentrations due to evaporation of the drops. In 
fact, SO 2- is higher on the mountain for both rain 

Table 11. All seasons, all sites, means for each of the three sample categories, for the CHEF 1985-1991 data set; 
precipitation data are for the high elevation sites only 

SO4 NO3 CI NH, Ca Mg Na K H 
Type n ~ eq f - 1 ) 

Fog 599 279.7 163.4 14.7 210.4 68.1 14.2 15.9 4.5 162.2 
Mixed 1886 161.7 97.6 12.4 111.1 38.3 8.9 15.8 3.0 93.3 
Precip. 1613 69.9 41.4 6.6 35.8 17.9 4.1 7.5 1.4 61.5 

Table 12. Comparison of Roundtop Ridge (RT 845 m) and Roundtop Valley (RV 250 m) ion concentrations in precipita- 
tion, rain and snow 

n SO4 NOa CI H NH4 Na K Ca Mg pH 

All precipitation samples 
RT 629 75.5 45.2 8.3 60.3 38.9 10.5 1.2 20.4 3.8 4.22 
RV 470 64.6 48.0 5.8 64.6 34.9 5.6 1.4 23.8 4.0 4.19 

Rain 
RT 419 86.5 39.4 3.8 66.1 41.5 4.3 1.3 14.0 3.1 4.18 
RV 327 73.8 44.2 4.3 67.6 38.3 4.8 1.7 16.5 3.8 4.17 

Snow 
RT 159 49.2 55.8 13.1 43.7 33.1 13.3 1.0 37.5 5.6 4.36 
RV 92 36.7 57.2 11.9 53.7 22.4 9.1 0.6 61.8 5.7 4.27 

Ion concentrations are in #eq d-1. 
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and snow as is NH2. N O / i s  higher in the valley for 
both rain and snow as are H +, Ca 2+ and Mg 2+. Na +, 
CI-  and K + are higher in the valley in rain and on the 
mountain in snow. This may argue for more locally 
important sources ,of N O / ,  Ca 2+ and Mg 2+. 

6. SEASONALITY IN H I G H  ELEVATION F O G  DATA 

The CHEF data set provides the first look at high 
elevation fog chemistry divided into the four seasons 
of the year. Figure 5 shows the mean pH values for the 
four seasons, for the RT and MT sites. There is no 
obvious relationship between pH and season. At RT, 
summer has a lower pH than spring or fall but winter 
has an equally low pH. At MT, summer has a slightly 
higher pH than spring and fall and winter has the 
lowest pH of the tour seasons. The RT plot looks 
more like the monthly (May~October) MCCP data of 
Li and Aneja (1992). The MT plot is quite different 
and points to a sigrdficant wintertime source of acid- 
ity. Figure 6 shows the seasonal mean SO 2-,  N O /  
and NH~- concentrations for each of the two sites. The 
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Fig. 5. Fog water pH averaged for each of the four seasons, 
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Fig. 6. SO~-, NOr and NH2 concentrations in fog, aver- 
aged for each of the four seasons, for the period 1986--1991, 

at RT and MT. 

two sites show parallel drops in N O i  and NH2 
concentrations from winter to spring and parallel rises 
in SO 2- concentrations from spring to summer. 

An examination of Fig, 6 indicates that the winter 
minimum in pH at MT (Fig. 5) seems to be due to 
high concentrations of N O /  in the fog water; sim- 
ilarly, the fall decrease in pH is due to increasing N O /  
concentrations. The winter minimum in pH at RT is 
due to high N O /  concentrations and the summer 
drop to high S O l -  concentrations. Mohnen and 
Kadlecek (1989) have reported higher wintertime than 
summertime (months not defined) cloud water N O /  
values for Whiteface-1 in 1983, 1984 and 1986, and 
higher summertime SO [ -  and NH2 concentrations. 
The conclusions regarding their N O / a n d  S O l -  ob- 
servations appear in agreement with the CHEF data 
shown here. 

