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CHAPTER 7 

Depositional Aspects of Pollutant 
Behavior in Fog and Intercepted 
Clouds 

Jed M. Waldman1 and Michael R. Hoffmann2 

Environmental Engineering Science, W. M. Keck Laboratories, California 
Institute of Technology, Pasadena, CA 91125 

Droplet deposition during fog is shown to play an important role 
in the removal of anthropogenic pollutants from the atmosphere. 
Relevant theoretical principles are reviewed. The in-cloud scav­
enging of aerosol$ and soluble gases coupled with the small size 
of fog droplets results in higher chemical concentrations in fog 
water than in rainwater. In the urban regions of southern Califor­
nia and the southern San Joaquin Valley, fog water chemistry is 
dominated by sulfate, nitrate, and ammonium ions, which are 
measured at millimolar levels. The formation of fog is shown to 
accelerate deposition rates for water-scavenged atmospheric con­
stituents. During stagnation episodes, pollutant removal by venti­
lation of valley air requires at least 5 days, while the enhance­
ment of deposition by fog formation leads to pollutant lifetimes 
on the order of 6-12 h. Thus, in an environment characterized by 
flat, open landscape and low wind speed, droplet sedimentation 
can be the dominant removal mechanism of pollutants during 
prolonged stagnation episodes with fog. 

THE REMO\'AL OF ANTHROPOGENIC EMISSIONS and windblown mate­
rial to ground surfaces occurs by processes known as wet and dry depo­
sition. The deposition of airborne pollutants is essential for cleansing the 
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atmosphere, but some deposited pollutants may have the potential for 
significant environmental impact when they reach the surface. Key 
deposition pathways are shown schematically in Figure l. 

Scavenging and deposition of ambient gases and aerosols by rain­
drops is more rapid and efficient than removal under dry conditions. 
However, precipitation is an intermittent event. The dry flux of pollu­
tants due to the cumulative effect of long dry periods may contribute a 
greater mass of material than rainfall. Liljestrand (1) found this situation 
to be the case in southern California. A small fraction of total NO. and 
SO2 emissions in the region was accounted for by wet deposition monitor­
ing; Liljestrand estimated a 10-fold greater removal by dry versus wet 
deposition, and the majority of emissions was advected away from the 
region. In contrast, the net deposition in the eastern United States has 
been associated primarily with precipitation. Bischoff et al. (2) have 
estimated that wet fluxes constitute 75% of SO2 and more than 90% of 
NO. emissions. 

In addition, the potential exists for appreciable deposition during 
fog episodes. Even though the occurrence of fog is often infrequent, 
fog-induced deposition may be important in several specific environ­
ments. In coastal regions, fogs often serve as a dominant source of mois­
ture and nutrient input to local ecosystems (3). Similarly, many mountain­
ous regions are frequently intercepted by clouds and the accompanying 
chemical input (4). Urban areas, subject to higher ambient pollutant 
concentrations, may have substantial fog-induced deposition as well. 

In many respects, fog is simply a ground-level cloud in which pro­
cesses such as nucleation, gas scavenging, and droplet growth are impor­
tant. At the same time, fogs consist of discrete water droplets, and sedi­
mentation and inertial impaction are dominant transport mechanisms 
because of the relatively large sizes of these particles. However, because 
fog droplets may change size continually, their transport behavior may 
be altered. 

Fog may make important contributions to pollutant deposition or 
impacts in selected environments for the following reasons: 

(1) Fog and cloud droplets are important chemical reactors (5) that 
can modify the nature of pollutant material in the atmosphere (6). They 
act as sinks for many gaseous pollutants such as nitric acid, ammonia, 
and sulfur dioxide that are appreciably soluble in aqueous solutions. Fog 
and cloud droplets are sufficiently small such that gas scavenging is not 
limited by mass transport in most cases (7). Their effect on pollutant 
speciation, in turn, will have impacts on the chemical balance of deposit­
ing components. 

(2) Under dry conditions, much of the aerosol mass of pollutant 
species is found in the size range 0.1-1.0-µm diameter. Deposition veloc­
ities (Vd) of these small particles are extremely low (8). Scavenging of 
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ambient aerosols by fog droplets leads to the association of solute mass 
with larger sized particles. Hence, when dissolved in fog droplets, solute 
species are more efficiently deposited by particle impaction and 
sedimentation. 

(3) Surface moisture deposited by fog and dew can significantly 
increase the Vd of aerosols by reducing rebound and resuspension (9). In 
addition, moisture on surfaces also serves as a sink for soluble gases (10). 

(4) The capture of fog droplets by foliar and ground surfaces can be 
a significant component of the water and nutrient fluxes to an ecosystem 
(3, 4). Lovett (11) reported water flux at rates of 0.1-0.3 mm h-1 from 
advected clouds to a subalpine forest canopy. This range agreed with his 
numerical model, which indicated that sedimentation and inertial impac­
tion, especially to the upper 3 m of the canopy, were the dominant 
deposition mechanisms. 

(5) The analyses of fog and cloud water show at least an order-of­
magnitude greater concentration for ambient solutes compared with rain­
water. Therefore, droplets can make a greater contribution to pollutant 
flux per volume of water deposition. 

(6) Intercepted fog and drizzle wet surfaces but do not necessarily 
flush them clean as does rain. Dissolution of previously accumulated 
material can lead to concentrated solutions of acids (12) and metals (13) 
at collection surfaces. Waldman et al. (14) found that droplets, after 
depositing on pine needles, were in general more concentrated than 
ambient cloud water except when the needles had been previously 
rinsed by measurable rainfall. The acidity of drops removed from foliar 
surface was as high as the ambient cloud water despite enrichment with 
calcareous material. 

(7) Damage to sensitive receptor surfaces, as measured in field and 
laboratory studies (15-17), has been caused by the exposure to acidic fog 
droplets. 

Theoretical Considerations of the Chemistry and 
Microphysics of Fog 

Fog Microphysics. Fog and cloud droplets are formed by con­
densation of water vapor in saturated air. Droplets form with diameters 
between 2 and 100 µm, although in nonprecipitating clouds and fog, the 
majority of droplet mass occurs in the range of 5-30 µm. In contrast, 
raindrops are far larger, mostly in the range of 200-2000 µm. The mass 
of liquid water is typically 0.01-0.5 g m-3

; the number concentration of 
droplets is generally ten to hundreds per cubic centimeter. Droplet inter­
actions, such as coagulation or differential settling, have negligible im­
pact on their dynamics except when intensive convection leads to rain or 
drizzle (18 ). 
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Vertical motions lead to the formation of most clouds with the 
exception of fogs. Generally, extensive ground contact suppresses net 
vertical motion. Fogs are primarily classified as either advection- or 
radiation-type, depending on their mechanism of formation (19). Advec­
tion fogs are formed by large-scale, horizontal air movement. For exam­
ple, in the case of marine fogs, a warm, moist air mass comes in contact 
with a cooler surface. Radiation fog forms by radiative cooling near the 
ground to a clear, nighttime sky. This cooling causes an intense ther­
mal gradient within the ground layer that may lead to fog or dew forma­
tion. Turbulent eddy transfer of momentum and heat play important 
roles under these conditions. A high level of turbulence inhibits fog (20), 
but some eddy mixing is essential to fog formation (21 ). Finally, fogs 
also occur on mountain slopes by the interception with a mesoscale 
cloud deck or fog formed locally by the upward sloping wind 
component. 

The presence of condensation nuclei, which are composed of both 
soluble and nonsoluble material, is essential to the formation of atmo­
spheric water droplets. The effects of surface tension and the chemical 
potential of the aquated solutes are important processes that raise and 
lower the saturation vapor pressure near the droplet surface, respec­
tively. Accretion or evaporation of water to the condensation nucleus or 
droplet is forced by the difference between the ambient and local (i.e., 
surface) humidities. Droplet growth equations have been derived by 
coupling microscale heat and mass transfer at the aerosol surface (18). 
The principal terms depend on atmospheric relative humidity, droplet 
surface tension, and solute activity. Condensation caused by the radia­
tive cooling of water droplets may also be an important factor in the 
dynamics of radiation fog (22). 

During growth, the droplet temperature differs from the ambient 
because of latent heat release, which in turn depends upon the instan­
taneous growth rate. Hence, the complete growth-rate equation takes an 
implicit form; however, simplifying assumptions can be applied for all 
but the very smallest nuclei (18). The equation for rate of change in 
droplet diameter (D 0 ) is 

(1) 

where t is time; S,, is the ambient water vapor saturation ratio; a.,: is the 
activity of water in a droplet; and A, B, C, and E are constants defined 
in the appendix at the end of this chapter. 

Families of curves can be deduced by solving the growth equation 
for the equilibrium condition dD ofdt = 0 at various saturation ratios for 
different dry aerosol masses. An example of these families, known as the 
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Kohler curves, is shown in Figure 2. The maxima occur at points known 
as the critical supersaturation, SS 0,, and activation size, Dact• When the 
ambient water vapor supersaturation, SSc, is less than SScr, nuclei achieve 
stable equilibrium sizes (Deq < Dact, where Der. is the equilibrium diam­
eter). When SS 0 is sustained at values greater than SScr, droplets will 
form and continue to grow. 

Fog Chemistry. The study of fog has traditionally remained in 
the domain of atmospheric physicists principally concerned with its 
effect on visibility or the mechanisms of formation analogous to clouds. 
Yet, even the data of early investigations of fog indicated that fog water 
can be highly concentrated with respect to a variety of chemical com­
ponents (Table I). Cloud water, sampled aloft, has been found to exhibit 
similar composition, although not with the same extreme values (23-25). 
On the other hand, rainwater compositions when compared with fog 
water are found to be far more dilute. Fog droplets are approximately 
100 times smaller than raindrops, which form partially by the further 
condensation of water vapor. Hence, fog droplets should be more con­
centrated in solute derived from the condensation nuclei. Furthermore, 
fog forms in the ground layer where gases and aerosols are most 
concentrated. 

The higher aqueous concentrations and extremes in acidity found in 
fog water are reason for concern. Fog-derived inputs have the potential 
to add substantially to the burden of acid deposition caused by precipi­
tation. This input contribution can be disproportional to the sum of addi­
tional moisture because of its higher concentrations. Perhaps more 
importantly, deleterious effects of fog deposition may be associated 
with the intensity of solution acidity. For instance, appreciable nutrient 
leaching (26) and damage to leaf tissue (16) have been noted with 
application of acid fogs or mists. Finally, a historical correlation of fog 
with the most severe air pollution episodes provides additional cause for 
concern (41 ). Identification of a link between urban fog events and 
human health injury was made even before detailed measurements of 
fog composition were performed (42). 

Fog Scavenging Processes. Fog droplets are highly effective at 
scavenging ambient materials present in the air. The overall fraction 
incorporated into fog droplets depends upon two processes: nucleation 
scavenging (i.e., activation of aerosols) and gas dissolution. The speci­
ation of pollutant components precursory to fog formation is therefore 
important. Furthermore, in situ chemical transformations may alter this 
speciation and the effectiveness of fog scavenging while the droplet 
phase is present. 

The following notation has been adopted in this chapter: (C) is the 
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Figure 2. Equilibrium vapor pressure (S,) over aquated ammonium sul­
fate nuclei as a function of droplet diameter (D 0 ). The dry diameter 
(D,1,y), activation diameter, (Dac1), and critical supersaturation (SScr) were 

calculated from the equations given in the appendix. 
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Table I. Summary of Fog Water Composition Measurements 
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total concentration of species C in the atmosphere, and (C) 1, (C)e, and 
(C )a are the concentrations of C corresponding to fog water, gas, and 
nonactivated aerosol phases expressed as moles per cubic meter of air. 
Aqueous concentrations in fog water are expressed in moles per liter 
with the notation [C]. Multiplication of these concentrations by the 
liquid water content (LWC) yields (C) 1 = LWC [C], where LWC is 
expressed as liters per cubic meter. For components in the gas phase, 
partial pressure (Pc) values may be converted to give the same units. 
The mass balance may then be written as follows: 

(C) = LWC [C] + Pc (RT)-1 + (C)a (2) 

m3where R is the gas constant (atm mol-1 K-1
) and T is absolute 

temperature (K). The components for which we are most concerned are 
sulfur dioxide, sulfuric acid, nitric acid, ammonia, and the neutralized 
salts of these compounds because of their abundance and effect on acid­
ification in urban-impacted environments. The terms S(IV), S(VI), 
N (V), and N (-III) are used to refer to all species of that oxidation state 
in any phase. 