7. TRENDS IN THE H I G H  ELEVATION F O G  I O N  

CONCENTRATIONS 

Even though a 7 yr period of data, as presented 
here, is relatively short for the purpose of trend analy- 
sis, it still represents one of the longest continuous 
databases for fog chemistry in North America. In view 
of this, a simple linear regression analysis was applied 
to the fog data from Tables 3 and 4. RT and MT data 
were combined as sample-number-weighted averages 
of concentrations for each season for the different 
years. The mean number of samples per year, e.g. for 
SO 2-,  ranged from 12.5 in winter to 34 in summer. 
These are all the fog-only events that occurred at the 
sites, not a subset of fog-only events. Standard devi- 
ations for the mean values, for specific years and ions, 
are large and are comparable in magnitude to the 
means. The use of a linear regression does not pre- 
clude there being more complex relationships for 
trends in ion concentrations, as for example the cycles 
found for low elevation precipitation by Sirois (1993). 

The intercepts, slopes and correlation coefficients 
for the linear regressions of the SO [ - ,  N O / ,  NH + 
and H + time series data (averaged per season), for 
both RT and MT, for the years 1985-1991, are given 
in Table 13. It was found that in winter: N O / i n  fog 
increased by 88 tteq d -  1 per year, with 90% confid- 
ence that there is an increase; SO [ -  in fog increased 
by 39/~eq f -  1 per year, with > 90% confidence in an 
increase; H + increased by 32/z eq E -1 per year, with 

0 + 99 '/o confidence of an increase; and NH4 increased by 
69/zeq 6-1 per year, with > 75% confidence of an 
increase. Other notable correlations for the fog data 
set were: a spring increase in NO3 of 11/~eq E- 1 with 
99% confidence of an increase; and a fall decrease in 
NH + concentrations of 18/zeq # -  t with > 90% con- 
fidence of a decrease. The trends in the winter mean 
fog ion concentrations are supported by increasing 
trends when the individual sample points are plotted. 
Linear regressions of the seasonal medians for SO [ -  
(slope 26/~eq d -  t y r -  1, r = 0.82, probability of zero 
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Table 13. Results of linear regression analyses for the time series of seasonal mean ion concentrations, for the combined 
Merit Tremblant and Roundtop Ridge CHEF data (1985-1991) 

Probab. of zero Corr. coeff. Probab. of zero Corr. coeff. 
Season Sample slope (%) Slope (no. of years) slope (%) Slope (no. of years) 

SO 4 NO3 
Winter Fog 7.9 39.0 0.921 (4) 11 88.0 0.895 (4) 
Spring Fog 46 7.9 0.378 (6) 1.0 11.2 0.892 (6) 
Summer Fog 72 - 6.9 - 0.191 (6) 76 3.9 0.162(6) 
Fall Fog 24 - 9.8 - 0.643 (5) 36 15.0 0.532 (5) 
Winter Mixed 2.6 - 21.0 - 0.974(4) 21 - 13.2 - 0.791 (4) 
Spring Mixed 14 - 12.0 - 0.682 (6) 60 - 3.1 - 0.273 (6) 
Summer Mixed 86 - 2.4 - 0.097(6) 91 0.4 0.061 (6) 
Fall Mixed 33 - 36.2 - 0.561 (5) 13 - 19.6 - 0.770(5) 
Winter Precip. 4.0 - 5.3 - 0.959 (4) 39 - 3.2 - 0.614(4) 
Spring Precip. 26 - 5.1 - 0.549 (6) 63 - 1.4 - 0.250 (6) 
Summer Precip. 5.9 - 9.8 - 0.795 (6) 14 - 2.8 - 0.680(6) 
Fall Precip. 44 - 21.4 - 0.767 (3) 40 - 8.0 - 0.813 (3) 

NH4 H 
Winter Fog 23 69.4 0.938 (3) 0.9 32.4 0.961 (5) 
Spring Fog 94 - 0.8 - 0.037 (6) 19 14.0 0.695 (5) 
Summer Fog 76 3.7 0.162(6) 20 - 7.0 - 0.548(7) 
Fall Fog 9.3 - 18.3 - 0.907 (4) 68 6.7 - 0.318 (5) 
Winter Mixed 38 - 9.5 - 0.617 (4) 65 - 6.6 - 0.237 (5) 
Spring Mixed 20 - 1.5 - 0.610(6) 15 - 7.7 - 0.655 (6) 
Summer Mixed 84 - 1.4 - 0.106(6) 21 - 9.2 - 0.537(7) 
Fall Mixed 23 - 25.1 - 0.656 (5) 48 - 21.0 - 0.362(6) 
Winter Preeip. 50 - 0.2 - 0.709(3) 48 - 24.0 - 0.419(5) 
Spring Preeip. 38 - 3.4 - 0.444 (6) 15 - 5.6 - 0.653 (6) 
Summer Precip. 25 - 2.8 - 0.562(6) 11 - 15.3 - 0.714(7) 
Fall Precip. 14 - 4.1 - 0.863 (4) 21 - 12.6 - 0.595 (6) 

slope (PZS) 18%), NO~- (slope 6 1 # e q d  -1 yr -1 ,  
r = 0 . 9 4 ,  P Z S = 6 % ) ,  and  H + (slope 6 1 # e q #  - t  
y r -1 ,  r = 0.64, PZS = 25%) also suppor t  a tendency 
for a winter increase in ion concent ra t ions  with time. 
The median  N H 2  concent ra t ions  do not. 

An analysis of the combined  winter precipi ta t ion 
da ta  f rom Tables 7 and  8 is also given in Table  13. It  
shows small  decreases in N O ~ ,  SO 2-  (with 96% 
probabi l i ty  of a decrease) and  N H ~  with time, and  
a H ÷ decrease of 24/~eq # - 1  per  year bu t  with only 
a 50% confidence in a decrease. An analysis of the 
combined  winter  mixed da ta  from Tables 5 and  6 indi- 
cates decreasing SO 2-  concent ra t ions  with t ime (97 % 
probabi l i ty  of a decrease) bu t  for N O ~ ,  N H 2  and  
H + the probabi l i ty  of a decrease is only 79, 62 and  
35%, respectively. 

It  is impor t an t  to remember  tha t  the n u m b e r  of 
samples in each winter  season is small, and  variabil i ty 
over  the long term has not  been defined. The in tent  
here is simply to i l lustrate tha t  there is potential ly an  
increasing t rend in ma jo r  ion concent ra t ions  in fog 
events in winter  despite a decreasing t rend for precipi- 
tat ion.  

There  are several possible explanat ions  for the win- 
ter increase in concent ra t ions  of SO 2- ,  N O ~  and  
H + in fog: (i) winter  emissions of SO2 and  NOx may 
be increasing with time; (ii) there is a persistent cli- 
mat ic  change to air  mass  origins from regions with 
higher  emissions or  higher  sulfur and  ni t rogen trans-  
format ion  rates; or  (iii) there are cons tan t  emissions, 

cons tan t  part iculate  concent ra t ions  and  sizes, and  
lower cloud liquid water  contents  year after year. For  
all three possibilities, the changes may only reflect 
what  is happen ing  in sou thern  Quebec. 

The  t rends in the concent ra t ions  of the major  ions 
in the o ther  seasons are also given in Table  13. In 
general, fog shows bo th  increasing and  decreasing 
t rends depending  on  the season and  ion, whereas the 
mixed and  precipi ta t ion categories show weak de- 
creasing trends. Considerable  uncer ta in ty  is asso- 
ciated with the shor t  da ta  record (maximum 7 years) 
and  the small  n u m b e r  of samples per  season (typically 
10-100). 

8. ION RATIOS AND CORRELATIONS 

A clear seasonali ty is evident  in the seasonal  me- 
d ian  N O ~ / S O [ -  equivalents  ratios, for fog, mixed 
and  precipi ta t ion samples, at  b o t h  RT and  M T  
(Fig. 7) with values of abou t  0.5 in the summer  and  
values approach ing  or  exceeding 1.0 in the winter. The  
M C C P  warm season, rat ios of mean  cloud water  
N O ~  to mean  c loud water  SO~- ,  for 1986-1988, 
range from 0.25 to 0.52 at the six sites (Li and  Aneja, 
1992). The  C H E F  medians  of the N O ~ / S O ~ -  ratios, 
for the summers  of 1986-1991, are in the same range, 
0.28-0.48 at  R T  and  0.26--0.56 at  MT.  F r o m  Table  10, 
for the same 1986-1988 per iod as the M C C P  data,  the 
rat io  of  the mean  N O ~  concen t ra t ion  to the mean  
S O [ -  concen t ra t ion  is 0.41 at  RT and  0.50 at  MT.  
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The RT value is similar to the value of 0.37 for 
Whiteface Mtn, NY, given by Li and Aneja (1992). 
This comparison supports the conclusion that SO~- 
makes the major contribution to high elevation fog 
acidity in the summertime, from North Carolina to 
southern Quebec. The CHEF data show a relatively 
more important role for NOT in the wintertime. 