NUCLEATION SCAVENGING. The pollutant species of concern are 
often present as hygroscopic aerosols (e.g., ammonium sulfate and 
ammonium nitrate). These aerosols will deliquesce to form aquated 
condensation nuclei at high relative humidity (RH), growing to larger 
equilibrium sizes as RH approaches 100%. The Kohler curves show the 
range of aerosols that can become activated into droplets. For soluble 
nuclei, the following proportionalities are valid: D eq : D a.~ :SS;:-,1, where 
Dd,y is the dry diameter for a hygroscopic aerosol. Achievement of 
greater SS, can lead progressively to activation of smaller nuclei. The 
presence of a nonsoluble fraction in particles of a given size can signif­
icantly raise their SSc, (43). The chemical composition of nuclei also 
plays a role, although the differences betvveen aerosols composed of 
pure solute species are minor, as shown here, where K is the propor­
tionality coefficient (see equation Al2 in the appendix at the end of 
this chapter). 

Solute K for Dd,y ( µm) at 10 °C 

(NR1) 2SO4 4.93 X 10-s 
NH4HSO4 4.59 X 10-s 
NH➔ NO3 4.82 X 10-s 

H2SO4 4.21 X 10--5 

NaCl 3.68 X 10-s 
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I 

Figure 3a shows three hypothetical particle size distributions formed 
by superimposing the two modes generally observed in the aerosol size 
spectra of sulfate (44). The smaller (0.05 µm) mode corresponds to par­
ticles formed by condensation of gases; the larger (0.5 µm) mode is 
known as the accumulation mode, which is formed primarily by coagu­
lation and combustion. A third, coarser fraction is also routinely 
observed, although the contribution from anthropogenic sources may 
vary, especially with regard to nitrate aerosol (45, 46). The activation of 
these distributions, corresponding to (NH4hS04 particles, is shown in 
Figure 3b as a function of SSc, The nonactivated fraction is expressed as
fc = (C)a/(C), and l - f° represents the aerosol scavenging efficiency in 

I 
the fog. 

Measurements of SS 0 in the atmosphere are not widely available. 
Gerber (47) found that rapid oscillations of ambient humidities occurred 
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in radiation fog with excursions about a mean near to RH = lOOi; SSv 
rarely exceeded 0.1%-0.~. Hudson (48) measured interstitial aerosol in 
fog and cloud environments; he found a systematic removal (i.e., activa­
tion) of larger nuclei. These cutoff values were used to calculate an 
effective supersaturation for the ambient atmosphere. In fogs and 
ground-based sampling of stratus clouds, Hudson's measurements indi­
cated SS 0 values were in the range of 0.03%-0.2%. Comparing these mea­
sured or calculated values to Figure 3b shows that little of the smaller 
size mode is likely to be scavenged in these environments. Conversely, 
solutes that are associated with a coarser (>l µm) fraction can be readily 
activated. 

At the same time, the fraction of these nuclei (i.e., D.q > Dae,) that 
will be activated or the droplet size that they will achieve is not known. 
The relative increase in droplet size is faster for smaller diameters, and 
modeling would indicate that droplets of any size can grow from nuclei 
of any mass, depending upon the SS 0 history they have experienced, mix­
ing, and the aerosol size spectrum ( 49). Limited field data address this 
controversy. Measurements of solute mass for individual fog droplets 
have been attempted. On the Japanese coast, Naruse and Maruyama 
(50) found correlations between droplet size and nucleus mass, in which 
the biggest droplets generally had large sea salt nuclei, and the smaller 
droplets formed on smaller, ammonium sulfate aerosols. Hudson and 
Rogers (51) indirectly measured condensation nuclei within stratus cloud 
droplet spectra, selectively removing droplets above a certain size. They 
reported an increasing fraction of low SSc, (i.e., large) nuclei in the 
larger droplets and a vanishing fraction of these nuclei in the interstitial 
aerosol spectrum. These relationships are at best qualitative. This area 
of fog microphysics-the size-composition relationship within droplet 
spectra-may strongly affect the chemistry and deposition of fog-borne 
material and remains in need of further research. 

EQUILIBRIUM DISSOLUTION OF SOLUBLE GASES. Dissolution of 
gaseous species in fog water is dependent on gas-aqueous equilibria and 
the quantity of liquid water present. Temperature and pH are the most 
important parameters that affect phase equilibria (e.g., aqueous, gas­
aqueous, etc.). Ionic strength effects are not as important for the aque­
ous concentrations generally found (see Table I). For highly soluble spe­
cies, L WC may control the overall partitioning because the droplets can 
provide a sufficient solution volume to deplete the gas phase. Thermo­
dynamic data for important gas-aqueous equilibria for SO2, HNO3 , and 
NH3 are given in Table II. 

Sulfur dioxide is fairly insoluble at low pH. At higher pH (7 and 
above), dissociation of SO2·H2O to HSO:1 and sot can lead to much 
greater S(IV) solubility. With increasing LWC, (S(IV) )1 rises and can 
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Table II. Thermodynamic Constants 

~H 
(kcal/ 

Constant• Reaction pK mol) Ref. 

H, SO2(g) + H2O =. SO2·H2O(aq) -0.095 -6.25 52 
K,1 SO2·H2O(aq) =. H+ + HSO3 1.89 -4.16 52 
K,2 HSO3 =. H+ + sot 7.22 -2.23 52 
K, HSOi == H+ + sot 2.20 -4.91 52

l H~ HNO3(g) =:; H+ + NO3 -6.51 -17.3 53 
HA NH3(g) + H2O ~ NH3•H2O(aq) -1.77 -8.17 52 
Ka NH3•H2O(aq) ~ NHt + OH- 4.77 0.9 52 
HF CH2O(g) + H2O ;::= CH2O· H2O(aq) -3.8 -12.85 54

I KF HMSA =. CH2O + HSO3 -5.0 55 
Kw H2O =. H+ + OH- 14.00 13.35 52 

"Abbreviations are as follows: H,, HA, and HF are the corresponding Henry's law con­
stants for sulfur(IV), ammonia, and formaldehyde; K,1 and K,2(M) are the first and 
second dissociation constants for S02(aq), resp~ctively; H{(M atm-1) is the modifiedf Henry's law constant for nitrogen; Ka and Kw(M) are the dissociation constants for am­
monia and water, respectively; and KF(M) is the formation constant for HMSA. 

I 
lead to depletion of the gas phase (Figure 4a). The fraction of solute 
partitioning into the droplet phase is expressed as fc = (C)1/(C)1 + 

I 

t (C)g, Appreciable [S(IV)(aq)] may be supported in the aqueous phase 
even at low P502, where Pso2 is the partial pressure of S02. Figure 4b 
shows the aqueous concentration as a function of prefog Ps02 at high and 
low L WC. Presence of gaseous aldehydes has been shown to substan­
tially increase S(IV) solubility by the formation of stable bisulfite 
adducts (56). 

Nitric acid is completely scavenged to droplets for fogs even at min­
imal LWC because it has such a high Henry's law coefficient [for 
HN03(g) + H20.:::: HN03•H201aq), H-:-. = 2.1 X 105 M atm-1 (53) ]. 
Ammonia scavenging is variable in the ranges of pH and LWC found. 
Similar to the case of S02(g), the atmosphere may exist as a reservoir for 
NH3(g) that can be dissolved or released from fog water as a function of 
the relative amount of atmospheric acidity and liquid water. Reservoirs 
of N(V) and N(-111), which also exist in the aerosol phase (e.g., am­
monium nitrate), are discussed in the next section. 

Gas transfer to fog-sized droplets by molecular diffusion is suffi­
ciently rapid for phase equilibria to be achieved on the order of seconds 
or less under most conditions (57, 58 ). Greater time may be required in 
the cases where high solubility strongly favors gas-phase partitioning. 
The characteristic times required to supply the total amount of solute 
necessary to attain this equilibrium were evaluated by Schwartz and 
Freiberg (7). They found that times of the order 10 s were sufficient for 

https://OH-14.00
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Figure 4. Effect of pH on S02 dissolution in fog: ( a) fraction scavenged as 
function of LWC; (b) fog water concentration versus partial pressure of 

S02 (Pso2). 

S02(g) to dissolve into droplets even at high pH. Similarly, the absorp­
tion of highly soluble gases such as HN03 and NH3 in fog droplets is not 
instantaneous. However, phase equilibria are established relatively 
rapidly-times of the order 10-100 s (104)-compared to the lifetimes of 
droplets. 

OVERALL FOG SCAVEN GING. Nonactivated aerosol fractions of 
nitrate, sulfate, and ammonium coexist with fog water and gaseous con­
stituents in the atmosphere. Solutes incorporated within the droplet 
spectrum are subject to gas-aqueous equilibria; nonactivated aerosols 
appear to remain inert in this regard. In the case of nonvolatile species 
such as sulfate, partitioning is exclusively between nonactivated aerosol 
and droplet phases. Applying mass balances for HN03(g) and NH3(g), 
the overall fractions, Fe= (C)1/(C), may be calculated as functions of 
gas-aqueous equilibria and nonactivated aerosol fraction. The mass bal­
ances for S(Vl), N(V), N(-III), and S(IV) are given by equations 3-6. 
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(S(VI)) = LWC [S(VI)] + (S(VI) ). (3) 

(N(V)) = pi~>:1 + (LWC) [NQ3] + (N(V))a (4) 

(N(-III)) = ~;:i t- (LWC) ( [NH3•H20] + [NHt]) + (N(-III) ). (5) 

(S(IV)) = ~~ + (LWC) ( [S02·H20] + 

[HSQ3] + [S03] + [HMSA]) (6) 

where HMSA is hydroxymethylsulfonic acid, and (S(IV))a is assumed to 
be negligible. The resulting scavenging efficiencies (F) for equations 3-6 
are given by equations 7-10. 

Fs(\'I) = (S(VI) )1/(S(IV)) = 1 - n(\'I) (7) 

F:-;(,.) = (N(V))1/(N(V)) 

H~ (LWC)RT= _H_\_(-LW----C-)R_T___+_[_H_... -]- (I - f'\(\')) (8) 

F:-;(-lll) = (N(-III) )1/(N(-III)) 

HA(LWC)RT (I+ KB [H+]/Ku.)=_I_+___;.;_H.:....A_(_L_,W__C_)_R,_T_(_I_+"--K.....B_[_.H_+]-/~K-u;-)- (I - f\,-m) (9) 

Fs11,·) = (S(IV) )1/(S(IV)) 

= 1 - ~ + (LWC)H,RT ~ + [~~] 

+ K,1K,2 + K,1KFHFPCH20\] -! 

[H+] 2 [H+] ) 

where KB is the base dissociation constant; Kw is the dissociation con­
stant for water; H.4, Hs, HN, and HF are the corresponding Henry's law 
constants for ammonia, sulfur(IV), nitrogen, and formaldehyde; K,1 and 
Ks2 are the first and second dissociation constants for S02(aq), respec­
tively; KF is the formation constant for HMSA; and H \ is the modified 
Henry's law constant for nitrogen. 

Without specific knowledge about solute size-composition relation­
ships, a more general model of fog scavenging can be proposed based 
on solute speciation and the relative abundance of ambient acids and 
bases. Aerosols are generally found as neutral salts in the system domi­
nated by H 2S04 , HN03 , and NH3 . Nitrate and sulfate are counterbal­
anced by ammonium ion, while excess acids or bases reside in the gas 



94 SOURCES A:>;D FATES OF AQL'ATIC POLLUTA'.'<TS 

phase as HNO3(g) or NH3(g) (25, 59). Only for the cases where sulfate 
acidity exceeds the ambient ammonia [i.e., (S(VI)) > (N(-III))] would 
an acidic aerosol be thermodynamically stable in the dry atmosphere 
(60, 61 ). Consider two cases for these constituents: 

case i: (N(V)) + 2 (S(VI)) = (acids) > (N(-III)) 

case ii: (N(-III)) > (acids). 

where acids is the total amount of sulfuric and nitric acids. 
Nucleation scavenging is assumed to depend on LWC. For example,

3a linear dependence to a maximum of Fs(\'I) = 90% at LWC =0.3 mL m-
is assumed for sulfate in Figure 5a. This maximum approximates the 
progressive activation of a spectrum dominated by the large aerosol 
fraction. We also assume that scavenging of aerosol N(V) and N(-III) 
follows this same relationship. Solute-specific size spectra are not 
addressed at this point; actual differences in the proportion of fine ver­
sus coarse particles would be reflected in the nucleation scavenging effi­
ciencies for each solute. 

For case i, available N (-III) is immediately exhausted in neutralizing 
acidic sulfate and nitrate. In the atmosphere, the dissociation of ammo­
nium nitrate aerosol [NH4NO3 ==; NH3(g) + HNO3(g)] is highly 
dependent upon ambient temperature and RH (60). Ammonium nitrate 
aerosol volatilizes at low RH and high temperature. However, at high 
RH, the formation of aerosols leads to equimolar depletion of the gases 
until one is present at a negligible level; essentially, the gases do not 
coexist. Hence, N (V) in excess of N(-III) remains in the gas phase. 
\\'hen a droplet phase forms, HNO3(g) is 100% scavenged, and only 
nonactivated N(V) aerosol is left outside the droplet spectrum. Fig­
ure 5b shows the effect of N(-III)/acid and N(V)/acid equivalent ratios 
based on the assumption that aerosol scavenging for nitrate proceeds 
similar to sulfate. Overall, ambient N(V) will be more efficiently 
scavenged when the total acids are in greater excess of N(-III) and 
other bases, and when S(VI) makes a greater contribution to the net 
acidity in the precursor atmosphere. 

In case ii, we assume (NH3(g)) = (N(-III)) - (acids) in the humid 
atmosphere, while the remaining material forms neutral ammonium 
aerosol. Furthermore, assuming ammonium aerosol nucleation proceeds 
as in Figure 5a, the total N(-III) scavenging depends on the gas­
aqueous equilibrium, fog water pH, and LWC (Figure 5c). In the alka­
line regime, the presence of soluble, weak-acid gases can play an impor­
tant role in determining the resultant pH of fog water that forms, and 
this pH affects the scavenging of N(-III). Dissolution of formic and 
acetic acids pK 0 = 3.8 and 4.8, respectively (62), for example, provides 
base-neutralizing capacity to the droplet. Also, the acidity of the droplet 
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Figure 5. Fog scavenging (F) for S(VI), N(V), and N(-Ill) as a function 
of liquid water content (LWC). Aerosol scavenging for N(V) and N(-lll) 
is similar to the form shown for S(VI). For FN(I'), the 0.1, 0.5, and 0.9 

values represent N(-Ill)l(ACID). 

J can be increased by the formation of S(IV)-formaldehyde adducts (e.g., 
HMSA), which increase S(IV) solubility, or in situ S(VI) production. 
Each process will lead to N(-III) scavenging that can eventually deplete 
NH3(g). 

Nitrate and sulfate aerosols may be found within different size frac­
tions. In southern California, Appel et al. (63) reported that nitrate is 
found predominantly in a coarser fraction than sulfate. In the San Joa­
quin Valley, Heisler and Baskett (64) found a similar relationship except 
during the wintertime; a substantial increase in the coarse sulfate fraction 
(>2.5 µm) was observed during wintertime stagnation. Ammonium was 
found to occur in the same fraction as nitrate. However, the measure-

r ' 
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ments of Heisler and Baskett did not include gaseous ammonia, which 
can be a sizeable portion of total N(-Ill) in the region. Therefore, the 
true partitioning was not determined. Differences in predominant sizes 
for these three major constituents can significantly alter results of the sim­
plified model given above. Most significant would be the presence of a 
coarse particle fraction enriched with N(V) or S(VI) that would be readi­
ly scavenged. Simultaneous measurements of these components in the 
three phases have not been satisfactorily made in fog. 

Fog Deposition. Early studies documented the hydrological and 
chemical importance of intercepted cloud and fog water inputs to 
mountain slope and coastal ecosystems (65). For instance, open collec­
tors placed below trees exposed to fog-laden wind on the San Francisco 
pennisula measured an average water flux of 50 cm in one rainless 
month (66). Natural and artificial "fog-drip" collectors exposed for 
extended periods have shown that these "occult" inputs can have com­
parable magnitudes to annual precipitation values for water and nutrient 
capture (3, 4). However, the true relationship of these measurements to 
the capture by actual vegetation was uncertain. 

Fog deposition from the ambient atmosphere to ground surfaces 
can be viewed as a two-step process (67). First, a droplet in the ambient 
atmosphere must be transported through an aerodynamic layer toward 
the ground. Next, once within a canopy layer, droplets must be depos­
ited to canopy surfaces. The resistance to mass transport may reside in 
either layer, primarily depending on the geometry of the canopy and the 
degree of atmospheric turbulence. Research in the subject area of drop­
let or large particle deposition has addressed the specific mechanisms 
that can control their flux. 

From measurements of droplet capture by monitored trees, Hori 
(68) and co-workers reported deposition rates on the order of 0.5 mm 
h-1 for a forest intercepted by dense coastal fog. Yosida and Kuroiwa 
(69) found that momentum and droplet transport coefficients were of 
similar order of magnitude, based on measurements of wind force and 
droplet-capture rate by a small conifer tree. However, although the drag 
coefficient for the canopy elements decreased with increasing wind 
speed, the authors found that capture efficiency rose because of impac­
tion. In the same field area, Oura (70) determined that interception near 
the leading edge of the forest was about 3 times more effective than for 
interior locations. 

Lovett (11) adapted a resistance model to cloud droplet capture 
by a balsam fir forest canopy. He included turbulent transport and 
impaction to the canopy elements, conceived as a set of 1-m-thick height 
strata in a 10-m-high forest, and edge effects were not included. The 
model predicted a nearly linear correspondence between water flux and 
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canopy-top wind speeds greater than 2 m s-1. Droplet impaction, pri­
marily to the upper 3 m of strata, was the dominant deposition mecha­
nism. Wind speeds between 2 and 10 m s-1 yielded water fluxes of 
0.2-1.1 mm h-1 (equivalent to Vd = 10-70 cm s-1 for the simulated con­
ditions). For lesser wind speeds, Lovett found that sedimentation con­
trolled the water capture. 

Legg and Price (71) calculated that the sedimentation flux of large 
particles to vegetation with a large leaf-area index (i.e., total leaf area 
per surface area of ground) would also increase with wind speed. This 
increase would be caused by wind-driven turbulence bringing particles 
to the lower leaves where sedimentation would lead to additional re­
moval. Their model did not account for a vertical profile caused by de­
pletion of particles, especially by impaction to the top of the canopy. 
Lovett (11 ) showed that the depletion reduced the net sedimentation 
flux nearer to the ground as wind speeds increased; nonetheless, greater 
leaf-area index caused sedimentation fluxes slightly higher than by ter­
minal fall velocities alone. 

Davidson and Friedlander (67) identified particle size regimes 
where different transport mechanisms dominated for a short-grass can­
opy. Under moderate wind conditions, the filtration efficiencies in calcu­
lations for D0 > 10 µm were high enough that deposition was effectively 
limited by turbulent transport or sedimentation to the canopy from 
above. 

Droplet precipitation measured to flat plates in radiation fog aver­
aged 0.03 mm h-1

, and this value agreed with calculated terminal fall 
velocities; measured rates for grass-model collectors (<I m high) indi­
cated approximately a twofold greater deposition (72). In another field 
study of radiation fog, Roach et al. (21) calculated that sedimentation 
removed as much as 90i of water that condensed to droplets during fog. 
Brown and Roach (73) parameterized the fog deposition rate as a linear 
function of LWC in their companion modeling paper. However, Brown 
(74) later determined that the gravitational flux was overestimated by 
this relationship for higher LWC. Jiusto and Lala (75) also found a linear 
fit between sedimentation rate and LWC as measured from droplet size 
spectra in radiation fog. Corrandini and Tanna (76) evaluated this 
parameterization for droplet size spectra given in the literature for dif­
ferent types of fog and found it did not fit well for advection and valley 
fogs. 

Dollard and Unsworth (77) made direct measurements of turbulent 
fluxes for wind-driven fog drops above a grass surface. Their technique 
relied on precise determinations of LWC and wind speed made simul­
taneously at several heights. From the gradient of these parameters, the 
authors calculated turbulent transport for droplets and momentum. 
Their experimental data gave values of turbulent droplet flux 1.8 ± 0.9 
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times the sedimentation rate when wind speeds were 3-4 m s-1
• At wind 

speeds less than 2 m s-1, their measurements showed that total fluxes 
were no more than 50% greater than by sedimentation alone. 

Transport Parameters and Processes. The difference between 
deposition in dry and fog-laden air is primarily due to the increase in 
particle size for the latter case. Fog droplets are of the size where inertial 
impaction and sedimentation dominate their deposition to collection sur­
faces (78 ). In the general case, impaction to surface elements occurs 
when particles diverge, because of their inertia, from the airflow stream­
lines where they curve around the obstacle. The efficiency of impaction 
depends on the radius of curvature of the impaction surface (R1) and the 
particle inertia and is characterized by the Stokes number (St): 

St= P,...- D~ U, (11)
18 µ R1 

where p"' is the density of the particle (i.e., water for droplets); D0 is the 
droplet diameter; µ is the dynamic viscosity of air; and U, is the relative 
velocity between the particle and the obstacle. Fog and cloud droplet 
sedimentation or terminal fall velocity (V,) follows the form of Stokes 
law: 

V = Pu. g D~ (12) 
s 18 µ 

where g is the gravitational acceleration. At larger diameters, such as 
raindrops, Stokes law no longer holds because of viscosity and drop 
deformation effects (18). 

IMPACTION. The droplet impaction to cylinders can be viewed as 
an idealized analog of particle capture by grasses or conifer leaves. 
Impaction efficiencies have been theoretically derived for potential flow 
as a function of Stokes number (79) and extended for higher Reynolds 
number (Re= PaU,Dolµ) (80). 

Experimental data have also been applied to calculations of particle 
or droplet flux to receptor surfaces. For example, Davidson and Fried­
lander (67) used a least-squares fit to data for impaction on cylinders. 
The efficiency, T/, represented the fraction of particles that impact com­
pared to the total number of particles passing through the projected area 
of the obstacle. For a single cylinder, the empirical expression was given 
as 

St3 

(13)
T/ = St3 + 0.75 St2 + 2.80 St - 0.20 
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The flux by impaction to a canopy of cylinders of diameter d1 was calcu­
lated by integrating over the length of the cylinder and multiplying by 
the number of cylinders per unit area of ground (N): 

I= - d1N JsHT/ (z)U(z)C(z)dz (14) 
f . 

l 

r 
where J is the flux of particles per unit area of ground, z is the vertical 
scale, U is the horizontal wind speed, C is the concentration of particles, 
His the canopy height, and Zs is the particle sink [i.e., the level at which 

l 
either C or U is assumed to vanish to zero, and impaction no longer 
occurs (67)]. The convention is that J is positive for upward flux. 

Alternatively, Lovett (11) used the experimental results of Thome et 
al. (81 ). These results were measured specifically for components of the 
balsam fir canopy that they studied. The efficiency was given as 

T/ = e[-1.8-l +o.90(1n St) - 0.!I(ln St) - 0.04(1n St)3J (15)J 
2 

The needles were oriented randomly, and the effect of interferences in 
airflow caused by neighboring canopy elements was accounted for'I empirically. For 50i efficiency, St = 4 according to Thome et al. (81) 
and St = 2 in equation 13. Lovett (11) calculated the matrix of 
boundary-layer resistances for droplet capture as a function of horizon­
tal wind speed and canopy structure (e.g., leaf-area index) for the dif­
ferent levels within the canopy. 

Because the wind speed and droplet concentration profiles are also 
strongly dependent on the canopy structure, solutions for fog deposition 
due to impaction are not readily generalized. Davidson et al. (78) 
showed that the range of large particle deposition rates was 1 order of 
magnitude among five wild grass canopies that were studied. As statedf ' in the previous section, the overall efficiency was found to be limited by 
turbulent transport to the top of the canopy for large particles (2::10 µm). 
In the case of the balsam fir canopy studied by Lovett (11 ), no such 
limitations were found to occur, and impaction led to very high deposi­
tion rates, also mentioned previously. 

In practice, the collection efficiency of particles may be different 
from impaction efficiency. This difference largely depends on the sur­
face properties of the collector element. In wind tunnel experiments (9, 
82) and field measurements (83), particle deposition to dry surfaces was 
far below that to wet surfaces. As wind speeds increased, so did particle 
rebound. For wet surfaces, collection efficiencies of dry particles were 
more in accord with impaction theory. Experimental results for droplet 
collection efficiencies were generally in good agreement with theory 
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(84). The surface tension of water droplets was found to provide ade­
quate adhesion to ensure near-perfect retention for D 0 < 50 µm (85). 
\Vind-induced shear may cause some droplet removal from foliar ele­
ments, and this removal was observed in wind tunnel tests with glycerol 
droplets when St > IO (81 ). Nonetheless, sheared drops will generally 
fall because of their large size rather than be resuspended. In the wind 
tunnel experiments of Merriam (86), L\VC was found to be a more 
important factor in determining total droplet capture than variations in 
canopy element geometry. 