The seasonal median equivalents ratios of Na ÷/C1- 
have been calculated for fog at RT and MT. The 
Na+/C1 - ratios exceed the corresponding value for 
sea water (0.86) in 15 of 18 seasons at RT but in only 
8 of 21 seasons at MT indicating there may be differ- 
ent source regions at the two sites. However, the ratio 
of the mean Na ÷ to the mean CI-  values for the 
entire fog data set at RT is 1.05 and at MT 1.07. These 
values are considerably higher than for the six MCCP 
sites (Li and Aneja, 1992) where the ratios range from 
0.44 to 0.76. Wagner and Steele (1989) looked at the 
ratio, in equivalents, of Na+/CI - in rain, to the same 
ratio in sea water, in the U.S.A. The western states 
(32% of sites) had values > 1. The north central and 
northeastern states (20% of sites) had values < 1 
probably because of inputs of C1- from coal-fired 
power plants. For  the CHEF sites the value is 1.23 
and for the MCCP sites from 0.51 to 0.88. 

An examination of the pH frequency distribution 
for the fog samples from the mountain sites, Fig. 2, 
showed it to have a tail to high values and indicated 
that the H ÷ concentrations, between pHs of 2.8 and 
4.8, are close to log normally distributed. The fre- 
quency distributions for log transformations of the fog 
SO 2-,  NO~ and NH~ concentrations are shown in 
Fig. 8. Normal curves based on the mean and stan- 
dard deviation of each distribution are also shown. 
The distributions a.re approximately bell shaped and 
support the preparation of an ion correlation matrix 
(Table 14) using the logs of the sample concentrations 
rather than using the non-normally distributed con- 
centrations. The log SO,~- distribution has mean 2.21, 
median 2.24, skewness - 0.49 and kurtosis 0.49. The 
logNO~ distribution has mean 1.89, median 1.90, 
skewness - 0 . 0 9  and kurtosis -0 .54 .  The logNH~ 

A (  29:17-C 

(Iog(ueq/L)) 

1 ~ o  

i"t 
J:l 

O.S t 

~ J 

+!ii 
iii+i 

iii~+l 
1:5 :~ 

NH4Oog(ueq/L)) 

iiiii 

ii+ii ! . . . .  
'~ 2 6  3 3 5  

Fig. 8. Frequency distributions for the logs of the fog SO~-, 
NO~ and NH~ concentrations. Data are for all sites for the 
years 1986-1991. Normal curves have been added for com- 

parison. 

distribution has mean 2.04, median 2.10, skewness 
- 0.51 and kurtosis factor 0.29. 

The correlation coefficients (r) shown in Table 14 
are in most cases for more than 500 pairs of values 
(e.g. 593 for l o g S O [ -  and logNO~)  and are signifi- 
cant at p < 0.0001 in all cases except for l ogH + with 
log Na + and log K +. S O [ -  is most highly correlated 
with NH,~ (0.88) and NOT (0.83) and less so with 
H + (0.55). Similarly, NOT is well correlated with 
S O [ -  (0.83) and NH~ (0.83) and, to a lesser degree, 
with all other ions (r > 0.43) . Thus, close to 77% 
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Table 14. Correlation coefficients (r) between the logs of the ion concentrations for all CHEF fog samples, 
1985-1991; only concentrations above MDL were included 

log CI log NO4 log SO4 log Na log K log NH4 log Ca logMg log H 

log CI 1.00 0.66 0.56 0.76 0.61 0.60 0.66 0.76 0.16 
logNOa 0.66 1.00 0.83 0.43 0.52 0.83 0.65 0.66 0.52 
log SO,, 0.56 0.83 1.00 0.39 0.52 0.88 0.61 0.62 0.55 
log Na 0.76 0.43 0.39 1.00 0.58 0.42 0.60 0.67 0.03 
log K 0.61 0.52 0.52 0.58 1.00 0.58 0.70 0.73 0.06 
logNH4 0.60 0.83 0.88 0.42 0.58 1.00 0.67 0.64 0.35 
logCa 0.66 0.65 0.61 0.60 0.70 0.67 1.00 0.84 - 0.00 
logMg 0.76 0.66 0.62 0.67 0.73 0.64 0.84 1.00 0.12 
log H 0.16 0.52 0.55 0.03 0.06 0.35 - 0.00 0.12 1.00 