DEPOSITION VELOCITY. Although an overall deposition may be 
modeled for a specific canopy geometry and elements, wind speed and 
turbulence profiles, and particle size distributions (11, 78, 87), the flux to 
the canopy can be parameterized by the quantity known as deposition 
velocity, Va. In this approach, the depositional flux, la, is scaled to the 
ambient concentration of some component at a reference height, H, 
above the canopy: 

(15a) 

The deposition velocity may be calculated in terms of droplet fluxes or 
the specific chemical elements contained within the droplets. 

TURBULENCE VERSUS SEDIMENTATION. The flux of droplets 
through the aerodynamic layer (J.) can be expressed by 

(16) 

where KP is the eddy diffusivity for particles, and Vs is the sedimenta­
tion velocity. In the steady state, Ja is· constant with height, so C and 
dC!dz are functions of z. 

The relative importance of turbulence versus sedimentation trans­
port may be expressed by E = Va/Vs, the ratio of deposition to sedimen­
tation velocities. With substitution (1a =Ja), equation 16 becomes 

(17) 

This equation can be readily solved for C (z) to give the concentration 
profile: 

(18) 
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For the momentum exchange between the air and the ground, a 
logarithmic wind profile can be assumed for thermally neutral condi­
tions (88): 

U 
0 

U(z) =k In (z\Zo} (19) 

where U 0 is the friction velocity, k is von Karman's constant (0.4), and z0 

is a roughness scale. In cases where an appreciable canopy structure 
exists, the profile will be displaced by some height, d, above the ground 
surface, and z is replaced by (z - d). Above the canopy, an analogy 
between turbulent exchange of particles and momentum is often 
assumed for neutral atmospheric stability (9, 78, 88 ): 

(20) 

Again, when displacement of the wind profile is observed, z - d re­
places z. The presumption of neutral stability is not always warranted; 
with daytime heating, vertical motions are enhanced by buoyancy. 
However, fog occurs during periods where minimal isolation and ther­
mal neutrality or slight stability predominate (21, 89). 

The analogy between momentum and particle transport may some­
times be inappropriate. For example, in the viscous boundary layer, 
momentum transfer to the canopy elements is augmented by the bluff­
body (or normal pressure) forces. There is no analogy in heat or mass 
transport. Hence, the resistance to momentum exchange is generally less 
than for the other entities (90). The failure of large particles to follow 
fluid streamlines will also reduce their effective turbulent diffusivity, 
although this reduction is only important for D0 > 30 µm, based on the 
calculations of Csanady (91 ). However, for the conditions of fog, the 
analogy between momentum transfer with turbulent transport of parti­
cles has given satisfactory results (77). 

In applying measurements made in radiation fog, we were inter­
ested in identifying the relative importance of sedimentation and turbu­
lent transport for various degrees of turbulence (i.e., U O 

) and sizes of 
particles (V,). We solved equation 18 by using equation 20 for eddy 
diffusivity and the boundary condition of C - 0 at z = z,, the particle 
sink (67). Figure 6 shows the results ofcalculations for z,/H between 
0.05 and 0.005 (e.g., for H = 3 m, particle sink at 15 or 1.5 cm). This 
range corresponds to a shallow canopy where impaction is effective 
enough that transport is limited by turbulence or sedimentation (78). 
The enhancement of deposition by turbulent-driven droplet transport is 
seen to be rather limited for low and moderate wind speeds. The rea-
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Figure 6. Fog deposition curves. Deposition velocity (\'d) as a function of 
friction velocity of wind (U O ) for the droplet diameters (µ.m) indicated. 
The indicated range for z,/H is between 0.05 (upper) and 0.005 (lower), 

where z, is the particle sink and H is the reference height for \'d. 

sons stated for less-effective turbulent exchange for particles vis-a-vis 
momentum would require that the indicated rates could be even lower. 
These calculations identified the same range of turbulent transport 
values given by Dollard and Unsworth (77). 

DROPLET LIFETIMES. Changes in particle size will strongly affect 
depositional processes. The rate at which hygroscopic aerosols achieve 
equilibrium in the humid region over wet surfaces was recently studied 
in wind tunnel experiments by Jenkin (92). If equilibria were attained as 
particles approached the wet surface, an order-of-magnitude enhance­
ment in deposition would be expected. Jenkin's experiments indicated 
that the growth rate was not sufficiently rapid; a twofold increase was 
the maximum observed. Hence, the residence of depositing particles 
within the humid region was not long enough for growth to equilibrium 
sizes. 

An alternative concern is for the converse case in which fog droplets 
are exposed to lower humidity in the region near warmer-than-air sur­
faces. A rapid shift of the droplet distribution to smaller sizes would sig­
nificantly alter both the chemistry and deposition rate. Even under night­
time, radiative conditions, the ground may remain warmer than the 
overlying air during fog because of the ground's high heat capacity. 
However, the vertical extent of conductive warming is limited to several 
centimeters in fog until insolation becomes important (75). 

The lifetimes for fog droplets instantaneously exposed to drier air 
were calculated from the growth equation (equation l) as a function of 
relative humidity and nucleus mass. These calculation results are shown 
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in Figure 7 for several initial diameters. Mature fog droplets (D 0 2:: 20 
µm) are very resistant to rapid evaporation until RH drops well below 
lOOi. Solute concentration has little effect on the shrinkage rate for these 
larger droplets. On the other hand, the rates at which smaller droplets 
evaporate could be quite rapid; those with greater solute mass change 
size less rapidly. Because sedimentation alone will transport larger drop­
lets downward at 1-3 cm s-1

, droplet evaporation would not be expected 
to alter size-dependent depositional processes until a drier region extends 
several meters above the canopy surface. This situation is what happens 
when a fog starts to "lift", generally within several hours after sunrise. 
Even before the fog dissipates, evaporation from wetted surfaces can 
be important to the net water flux (11 ), but until the atmosphere dries 
sufficiently, the flux of fog water solutes will continue. 

POLLUTANT SCAVENGING. An essential facet of fog deposition is 
the scavenging of ambient aerosols and gaseous constituents into drop­
lets. Partitioning of species between phases determines the relative 
importance of respective removal pathways. As particulates are incorpo­
rated into droplets, their deposition rate will increase with enhanced sed­
imentation and impaction efficiency. Simple models of fog deposition 
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presume that fog leads to an increase for all particle sizes. However, 
when only a portion of aerosol mass achieves droplet sizes, the actual 
increase in deposition is reflected in this proportionality. Furthermore, 
fog may effectively scavenge important pollutant gases such as S02(g), 
HN03(g), and NH3(g). Turbulent diffusional processes are predomi­
nantly responsible for deposition of gases, and deposition velocities of 
about l cm s-1 have been reported for S02(g) (93) and 2 cm s- 1 for 
HN0:3(g) (94). However, gas scavenging by droplets would cause re­
moval of these species to be dominated by the sedimentation or impac­
tion flux. 

Field Experiments 

Experimental Results. Atmospheric pollutant behavior was stud­
ied in the southern San Joaquin Valley of California during periods of 
dense fog and stagnation (90). Fluxes to the ground of water-soluble 
species were determined by surrogate-surface collectors while simul­
taneous fog water and aerosol composition measurements were made. 
Repetitive, widespread fogs were observed only when the base of the 
temperature inversion was 150-400 m above the valley floor. Dense fogs 
(visual range< 200 m) lasted 10-17 hat sampling locations. Atmospheric 
loadings of water-soluble species in the droplet phase were composed 
almost entirely of NHt, N03, and SO:t (Figure 8). Substantial concen­
trations of free acidity (H~) and S(IV) species were occasionally 
measured in fog water samples (Table III). Concurrent with fogs, ap­
preciable gaseous ammonia was often present, but only when atmo­
spheric acidity was absent. Gaseous nitric acid concentration was gen­
erally lower than detection limits during all fog periods. Deposition 
samples (Figure 9) were similarly dominated by the same major ions as 
fog water and aerosol phases, although slightly greater contributions 
were made by soil dust species. These contributions were still far lower 
than the major species. 

Substantially higher deposition rates for aerosol species occurred 
during fogs compared to rates during nonfog periods. Rates for major 
ions were enhanced by factors of 5-20 as shown in Figure 9. Deposition 
velocities, Vd and V,1.fo..:, were calculated by normalizing measured 
deposition rates by the total and droplet-phase atmospheric loadings, 
respectively (Figure 10). The proportions of deposited solute for major 
ions were closely matched to the fog water composition. That is, despite 
large differences between V,1 values, there was close agreement for V,1.fog 

values among major ions (Figure 11). The median value of Vd.fo~ was 
approximately 2 cm s- 1, and measurements were in the range of 1-5 
cm s- 1

• Calculations of Yd.fog were sensitive to L\:\'C data, which have 
large uncertainties (±50%) for absolute values. An operationally defined 
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Table HI. Fog Water Composition Summary 
..... 
g

l,0cation, Date, Na" S(IV) 
a11,l Time N l,WC ,,11 (µequiv [,-I) K+ NIIJ ca2+ Mg2+ c,- NO,j so~- {µrnol I,--I) C/120 --/ f o,I, £1 % 

Rakcrsfidrl Airport 

DL•ccmbcr 28, 1984 
00:35 to 08:35 6 0.149 5.81 14 4 2100 46 9 41 505 1064 153 98 0.81 +410 IO 

January 2-3, 1985 
20:15 to l0:15 IO 0.202 5.09 IO 3 1260 25 3 13 335 764 128 78 0.95 +69 3 

January 3-4, 1985 
20:00 to 01:55 5 0.176 6.89 5 3 530 171 II 6 96 442 18 32 0.78 +156 12 

January 4-5, 1985 
20: IO to 09: 15 13 0.191 4.72 21 4 1350 33 4 19 100 889 231c 105 0.93 +102 4 

January 8, 1985 
09:00 to 10:00 I 0.070 7.37 57 8 1380 109 24 6 570 501 16 27 0.69 +483 18 

Januar)' IO, 1985 
07:15 to 08:50 2 0.035 6.06 25 9 2600 54 5 50 830 1619 180 ll.99 +18 0 V> 

0January 11, 198.5 <-: 
06:3.5 to 07 :30 I 0.016 6.67 58 24 4920 248 9 20 2115 2920 0.96 +206 2 ::,:l 

()January 14, 1985 t'1 
0 I :30 to 04 :30 I 0.249 5.92 26 3 2,'3.50 37 5 6.'30 1400 145 12.1 0.00 +246 5 V> 

;,.January 18-19, 198.5 :?.
20:0.5 to 09:00 10 0.182 4.08 7 7 1780 21 4 32 870 650 89 147 0.86 +263 7 0 .,,January 20, I 985 

;,.07:15 to 09:30 3 0.040 3.03 26 17 3280 64 IO 18.1 2900 1610 81 165 I.IO -461 5 -l 
t'1 
V> 

Ruttonwillow 0.,, 
;,.January 2-,1, 1985 
,020:20 to 06:50 6 0.174 5.10 7 3 120 38 4 17 640 4•IO ,'l6 5.5 0.89 +135 6 r-: 

January 3-4, Hl/15 ;,. 
I 7 :25 In I0:,'30 7 0.173 6.17 5 2 600 27 ,1 40 225 19.5 9 2B 0,7,1 +172 15 j 

'.")
January 4-5, 1985 

l!J:30 to 09:00 II 0.13.1 6.08 3 2 670 19 3 14 190 245 22 3.1 0.68 +224 19 "' 0 
r 
r 
r-:NOTE: ConcL•ntration values ar<' volume-weighted mean values collected for indicated time (ll'riods. Ahhreviations arc as follows: N is the number of indivirlual fog water -l 

samples taken, LWC is liquid walt'f content,--/+ ~ L anions/L cations, il ~ L anions - L cations, and Z is smn of all ions. ;,. 
'./.aS(IV) is assunwd to he in monovalent form. -l 

"correction for hil'arhonall' is not indud,,,I. V, 

'Th,• S(l\') l'Om·,•nlration for six s,1111pl<'.< was >:JOO µmol L -I, which is thl' upprr limit for tlw colorinwtri,· uwthod. 
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Figure 9. Deposition rates of ma/or ions to Petri dish collectors at the 
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Figure 11. Fog deposition velocities (Vd.fog) to Petri dish collectors at NW 
site. The graphs are (a) nitrate and (b) ammonium versus sulfate. Lines 
indicate best fit of data. Key:• is Bakersfield Airport (NW) data, and O is 

Buttonwillow (BW) data. 

LWC was used for which the relative error was less (±20'.l;). For the 
data, no correlation with L \VC was found for droplet solute deposition. 
The rates were comparable to the terminal settling velocities of typical 
fog droplets. 

Volatile loss of ammonium ion from the fog-wetted deposition 
surfaces was indicated. This loss may have been enhanced by the fallout 
of calcareous dust onto the hydrophobic collector surface. However, 
under normal conditions, NH3 loss via volatilization of fog-deposited 
ammonium aerosol can also be expected to some degree. 

Substantially greater deposition rates (Vd) for sulfate were found 
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l 

compared with nitrate in nonacidic fogs. This difference has been at­
tributed to more efficient scavenging of soluble sulfur species by fog 
droplets. Sulfate deposition during fog was in the range of 0.5-2.0 
cm s-1

, and had a median value of about 1 cm s-1; the nitrate rate was 
generally 50i less than that for sulfate. In nonacidic fogs, as on January 
2-3 and 4-5 (Figures 12 and 13, respectively), nitrate scavenging was 
uniformly low, and the fraction of sulfate incorporated into the droplet 
phase rose with increasing LWC. For the acidic fog on January 18-19 
(pH< 4), the fraction of ambient nitrate scavenged by the fog droplet 
was much higher and increased with LWC (Figure 14). On this later 
date, higher atmospheric acidity is believed to have altered N (V) parti­
tioning prior to fog formation. Higher acidity would support higher 
HN03(g) concentrations in the prefog air, followed by subsequent nitric 
acid scavenging once the fog formed. However, measured HN03(g) 
was not as great as the observed enhancement of N (V) scavenging. 
Depletion of gaseous ammonia accompanied the period of higher 
atmospheric acidity and low pH fog, and this depletion is believed to 
have caused a reduction in the formation of the smaller NH4N03 

aerosol. In the absence of detectable NH3(g), newly formed N(V) was 
apparently incorporated into a coarser aerosol fraction and readily 
scavenged in fog. 

Mass Balance Analysis. When widespread stagnation suppresses 
convective transport out of the basin, the accumulation of pollutants 
may proceed. The processes that control the fates of primary emissions 
in the atmosphere are varied and complex (96). Nonetheless, profiles of 
concentrations versus time have been reasonably interpreted based on 
continuous-flow, stirred-tank considerations of pollutant inputs and re­
moval pathways (97). This accumulation of atmospheric constituents is 
governed by primary emissions, in situ transformations (production or 
loss terms), intrabasin circulation, ventilation, and removal by deposition

l to ground surfaces. The mixing height, H, controls the volume in which 
these processes occur. For example, mass balances for S(IV) and S(\'I) 
may be described by 

(S02)
d(S~t\')) = E~>2 - k,. (S02) - V · ( (S02)V) - (S~2

) - v:i-'-------­ (21)
H 

(a) (b) (c) (d) (e) 

d(S(\'l)) (SOt)k, (S02) - v • ( (Sot)V) - (Soi-)= -Va H (22)
dt T,-

where Eis an areal emission rate (mol m-2 h- 1); k, is a pseudo-first-order 
rate constant for S(IV) oxidation (h- 1); Vis the horizontal transport vector 
(m h- 1

); Tc (h) is the characteristic time for vertical ventilation; and~ is 
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Figure 12. Total (line) and fog water (shaded) concentrations of N(-111), 
N(V), and sulfur species at Bakersfield Airport site on January 2-3. 
Gaseous species ( dashed line) and liquid water content (black) are also 

shown. Fog water S(IV) is indicated by heavy shading. 

the divergence vector operator. Deposition velocities (m h- 1) will depend 
on the species and the phase: gas, aerosol, or droplet. Similar expressions 
may be formulated for nitrogen species, although the chemical transfor­
mations involving NOx species are far more complex. 

Under wintertime stagnation conditions in the southern San Joaquin 
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Valley, T" =3-5 days or more (98). Time scales characteristic of emission 
and deposition rates are strongly dependent on mixing height. Mixing 
heights during stagnation episodes are generally 200-800 m above the 
valley floor. In the years we conducted studies, widespread fog occurred 
when the mixing height was :5400 m (39, 97). For low wind speeds, 
deposition velocities can range from ~0.05 cm s-1 for submicrometer 
aerosols to ~2 cm s-1 for fog droplets or reactive gases. Hence, T,1, given 
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as H!Vd, can range from >3 days to <3 h. For sulfate aerosol, this range is 
largely dependent on the presence or absence of fog. 

A characteristic time for S (IV) oxidation may be given as k-;1• In 
reality, in situ transformations are rarely simple first-order processes 
dependent on reactant concentration alone. These rates will depend on 
the nature and concentration of oxidants, metals, and other catalytic 
components, in addition to pH and LWC (99). The pseudo-first-order 
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rate constant is a convenient means to parameterize the observed at­
mospheric kinetics. The oxidation reactions are thought to proceed more 
rapidly in fog, although interpretations of our prior San Joaquin Valley 
field measurements have not statistically verified this assertion (39, 97). 
Using values in a range given by Jacob et al. (1% < k, < 10% h-1), we 
estimated the time for S (IV) oxidation between 2 and 24 h ( to lower the 
concentration by a factor of e ). 

Emission inventories for SO2, NO,, and NH3 have been determined 
by Jacob et al. (97) for the southern San Joaquin Valley as 192, 190, and 79 
tons day-1• These emissions translate to 29, 20, and 22 µequiv m-2 h-1 

when expressed as area-wide averages. These units correspond to the 
secondary products; therefore, SO2 yields 2 equiv moI-1. A characteristic 
time, taken here as the time required for emissions to replace a given 
atmospheric loading of pollutant C, would be expressed as TE= (C )HIE. 
Given (SO2) ~ 10 ppb and H ~ 400 m, the calculated TE for SO2 is on the 
order of 12 h; for H ~ 200 m, TE is only half of this value. This term is 
useful to assess whether a balance of sources and sinks has been achieved. 
For example, when the time scales for loss terms are longer than TE, 

atmospheric concentrations will increase. Higher concentrations of NO, 
are a clear indication that NO, depletion rates are slower than either SO2 
or NH3, because sources are comparable. 

During dense fog, deposition becomes the predominant loss term 
for secondary aerosol species. Flux measurements to surrogate surfaces 
demonstrated that removal from the atmosphere can be very rapid. In 
Table IV, characteristic times have been calculated for deposition dur­
ing dense fog. These values were determined from the total solute 
fluxes, mixing heights, and average aerosol concentrations measured 
during the individual events. The characteristic removal times were 
calculated to be 6-12 h for these periods with the exception of N (V). As 
discussed previously, during the sampling periods of acidic atmospheric 
condition (January 19 and 20), there was a distinct increase in the rela­
tive scavenging efficiency for nitrate species into fog water. The deposi­
tion rate for N (V) also increased for these events, and this can be seen in 
much lower Td values for nitrate compared to the earlier fog events 
when pH 2:'.: 5. Between the occurrences of fog, aerosol deposition was 
substantially reduced. Deposition velocities were generally an order of 
magnitude below in-fog values. Fogs persisted more than 50% of the time 
during January 2-5. In the absence of production terms, aerosol com­
ponents would be more than 90% depleted during protracted fog 
episodes. However, such a net depletion was not observed. By inference, 
in situ production rates must have at least equaled the deposition rates. 

Advection in this environment is difficult to assess. Wind directions 
are found to be erratic at valley stations during stagnation episodes (100). 
Resultant winds for the early January period were <l m s-1 at all stations; 
therefore, net cross-valley transport would require ~l day. Before Jan-

l 
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Table IV. Characteristic Removal Times and Production Rates in San Joaquin Valley Fogs 

Production Rate 
T(I (h) (pplJh-') 

Location and Date Duration (h) H (m) NH,) N0.1 so~- EA EN Es 

Bakersfield Airport (NW) 
Dec. 28, 1984 4 200 6 15 6 1.5 0.3 0.5 
Jan. 2-3, 1985 14 240 6 10 6 1.5 0.4 0.7 (fl 

Jan. 3-4, 1985 12 210 6 42 6 0.6 0.1 0.2 r: 
0 

Jan. 4-5, 1985 12 230 11 27 7 0.8 0.1 0.5 n ::0 

t'1Jan. 14, 1985 3 500 12 22 7 0.7 0.2 0.4 Vl 

Jan. 18-19, 1985 14 300 6 4 5 1.5 1.1 0.5 ;,. 
'/. 

Jan. 20, 1985 7 3.50 11 9 12 0.9 0.7 0.3 0 

Buttonwillow (BW) ;,.
'T] 

Jan. 2-3, 198.5 17 290 7 6 7 2.3 1.4 0.3 t'1 
--i 

Jan. 3-4, 1985 17 260 10 17 9 0.5 0.2 0.1 0 
(fl 

Jan. 4-5, 1985 15 2.:30 7 18 6 0.9 0.2 0.2 ;,. 
'T] 

,0 
Non:: The characteristic time for pollutant removal (r,1) was calculated from the equation r,1 = 1//V,1, where V,1 is tlw flux r: 
divided by the amhient concentration. The production or emission rntr (EA, EN, or Es) was determined as thP deposition ~ 
divided hy the product of duration and height ahove ground lt•vel (JI). n .,, 

0 
r rr: 
--i 
;,. 
:,.,: 
--i 
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uary 1, the concentrations of sulfate were uniformly low on both sides of 
the valley; after January 1, higher sulfate values were monitored in Bakers­
field than in areas to the west or north. The spatial gradient for sulfate 
across the valley indicated that advection of sulfate aerosol was a less 
prominent term during January 2-5. Clearly, deposition of sulfate was 
more rapid than its transport away from the source region. 

However, nitrate aerosol concentrations were uniform throughout 
the sampling network at that same time. Similar temporal variations 
were also observed at all valley sites except McKittrick, which was 
above the insertion base throughout that period. Because the deposition 
rates measured for nitrate were much lower than for sulfate during that 
period, more complete mixing could have occurred. This uniformity was 
probably aided by more widely dispersed emissions of NOx. 

For the two sites in the Bakersfield area, Bakersfield Airport (NW) 
and downtown Bakersfield (BA), concurrently measured aerosol concen­
trations agreed within 20% in most cases (12 for NO:i' and 10 for soq- for 
13 sampling periods), even though temporal variations spanned a factor 
of 5. Simultaneous peaks in NH3 concentrations were further indication of 
the spatial homogeneity at the two sites. However, it is impossible to state 
unequivocally that short-term changes at a particular site were due to in 
situ transportation rather than localized transport. Without a network of 
greater spatial resolution, the interpretation of sequential S(VI) or N(\') 
concentrations in terms of a generalized continuity-equation analysis 
would be moot. Nonetheless, advection of pollutant species away from 
this source region must represent a sink over longer time scales. 

As a lower limit, we calculated production rates necessary to balance 
removal rates of aerosol species measured during fog (i.e., the production 
rate is proportionate to the deposition flux divided by H). Essentially, this 
calculation equates terms (b) and (e) in equation 22 and neglects the rest. 
Production rates have been calculated in units of the primary emissions, 
NH3, NOx, and SO2 (Table IV). Sulfur dioxide values measured at the fog 
study sites were mostly $10 ppb, although spatial variability of SO2, 
especially near the oil fields, makes the calculation of an areal average 
concentration questionable. Assuming 10 ppb for the gaseous concentra­
tion, the pseudo-first-order S(IV) oxidation rates were calculated to be 
2%-7% h-1• Considering that advection represented a loss term for the 
Bakersfield area, the total sinks were likely to have been even greater than 
measured by deposition alone. The calculated S(I\') oxidation rates at 
Buttonwillow (BW) were not as great; assuming that SO2 concentrations 
were a factor of 2 less at the BW site compared with Bakersfield, the rates 
of S(IV) oxidation at the two locations in dense fog were similar. The 
S(VI) production and deposition rates should have been comparable at 
these sites because the meteorological conditions were similar (i.e., 
widespread nighttime fog and afternoon haze). 
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Caveats. Fog deposition as measured to flat surfaces or buckets 
represented a lower limit to rates occurring in the southern San Joaquin 
Valley. The NW site was chosen for its open and featureless terrain. In 
many ways, this site was characteristic of wintertime land use in this re­
gion. The majority of the southern San Joaquin Valley is cropland (43%) 
or rangeland (44%), and the remaining portions of the valley are orchard 
(8%), residential-commercial (4%), or forest (1%). In areas of tall (dense or 
sparse) canopy or buildings, wind profiles would be more turbulent, and 
canopy-top wind speeds would be closer to the National Weather Ser­
vice sensor (10 m) values rather than to the low values measured close to 
the open field. Simply the presence of bare trees would substantially 
increase th~ surface area for pollutant deposition. Droplet impaction 
becomes important under these circumstances (11 ). In such cases, Yd.fog, 

and hence, Vd, would be adjusted upwards. Fog deposition may there­
fore lead to even greater pollutant influx to these areas. Although this 
influx may be of significance for certain receptor areas, we believe the 
effect is relatively unimportant to the conclusion regarding the domi­
nance of sedimentation and the range of deposition values we have 
reported. 