of the variability in SO ] -  concentrations can be 
associated with changes in NH 2 concentrations, 
and about 30% with changes in H + concentrations. 
This is consistent with a large fraction of the aerosol 
being incorporated into these clouds consisting of 
NH4HSO4 or (NH4)2SO4. Generally, the ions show 
a wide range of moderately high correlation coeffi- 
dents, e.g. the r values for C1- are above 0.56 for all 
ions except H +. The higher r values for C1- are with 
Na + (0.76) and Mg 2+ (0.76). NH2, as noted above, is 
well correlated with SO ] -  and NO~, and has moder- 
ately high correlations with Ca 2+ (0.67) and Mg 2+ 
(0.64). Ca 2+ has r values above 0.60 with all ions 
except H+. The correlation coefficient for Ca 2 + and 
Mg 2+ is high at 0.84. 

9. EXCESS SULFATE 

The high elevation fog samples from the CHEF 
sites show very high values of excess sulfate, indicating 
that little of the sulfate originates from sea spray. CI- 
was used as the sea-salt tracer. Na + produces similar 
results. At RT, in 18 of 19 seasons, the average excess 
sulfate was 98% or greater. In one season it was 
93.6%, and in 15 of the 19 seasons it was > 99%. 
A similar pattern exists at MT. In 20 of 21 seasons the 
average excess sulfate was above 98%; in the remain- 
ing season it was 95.5%. In 16 of the 21 seasons it was 
above 99%. These results strongly imply, but do not 
prove, that anthropogenic emissions are the source of 
the observed sulfate. If one calculates the percent of 
excess sulfate for the six MCCP sites from the data in 
Table 10, one obtains values in excess of 99% for each 
of the sites. This is consistent with the CHEF data 
reported here. 

10. DISCUSSION 

10.1. High elevation ecosystems 

There is some evidence in the literature indicating 
that there are measurable effects in the biota and soils 
at the high elevation sites in Quebec, which may well 
be related to enhanced acidic deposition. Gagnon et 

al. (1986) reviewed the results of the Province of 
Quebec monitoring of hardwood species and noted 
a marked increase in dieback with altitude, although 
a specific cause could not be assigned. Comtois and 
Schemenauer (1991) measured the altitudinal gradient 
of tree pollen viability on RT and MT in 1987 and 
1988. Species studied were white birch, yellow birch 
and sugar maple. For all species, and in both years, 
the viability decreased sharply at an altitude corres- 
ponding to the mean cloud base height for the spring 
pollen period. Comtois (1991, 1994) looked at air- 
borne pollen viabilities as well as the viability of 
pollen from trees and shrubs on RT in 1990 and 1991. 
For both trees and shrubs a significant decrease in 
pollen viability was found just above the mean cloud 
base height. Hendershot et al. (1992) looked at the soil 
and soil solution chemistry on a transect from 520 to 
850 m on RT. They found a clear relationship between 
soil acidification and position on the mountain. High- 
er altitudes had lower soil pH and lower base satura- 
tion in the soil horizons. Schuepp and Hendershot 
(1989) looked at nutrient leaching from balsam fir 
foliage on MT at 860 m and concluded that nutrient 
leaching does occur during wintertime, due to interac- 
tions with fog-generated rime, and snow, and that it 
can possibly lead to a non-negligible nutrient stress 
for K + and Mg 2+. Lin et al. (1995) examined trace 
metal deposition to balsam fir foliage on RT and 
concluded that cloud/fog immersion is a significant 
trace element pathway in these high elevation forests. 
However, the only metal in the foliage for which they 
found a strong gradient with altitude was Mn. 

10.2. Fog deposition at high elevations 

Two of the fundamental inputs to regional-scale 
models of the deposition of fog water, and to defining 
the contribution of fog deposition to acidic "wet de- 
position", are a knowledge of the wind flow over the 
terrain and measurements of the chemical composi- 
tion of the fog. These data can be incorporated into 
deposition models (e.g. Lovett and Kinsman, 1990) 
and chemical fluxes to the surface calculated. Three- 
dimensional models of wind flow over the complex 
terrain encountered at mountain sites are rare. Re- 
cently, Bridgman et al. (1994) have used the three- 
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dimensional, steady-state, surface-layer flow, model of 
Walmsley et al. (1986) and have produced maps of 
wind speed and direction at canopy top for the 
164 km 2 area of the Roundtop Mountain complex in 
southern Quebec. The comparison with measured 
values was good. The model shows increased wind 
speeds on ridgelines and summits and decreased 
winds in the lee of topographic features. The turning 
of winds in valleys and passes also seems well de- 
picted. The availability of the fog chemistry climato- 
logy presented here will enable fog and precipitation 
deposition calculations to be done on both a seasonal 
and annual basis for the mountains of southern 
Quebec. 