Finally, these measurements were specific to particles and droplets. 
Although we are convinced that dry deposition of S02, for example, did 
not significantly contribute to our measurements, this sink for S(IV) may 
itself be substantial. Moreover, scavenging of S02 by droplets aided in 
its deposition during fog. In addition to the chemical transformations of 
S(IV), the removal of S02 to surfaces, although not studied here, is an 
important term in the overall sulfur budget. Also, HN03 deposition may 
have an important role in N (V) removal under certain circumstances. 

Precipitation Scavenging. In the case of the rainfall event, the 
total amount of material brought to the ground was 2-5 times greater 
than the overburden of pollutants in the air (i.e., the product of ambient 
concentration and mixing height) prior to the rain (Figure 15). After the 
initial loading of accumulated pollutants was washed (or ventilated) out 
of the air mass, additional nitrate and sulfate must come from the trans­
formation of primary emissions. Low S02concentrations were measured 
during the rainfall period; simultaneously, sulfate deposition was large. 
This measurement clearly indicated a period in which rapid S(I\") oxida­
tion must have occurred in the presence of an aqueous phase. The 
smaller fluxes of nitrate suggested either a slower rate of N(V) formation 
for the same period or less efficient precipitation scavenging of sec­
ondary nitrate. However, without a detailed knowledge of atmospheric 
mixing and below-cloud processes, in situ oxidation rates cannot be 
determined from these rainfall measurements. 
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WET DEPOSITION 
Figure 15. Wet deposition of major ions for four San Joaquin Valley sites 
measured on January 6-8, 1985. Filter data for the sampling interval 

immediately preceding rainfall are also shown. 

Discussion 
The efficacy of fog in scavenging gaseous and aerosol species and 
enhancing their removal can cause the fog to be the dominant factor 
controlling ambient levels reached by pollutants during wintertime stag-
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nation episodes. The measurements of depositional flux during the 
stagnation periods in the winter of 1985 illustrated the differences be­
tween episodes with dense fog and those when fog was absent. Detailed 
fog water and air quality data were also collected for the winters of 1983 
and 1984 as part of our earlier field programs. These former studies in­
cluded periods with and without dense, widespread fog. Concentrations 
of the major species in the fog water, aerosols, and gas phases are com­
pared in Table\'. The comparison is limited to parameters measured in 
the Bakersfield area. The values presented were for periods of stagnation 
when mixing heights were low and concentrations in the air had achieved 
apparent steady-state levels. Given the characteristic time for fog deposi­
tion and the emission rates of sulfur species, a steady state for sulfate 
could be attained in less than 1 day. Nonfoggy intervals require much 
longer times, and true steady-state levels may not have been fully reached 
before a change in meteorological conditions occurred. This type of 
comparison is readily acknowledged to be far from conclusive because 
other factors (e.g., daytime insolation, oxidant concentrations, and \vind 
trajectories) have not been evaluated. We used this comparison primarily 
to point out the relationships that these unique data sets have provided. 

Mixing heights were comparable during the six episodes. A disparity 
between two regimes is readily apparent with respect to aerosol nitrate 
and sulfate concentrations. The highest values were associated with 
January 2-6, 1983, and January 2-6, 1984. These were periods of low 
clouds when fog was absent. Average concentrations of particulate sul­
fate exceeding California air quality standards (25 µ.g m-3 or 520 nequiv 
m-3) were monitored during both episodes. Periods of dense fog led to 
lower concentrations of particulate loading, which leads to air of better 
quality despite lesser visibility. 

The January 2-5, 1985 samples complemented a data set of pre-

Table V. Fog Water and Air Quality 

Fog Water 

Nffi N03 sa2-
4 -I 

Date H (m) pH (mequivL-1 ) (mequi-c L-I) (mequiv L ) iS(lV) 

Dec. 30-31, 1982a 200 4.1 1600 850 800 62 
Jan. 2-6, 1983a 400 
Jan. 6-8, 1983a 350 3.9 2600 900 1600 38 
Jan. 11-15, 1983a 300 3.6 1400 700 900 57 
Jan. 2-6, 1984° 350 
Jan. 2-5, 1985b 200 4.9 1200 250 800 32 

Jan. 18-20, 1985b 300 3.9 1900 1000 600 22 

•Measurements made at downtown Bakersfield (BA) site. 
bMeasurements made at Bakersfield Airport (N\\") site. Parentheses denote BA values for 
same time period. 
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i 

dominantly acidic fogs measured in January 1983. Simultaneous fog 
water and aerosol measurements were not made during the 1982-1983 
study, but the ionic ratios indicate that N (V) scavenging was as great or 
greater than for sulfate during these low pH fogs. Both N(V) and S(VI) 
production were important sources of atmospheric acidity. Emission 
inventories for all producers during the selected periods are not avail­
able, but data on the east side support an assumption that year-to-year 
differences in primary emitter operations were not a factor (D. Ander­
son, Texaco, Inc., private communication). No obvious effect of acidity 
on S02 levels was observed; gaseous concentrations were uniformly low 
for both years. Interestingly, dissolution of S(IV) in fog water was not 
reduced in the acidic regime of the earlier year (Table V), as might be 

l 
expected from gas-aqueous equilibria. 

The primary determinant for acidity is most likely the relative 
N(-III) abundance as discussed in Jacob et al. (97) with respect to 
spatial patterns in the region. In an ammonia source region, factors can 
suppress or accelerate NH3 release. Temperature, moisture, and land 
cover may be primary factors. Dawson (101) showed that there are

I strong dependencies for soil release of ammonia; release increases with 
temperature and with soil moisture until 20% saturation and then de­
creases. Uptake by vegetation can drastically reduce the net release of 
ammonia (102). Hutchinson et al. (103) measured ammonia release from 
a large cattle feedlot and found lower fluxes when the surface was wet 
from rain. However, this lowering was offset by greater-than-average 
rates while the surface dried. 

The January 2-5, 1985 episode distinguished itself in one important 
regard. During other episodes, no daytime clearing occurred. Heavy 
overcase generally continued after the fog lifted. On the afternoons of 
the early January 1985 episode, there were periods of hazy sunshine and 
appreciable warming. This warming would promote ammonia release, 

during Winter Stagnation Episodes 

Aerosol Gas 

NH4 NO"i so~- NH3 NO, S02 
3 3 3(nequiv m ) (nequiv m ) (nequiv m ) (ppb) (ppb) (ppb) Dense Fog Ref. 

600 280 280 100 20 Yes 39 
900 300 900 100 25 No 39 

J 600 150 450 150 20 Yes 39 

1 300 
1000 

40 
400 

200 
700 1 

200 
100 

40 
20 

Yes 
No 

39 
97 

350 190 210 9 25 10 Yes this study 
(380) (210) (270) (6) (100) (10) 

510 280 320 <0.5 (50) (10) Yes this study 
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especially from feedlots and agricultural soils. Despite this cooling, the 
ground would maintain higher temperature at nighttime as well. On the 
other hand, the acidification of the San Joaquin Valley atmosphere 
would be promoted by cooler and steady overcast conditions. Ammonia 
release also may be reduced in postrainfail periods. At the same time, 
this moisture is often important in sustaining widespread fog. 

Summary 

The shallow and poorly ventilated mixed layer of the San Joaquin Val­
ley under the intense temperature inversion represented a reactor of 
limited volume. A comparison was made between the mass deposited 
and the overburden of pollutants (i.e., the product of mixing height and 
ambient loading). For S(VI) and N(-III) species, 2-3 times the apparent 
overburden was deposited during prolonged fogs. This deposition should 
have caused substantial depletion of atmospheric concentrations; how­
ever, this depletion was not observed. Steady aerosol sulfate concentra­
tions required S(IV) oxidation to proceed rapidly. A pseudo-first-order 
constant for S02 oxidation was calculated to be in the range of 2$-7% h-1• 

The true rate may be several times higher because (a) the reactant con­
centrations were frequently below the value (10 ppb) used to make the 
calculation, (b) the depositional flux measurements tacitly neglected the 
sink due to droplet impaction, and (c) advective loss terms in the mass 
balance equation were neglected in the source region. In similar fashion, 
ammonia emissions were calculated to be approximately 1 ppb h-1 in 
order to balance solute removal in fog. 

The two processes important for the determination of ambient sul­
fate concentration were removal by deposition and production by S(IV) 
oxidation. Measurements made during three wintertime fog-aerosol 
studies were summarized to consider the overall mass balance during 
stagnation episodes. This data set supported the hypothesis that fog 
deposition lowered the ambient concentrations of aerosol sulfate and 
nitrate during stagnation periods compared with periods of no fog. 
However, the importance of dry deposition of S02, sulfate production in 
haze aerosol, and the contribution of impaction to droplet fluxes needs 
to be more fully investigated. Finally, the conditions under which fog 
water acidity was high were related to factors favoring ammonia release 
from sources (e.g., higher soil moisture and temperature). 

Appendix-The Droplet Growth Equation 

The droplet growth equation is 

Do dDo = Sv - au: eB (Al)
dt C + E (A-l) au: e8 
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where 

A= MwL 
RT 

B = 4Mw o 
PwDoRT 

C = p,RT 
4DmMwe, (T) 

i 
E = p,L 

4kT 

i 
For the activation point, 

dDo 
-=0( 

dt 

Sv =1 + SSc, 

These equations yield 

112 _(3 LNA )Dad- B 

2 ( B3 )112
SSc, = 3V3 LNA 

In equation AlO, LNA is defined as 

LNA = 
M
Mw p, D3 

drys Pw 

Parameters for these equations are defined as follows: 

droplet diameter and diameter at activation 
spectively 

Ddry dry diameter for hygroscopic aerosol 

(A2) 

(A3) 

(A4) 

(A5) 

(A6) 

(A7) 

(A8) 

(A9) 

(AlO) 

(All) 

(Al2) 

(Al3) 

point, re­

e, e, (T) ambient and saturation water vapor pressure at T, respec­
tively 
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s. ambient water vapor saturation ratio, eles (T) 
ss,., critical supersaturation 
p,.,_., Ps density of pure water and solute salt, respectively 
R gas constant 
T temperature (K) 
L latent heat of evaporation 
Dm molecular diffusivity of water vapor in air 
k heat conductivity of air 
a surface tension of water 
M,,_.,Ms molecular weight of water and dissociated solute ions, 

respectively 
number of moles of water and dissociated solute in droplet, 
respectively 
activity of water in droplet 

ct, osmotic coefficient of water in solution (assumed to equal 1) 

Abbreviations and Symbols 

v gradient 
µ dynamic viscosity of air 
T/ fraction of particles that impact receptor surface 
Ps density of solute salt 
p,,_. density of pure water 
a surface tension of water 
TE time for emissions to replace a given atmospheric loading of 

pollutant C 
r 0 characteristic time for vertical ventilation 
<t.i osmotic coefficient of water in solution 
a,.,_. activity of water in a droplet 
A constant 
B constant 
C concentration of particles; constant 
(C ) total concentration of species C in the atmosphere 
[C] aqueous concentration of species C in fog water 
(C ) a concentration of species C in the nonactivated aerosol phase 
(C)1 concentration of species C in the fog water phase 
(C ) g concentration of species C in the gas phase 
d height 
d1 diameter of cylinder 
Dact activation size (diameter) 
D dry dry diameter 
D,q equilibrium diameter 
Dm molecular diffusivity of water vapor in air 
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droplet diameter 
the exponential; ambient water vapor pressure 
saturation water vapor pressure 
ratio of deposition to sedimentation velocities; areal emission 
rate 
nonactivated fraction 
fraction of solute partitioning into the droplet phase 
overall fraction of species C 
gravitational acceleration 
canopy height 
Henry's law constant for ammonia 
Henry's law constant for formaldehyde 
modified Henry's law constant for nitrogen 
Henry's law constant for sulfur (IV) 
flux of particles per unit area of aerosol 
aerodynamic layer flux 
depositional flux 
heat conductivity of air; van Karman's constant 
proportionality coefficient 
dissociation constant for ammonia 
formation constant for HMSA 
eddy diffusivity 
dissociation constant for sulfur 
first dissociation constant for SO2 (aq) 
second dissociation constant for SO2 (aq) 
dissociation constant for water 
latent heat of evaporation 
liquid water content 
fog water mass 
molecular weight of dissociated solute ions 
total mass 
molecular weight of water 
number of moles of solute in droplet 
number of moles of water in droplet 
number of cylinders per unit area of ground 
- log dissociation constant 
partial pressure of species C 
gas constant 
radius of cylinder 
Reynolds number 
relative humidity 
Stokes number 
ambient water vapor saturation ratio 
critical supersaturation 

I 
i 

1 

es 
E 

f" 
fc 
Fe 
g 
H 
HA 
HF 
H~ 
Hs 
J 
la 
ld 
k 
K 
KB 
KF 
Kp 
K, 
K,1 
Ks2 
Kw 
L 
LWC 
M 
M., 
Mr 
Mu: 
n, 

n"' 
N 
pK 
Pc 
R 
R1 
Re 
RH 
St 
Sv 
SSc, 
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Z

t time 
T temperature 
U horizontal wind speed 
U O frictional velocity 
Us relative velocity between particle and obstacle 
V horizontal transport vector 
Vd depositional velocity 
VJ.fog depositional velocity due to fog 
Vs sedimentation velocity 

0 roughness scale 
Zs particle sink 
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CHAPTERS 

CHAPTER 8 

THE CHEMISTRY AND PHYSICS OF ACID FOGS, 
CLOUDS AND HAZE AEROSOL 

I 
Micllael R. Hoffmann, Jed M. Waldmu, J. WDliam Maa1er ud Duiel J. Jacob 

Environmental Engineering Science 
California Institute of Technology 
Pasadena, California 

I U.S.A. 

FIELD OBSERVATIONS OF FOO AND CLOUD CHEMISTRY 

latroductlon 

The chemistry of foas, clouds, dew and rain at selected locations in California.., bas been 
observed over the last several years. Fog and cloud water in southern California often bas 

. extremely low pH values (i.e., 1.7 :S pH :S 4) and extremely biah concentrations of sulfate, 
nitrate, ammonium ion and trace metals. A representative set of values reponed by Waldman et 
al.2 and Munger et al.3 are given in Table I alon1 with values reponed for other sites around the 
world. Of special interest are the high values observed for so,2·, NO,·, S(IV), CH20, Fe, Mn, Pb 
and Cu in fog water. These values and their time-dependent c:hanges1 as shown in Figures I and 2 
indicate that fogs provide a very reactive environment for tbe accumulation of HNO, and Hz504• 

Concomitant incorporation of NH, ps and calcareous dust into the droplet phase neutralizes 
some of the acidity. 

Because of their similarity to clouds with respect to physical characteristics, fop are likely to 
reflect the same chemical processes occurring in clouds and, to some degree, in aqueous microdro­
plets. Cloud and fog water droplets are in the size range of 2 1&m to 50 11m whereas deliquescent 
haze aerosol will be in the range of 0.01 1&m to 1.0 l,UD. On the other band, raindrops are 
approximately 100 times larger than cloud and fog water droplets (e.,., 0.1 mm to 3.0 mm). In Los 
Angeles, fo1 water was found to be more concentrated in the primary constituents than the 
overlying cloud water which was in tum more concentrated than rain water duriq overlappina 
periods of time.3 

Before this research was initiated, few attempts had been made to collect fog water for chemical 
analysis. Houghton6 observed pH values in the range 3.5-7.4 in coastal foas of New EnaJand and 
Canada, and large concentrations of chloride and sulfate. Mrose' sampled coutal and urban fogs 
in East Germany, and reponed pH values in the range 3.8-4.2. Mack ct al.1 found biih sulfate and 
nitrate concentrations in fog 1Waler collected off the shore or California. A few other invutiaators 
collected cloud water interceptjn& mountain slopes.•·•• These data sets have been summarized in 
Table 1. 
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Tablet Summary of Fogwater Composition Me11urementa 

location D111 Type(bl Nie) pH N1 +(1) NH4'°" c.2+ 11g2+ er N03- so.z- Ref. ~ 
Mt. Waahlngton. NH 

(1900 m) 
Cou11I MA & ME 

Germany, Baltic Sea 
nr. Dresden 
Harz Min. (1150 m) 

1930-1940 

. 
1955-85. . 

I 

M 

M 
R 
I 

35• 

37' 

42' 
12· 
18' 

4.5 
3.0-5.9 
4.7 
3.5-8.3 
3.8 
4.2 
5.1 

1500 

300 

2300 
2100 

710 

750 
3200 

220 

4 
0-34 
940 
0-5800 

700 
590 
200 

900 
450 

150 
4-1100 
380 

80-2600 
1900 
780 

(78) 

(7) 

i'n 
ll 

~ 
0 r-
(/) 

Japan, Mt. Norlbura 
(3026 m) 
Ml. Tsuk11h11 

July 1963 

Nov. 1963 

I 

I 

10+ 

5+ 

3.9 
3.4-4.3 
3.9 

87 
45-165 

880 

175 
115-260 

BOO 

110 
75-230 

17 

36 
25-175 

1600 

3300 
230-1250 

(9) 

(876 m) 

Whiteface Min., NY 
(1500m) 

Aug. 1976 
Aug. 1980 

1d . 
. 

28 
50 

5.6-6.5 

3.7 
3.2-4.0 

180-l35 

11 
1-7 

110-965 

89 
1-200 

17 6 

295-1290 

31 
1-14 

5-37 

90 
7-190 

360-2100 

140 
32-800 

(100) 
(101) 

Los Angeles 
foothills (760 m) 

Nova Scotia 

Spring 
1982 & 83 

Aug. 1975 

I 

M 

120+ 

14° 

2.9 
2.1-3.9 

240 
135-8700 

1040 
600-1530 

580 
62-7400 

33 
3-94 

140 
5-3000 

45 
20-69 

80 
1-1600 
100 

13-130 

190 
15-9650 

87 
3--450 

1510 
160-16300 

840 
130-9300 

250 
50-500 

(5) 

(102) 

California, 
Central Coast 

Fall 1976 M e• 320 
S0-950 

190 
0-580 

55 
9-100 

68 
23-175 

400 
95-1240 

115 
24-235 

200 
77--490 

(8) 

Los Angeles area Fall-Winier 
1980--82 

M&I 11+ 3.3 
2.7-7.1 

132 
30-620 

1580 
420-4280 

168 
0-460 

54 
22-310 

223 
88-423 

110 
580-2960 

584 
354-1875 

(103) 

Los Angeles area Fall-Winter 
1981-62 

M 24 2.3-5.8 12-2160 370-7960 190-4350 7-1380 58-1110 130-12000 62-5000 (3) 

Pl. Reyes, CA Aug. 1982 M 17+ 4.5 
3.5-5.0 

190 
21--4700 

64 
28-330 

10 
0-240 

36 
5-1200 

215 
34-7000 

23 
2-526 

188 
3&-1281 

(90) 

San Nicholas Is., CA Aug. 1982 M 7x 3.9 6100 450 450 1500 5300 1580 1060 (4) 

San Diego Area, CA Jan. 1983 M 5• 2.9 510 780 49 130 1850 470 

Albany, NY Ocl. 1982 R 24 + 5.8 
4.3-6.4 

36 
10-100 

215 
70-350 

120 
65-350 

13 
8-47 

47 
18-175 

85 
11-220 

155 
21-1360 

(104) 

Bakersfield, CA Winter 1933 R 10e+ 4.2 
2.&-7.0 

20 
1-325 

1440 
490-1330 

47 
7-3500 

6 
1--430 

47 
1-980 

850 
200-6800 

1180 
10-9400 

(41) 

Italy, Po Valley Feb. & Nov. R s• 3.5-4.3 10-110 580-1620 80-130 10-50 20-120 290-1100 400-990 (105) 

a. Concentrations in micro-equiv L-1 . 
b. Fog type: I • inlercepted slratilorm cloud; 

M • marine or coastal log; 
R • radiation log 

c. Number of samples or events: (•) • average, ( +) • median, 
(x) • volume-weighted mean of n samples; 
(o) - average and/or range or n events 

d. Non-precipitating stratilorm cloud dala only. 
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Figure 1. Evolution of fog water concentrations over the course of a fog event at Bakersfield during the 
winter of 1983. Fog water pH and the average liquid water content (LWC) in g m-3 is given on the 
top of each bar. 

The paucity of data on the chemical composition of fog water is somewhat surprising since fogs 
have been associated with major health-threatening air pollution episodes; 11 significant examples 
are the fogs of London, 12 the Meuse valley13 and Donora, Pennsylvania. 1• Funhermore, deposi­
tion of acid fog water has been shown to damage crops15•16 and forests. 17 

A likely reason for the sparseness of data is that collecting fog water is not a trivial matter. Fog 
droplets range in size from I µm to 100 µm, with a mass median diameter typically in the 10 µm-30 
µm range .18 Droplets of this size are difficult to collec, efficiently because of their inenia. A fog 
water sampling device must efficiently collect droplets of up to at least 100 µm; at the same time, it 
must exclude nonactivated submicron panicles which have physical and chemical propenies dif­
ferent from those of the fog droplets. Funher, large amounts of water must be provided for wet 
chemical analysis while minimizing evaporation and condensation during the sampling process. 
These requirements cannot be satisfied by standard techniques for aerosol sampling. 

Experimental Methods 

Fog Water Collection 

Fog water samples for chemical analysis were collec,ed with a rotating arm collec1or (RAC). The 
Caltech RAC, which was based on an earlier design by Mack and Pilie, 19 was modified by 
application of current aerosol collection design criteria.:io In essence, the RAC was a rapidly 
rotating (1700 rpm) narrow rod with slots on the leading edges and collection bottles on both ends; 
its steel surfaces were coated with Teflon. Prior to each field use, it was acid-soaked and carefully 
cleaned with distilled, deionized water (D2-H20). Calibration of a scale-model instrument was 
performed with chemically tagged solid panicles. This calibration indicated a lower size cut (i.e., 
diameter for SO'lo collection efficiency) of 20 µm. 1 

At most sites Oisted in Table 11), the RAC was placed on top of buildings. At several remote or 
rural sampling sites, the apparatus was situated on the ground in an open area. During sampling, 
the collection bottles (Nalgene, presoaked in D2-Hi0) were manually exchanged at the end of each 
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Flgu,. 2. Total and fog water concentrations of N(-111), N(V), and sulfur species at the Bakersfield Airport site: (a) 2-3, (b) 4-5 and (c) 18-19 January 1985. 
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Table 11. Summary of Fog S■mpllng Sita 1N1 to 1N5 

Bit■ Loc■tlon 

Southern California 
1. Puadena (Keck roof at Caltech) 3 
2. Long Beach (downtown Harbor) 4 
3. Lennox (SCAQMD air monitoring station) 3 
4. Corona del Mar (Kerkoff Marine Laboratory) 4 
5. Del Mar (County fire station at fairgrounds) 
6. San Marcos Pass (County fire station) 
7. Henninger Flats (Nursery) 5 
8. San Nicolas Island (U.S. Navy base) 4 
9. Upland (CARB air monitoring station) 3 

10. Ontario (CARB air monitoring station) 

i San Joaquin Valley 
11. Oildale (CARB monitoring 11■tion) 3 
12. Bakersfield (CARB air monitoring station) 41 
13. Bakersfield (Meadows Field Airport) 42 
14. Buttonwlllow (Parks and Recreation building) 62.15. McKittrick (WOGA air monitoring station) 

1 16. Visalia (CARB monitoring station) 

Central California Coast 
17. Point Reyes (National Monument) 4 

I 
18. San Francisco (Mt. Sutro tower) 
19. Morro Bay 
20. San Luis Obispo (3 km off-shore aboard RV Acania) 

New York 
21. Albany, NY (County airport). 61 

interval. Between 30 to 120 min were generally adequate to provide sample volumes of 10 mL-60 
mL, depending on fog density. Samples as small as 1 mL were collected in light fogs and subse­
quently analyzed. Aliquots for certain analyses {pH, formaldehyde, S(IV) and trace metals) were 
separated immediately following collection. The remaining volume was stored in the collection 
bottle and refrigerated. 