10.3. CHEF and MCCP protocols 

Differences in field protocols, which potentially af- 
fect comparisons of mean pH and ion concentrations 
for CHEF and MCCP, are: (1) time duration for 
CHEF samples range from 1 to 16 h or occasionally 
more, as opposed to hourly samples in the MCCP; 
(2) an objective of CHEF was to characterize every 
deposition event occurring throughout the year, 
whereas MCCP operated in the warm season and 
events producing samples with less than 60 ml re- 
maining, after measurement of a field pH, were not 
included in the fifll MCCP database; (3) in CHEF, 
rime was allowed to melt off the collector, whereas in 
the MCCP-related work at Whiteface Mtn, rime was 
scraped from the fog collector and kept frozen until 
immediately before analysis (Mohnen and Kadlecek, 
1989). As a result of(I)  above, it is to be expected that 
the CHEF data set may not show as great a variation 
in composition as MCCP, since longer duration sam- 
ples will have been collected in CHEF and there will 
be more mixed samples in CHEF, especially with 
character very close to fog. 

II. CONCLUSIONS 

The 1985-1991 seasonal, high elevation fog chem- 
istry data from southern Quebec form one of the 
largest databases of its type ever assembled and 
the first with data divided into the four seasons of the 
year. Coupled with data on high elevation precipita- 
tion and mixed event chemistry, it will be possible to 
refine models of the atmospheric inputs to the unique 
ecosystems existing on these mountains. This has not 
been done previously in Canada. The CHEF data also 
provide the first description of elevational gradients of 
rain and snow chemistry in eastern Canada. 

The 1985-1991 CHEF data show a general uni- 
formity over the region. Both for individual seasons, 
and for the 6 yr period as a whole, fog pH values were 
lower than those for precipitation at the mountain 
sites. This was related to higher concentrations of all 
ions in fog. The mixed category of events, where both 
fog and precipitation were present at the same time, is 
a large part of the database and generated three times 

the number of samples as fog alone. For  mixed sam- 
pies, both pH values and ion concentrations are inter- 
mediate between those for fog and precipitation. 

There is a consistency between the CHEF data 
from southern Quebec and the MCCP data from the 
Appalachian mountains in the eastern U.S. There is 
not a strict south to north decrease in ion concentra- 
tions in high elevation fog (cloud water), because of 
the influences of site exposure and site elevation, but 
the highest concentrations were in North Carolina 
and the lowest in southern Quebec. Of the two 
Quebec sites with the longest records, Mont Trem- 
blant to the northwest of Montreal experienced the 
lowest high elevation fog pH values and the highest 
ion concentrations. Roundtop Mountain to the 
southeast of Montreal, just north of the Quebec- 
Vermont border, was consistently in less polluted 
conditions over the 1985-1991 project period. This 
argues for a more direct exposure of the Mont Trem- 
blant site to air masses from the southwest where 
anthropogenic emissions are high. When the fog pH 
and ion concentration data are grouped into the four 
seasons, the Mont Tremblant and Roundtop data 
show different patterns, with indications of a signifi- 
cant wintertime source of acidity, associated with 
NO~, at Mont Tremblant. 

During the 1985-1991 period, the precipitation and 
mixed samples at the mountain sites showed weak 
downward trends in SO~-,  NO~, NH~ and H ÷ in all 
seasons, in agreement with emissions of SO2 and NOx 
being approximately constant or slightly declining in 
eastern North America, Sirois (1993). Sirois reported 
that SO~- concentrations in precipitation at low elev- 
ation sites decreased during this period and NO~ 
remained fairly constant. In the CHEF data reported 
here, it was noteworthy that the high elevation fog 
data at each site showed an increasing trend in winter- 
time mean values for the major ions. The upper elev- 
ation forests at these sites may in fact be experiencing 
an increased annual exposure to acidic deposition as 
a result of these wintertime increases. Since evidence 
exists (Schuepp and Hendershot, 1989) that the trees 
at these sites can exchange ions with ice deposits in 
the winter, there is thus the potential for acute damage 
to the forest as well as gradual changes in soil condi- 
tions. 
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