Aerosol and Gaseous Nitric Acid and Ammonia Concentrations 

Ambient aerosol concentrations were measured on 47 mm Teflon filter medium using open­
faced filter holders. At the flow rate of 10 L/min·•, the holder inlet was large enough that 
anisokinetic bias should not have affected the collection of even large particles or fog droplets. For 
example, the Stokes number based on the inlet dimension and velocity (ST_,; sec Eq. 2.2) for a SO 
µm diameter droplet is 0.02; this value is below the point where an inlet bias will be imponant.21 

24A dual filter technique was used to measure gaseous HNO3 and NH3 in the atmosphere.22-

Nylon (for nitric acid) and oxalic acid-impregnated glass fiber (for ammonia) filters were placed in 
the back-up position of polycarbonate filter holders; each was immediately behind a Teflon filter. 
On several occasions, simultaneous filter samples were collected behind a cyclone separator to give 
the aerosol concentrations in the fine (s 3 11m) fraction." Filters were extracted in water with a 
reciprocating shaker for at least 1 hour. Previously, concern had been raised that aqueous extrac­
tion may have been insufficient to fully wet the Teflon medium and dissolve trapped panicles.26 

This possibility was tested by wetting extracted filters with methanol; less than S'lt additional 
solute was recovered. 

Surrogate-Surface Deposition Measurement Methods 

Polyethylene buckets and polystyrene petri dishes were used to measure deposition of water­
soluble material in fog environments. Collectors were generally placed at the same level as the 
aerosol sampler inlets(~ 3 m AGL). Deposition rates were measured over 3 h to 7 d intervals. 
Petri dish exposures in fog were usually 3 to 4 h. Water extractions were done for both containers 
which were rotated or tilted by hand to wet the bottom and sides. This method gave consistently 
good recovery of water soluble species, i.e., better than 90'11 when compared to subsequent 
extractions. 

https://panicles.26
https://atmosphere.22
https://imponant.21
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Sample Analyses 

Major ions were determined in fog water, aerosol and deposition samples using similar tech­
niques. Specific protocols were refined over the cour5e of the research program. Due to· the high 
aqueous concentration in most fog water samples, detection limitations were rarely a problem. 
Quantitative dilutions (S:1 to 50:1) were often necessary to bring major constituents within analyt­
ical range. The methods arc summarized below. 

Hydrogen ion activity (pH) was determined with a Radiometer Model PHM80 or PHM82 with 
combination electrode (Model GK2401C). Measurements were made in O.S mL-1.0 mL without 
agitation immediately after each fog water sample was collected. Stable values were found com­
paring field with laboratory pH measured days later when pH < 4. Neutral and alkaline samples 
occasionally showed a shift in pH after storage. 

Anions (Cl·, NO3·, S04
2·). concentrations were determined by ion chromatography (IC) (Dionex 

Model 10 or 2000 with anion columns ASl, AS3, or AS4). We used Na2CO3/NaHCO3 eluents for 
strong acid anions in accordance with the manufacturer's recommendations.27 The elucnt strength 
used after 1983 (2.7/2.16 mM) was l0OJ'o lower than reported in earlier work,2.3 and was found to 
give better ion separation with the newer columns. 

Weak organic acids eluted very quickly during strong anion determinations given above. These 
interfered in the fluoride peak for fog water samples which were found to contain appreciable 
amounts of these acids. The high [F·] reported in our earlier papers has now been recognized to be 
due to these interferences. In some samples with relatively high organic acid concentrations, these 
interfered with the chloride determination as well.4 

Although a sulfite peak could be measured by IC, there was no way to be certain that this 
represented the in situ concentration, since oxidation in storage would cause an increase in mea­
sured sulfate. When appreciable S(IV) was found(> SOJ', total S), aliquots were dosed with H2O2 
to 0.060J'o prior to IC injection. This was done to determine a total sulfur value. Complete 
conversion of reduced sulfur to sulfate was verified with sulfite standards. Using S(IV) values (see 
below), sulfate was calculated by difference. 

Analytical uncertainties were < ± S"lo for nitrate and sulfate and ± IO'le for chloride; when 
interference was observed for CI·, the value was not reported. 

Ammonium ion was determined by the phenol-hypochlorite method of Solonanoll with colori­
metric determination of indophenol blue at 640 nm. Oxalic acid filter extracts were analyzed for 
NH.• with a variation of this method described by Russell.29 Analytical uncertainty for NH.· 
determinations was < ± l0o/o. 

Catiol!IS (Na•, K•, eai., Mg2•) were determined by atomic absorption spectrophotometry (AAS) 
using an air/acetylene flame (Varian Model AAS or AA6). Aliquots were spiked with lanthanum 
(to 0.025o/o La3

• and 20 mM HCl) to release chelated calcium or magnesium ions. Analytical 
uncertainties were < + SOJ', for cations by AAS. 

S(IV) preservation in separated fog water aliquots was done by the addition of excess formalde­
hyde at pH 4, and the pararosaniline method and colorimetric detection at S80 nm were used for 
subsequent S(IV) analyscs. 30 Some samples before 1984 were preserved by addition of EDTA and 
phosphate buffer at pH 7 and analyzed by the colorimetric method given by Humphrey et al.31 ; see 
Munger ct al.32 for details. 

Formaldehyde was determined by the formation of 3,5-diacetyl-1,4-dihydrolutidin through the 
addition of acctyl acetone in the presence of NH4 + 33 and detection at 412 nm. High S(IV) 
concentrations caused interference with the CH2O determination, presumably due to formation of 
hydroxymethanesulfonate (HMSA). Addition of 12 to aliquots, to oxidize S(IV), eliminated this 
interference.34 This was verified by comparing CH2O response in HMSA standards with 12 added; 
see Munger ct al.32 

TraCf! Metals (Fe, Mn, Pb, Cu, Ni) were determined by flameless AAS with graphite furnace 
(Perkin-Elmer 360 equipped with a HGA 2100 or Varian AA6 with CRA 90). Aliquots were 
stabilized with a l "11 spike of Ultrex-grade HNO3 and stored in acid-washed Nalgene containers. 
Analytical unccrta.inties depended upon the element and concentration range; :t: 20~ may be 
taken as an average. 

https://interference.34
https://analyscs.30
https://2.7/2.16
https://recommendations.27
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Liquid Water Content Measurement (LWC) Techniques 

Four separate methods were used at field sites during this research; including (a) estimation by 
fog water collection rate; (b) mass determination with high-volume sampler and paper filter; (c) 
infrared (IR) extinction with a carbon-dioxide, laser transmissometer; and (d) droplet sizing with 
an optical particle counter. Additional details of field measurements have been given in Section 2.3 
(vide infra). 

Fog Water Collection Rate (RAC) Method. The RAC ideally sampled air at a rate of S m3 min·•, 
given its rotational speed and dimensions. The air in the wake of the collection surface would need 
to be renewed in the time required for each half-rotation. While this was not verified experimen­
tally, the RAC motion caused a fan effect which, along with the turbulence, induced air motion 
sufficient to satisfy this requirement. Besides incomplete renewal of sampled air, another factor 
which could decrease the overall water collection efficiency was the omission of smaller droplets. 
The size-cut indicated for the collector, 20 µm,20 was comparable to droplet mass-median diameter 
measured in fog. 35-17 Hence, a nontrivial fraction of the droplet spectrum may have been omitted. 
Taking these factors into consideration, the value calculated from the nominal RAC collection 
rate represented a lower limit for LWC. 

High-Volume (Hi-Vol) Sampler Method. A known volume of fog-laden air was drawn through a 
paper filter, and the amount of water collected was determined by mass difference. Standard high­
volume (hi-vol) samplers were used with the flow rate maintained by a flow controller and/or 
checked with flow orifice. Shon (5-20 min) intervals were used. Before each sample, the filter 
paper was briefly run or "primed" to saturate it with respect to water vapor. For the inlet dimen­
sion (20 cm), Stilllct < 0.1 for SO µm droplets, hence anisokinetic sampling biases were not a 
problem.21 

Carbon-Dioxide Laser Transmissometer (CO;,.T) Method. An infrared transmissometer to oper­
ate in fog was designed and built at the Jet Propulsion Laboratory. Background theory is given 
later in the section on infrared extinction. The instrument was successfully tested at Henninger 
Flats during June 1983. Similar attempts were made at Albany, New York in October 1982 and in 
Bakersfield, California during 1984 and 1985 field studies. Laser power failures prevented success­
ful field operation in these cases. 

The instrument design is given in Figure 3. A CO2 wave-guide laser (Hughes Model 3820-
HGBD) emitted coherent infrared radiation at 9.4 µm wavelength. The laser beam was split into a 
reference signal and a transmitted signal (1 :2.8). The ZnSe beam splitter was constructed with a 7 
degree wedge angle. This was done after we found that the fraction of transmitted laser radiation 
changed with minor wavelength variations, multiply reflected by the beam splitter surfaces, with­
out this wedge. The optical path was folded with a total length 20 m at 1.5 m above the ground. A 
mirror (15 cm diameter) with a 10 m radius of curvature focused the transmitted beam back to the 
instrument. The emitted beam diameter (86070 power) was 1.4 mm with 10 mrad divergence; 
focused by the mirror, the return beam diameter was approximately as small. 

Two disk (2.5 cm diameter) calorimeters (Scientech Model 360) were used to thermally sense 
laser radiation. One was used as a reference for laser output and the other to monitor the return 
signal. Laser output changed slowly with small-amplitude, low-frequency oscillation, indicating 
some instability of the laser emission line. The ratio of signals was formed directly by using an 
analog ratiometer (Princeton Applied Research Model 188). Thus, transmission measurements 
were largely independent of these minor laser power fluctuations. The clear air ratio was stable 
before and after fog was monitored. For the data reponed herein, both the signal ratio and laser 
output were recorded with a dual-channel strip chan and later digitized. 

Optical Particle Counter (CSASP) Method. Droplet size spectra were measured in the fog with 
Classical Scattering Aerosol Spectrometer Probe manufactured by Panicle Measuring Systems, 
Inc. (Model PMS CSASP-IOOHV). The instrument provided counts of droplets passing through a 
HeNe laser beam and classified them according to the intensity of light scattered onto photodetec­
tors; funher details of the principles of operation have been describe by Knollenberg31 and others. 
Panicles can be classified into 15 size intervals for four different ranges. In fog, droplet spectra 
were taken in Range O(2--47 µm diameter) which had size intervals of 3 µm. Sizing calibration and 
activity corrections provided by the manufacturer were used. 

https://problem.21
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Figure 3. CO:z laser transmissometer (C02LT). 

Meteorological Measurements 

Most fog sampling sites were collocated where meteorological instrumentation was available. At 
more remote locations, temperature was measured with a glass-bulb thermometer, and wind 
speeds and directions were periodically assessed by observation. At Henninger Flats, Los Angeles 
County Fire Ocpanment records of precipitation, cloud cover, temperature and relative humidity 
were used to supplement field measurements. In the spring of 1983, supplementary wind data were 
provided by mechanical weather stations reported in Hering and Blumenthal.39·«1 

Wind and temperature data were recorded at the Bakersfield Airport fog sampling site with 
sensors (Qualimetrics, Inc., Sacramento, California) and data acquisition equipment specifically 
deployed for this research. Cup anenometers (Model 200S) and temperature sensors (Model 4480-
A) were positioned on a 3m tower. Sensor signals were conditioned with manufacturer-designed 
modules. Analog outputs were continuously logged with an AID converter and an IBM personal 
computer. Additional data from that period were also taken from National Weather Service 
observations. Relative humidity and ambient temperature were recorded with hygrothermographs 
located at other valley sites. Parameters aloft (wind speed, direction, temperature, and relative 
humidity) were measured by a tethcrsonde at Buttonwillow. Mixing height data for that period 
were also provided from acoustic radar located at Kernridge and cloud top observations at 
Bakersfield Airport by flight tower personnel. 

Field Results 

CoasralFogs 

The rotating arm collector was used in fog water sampling programs at several locations in 
California. Fog water samples collected along the California coast' were found to be consistently 
acidic, even in rural areas as shown in Table III. Extremely high acidities (pH down to 1.69) were 
observed at sites in the Los Angeles basin and downwind. The main contributors to strong acidity 
were sulfuric and nitric acid; coastal urban activities and oil production operations are important 
sources of S02 and NO,, precursors of these acids. Coastal atmospheres were found to have low 
acid-neutralizing capacities, and thus, to be very sensitive to acid inputs. 

Va/l~y Fogs 

Fog water acidity may be neutralized if a sufficient amount of base is praent in the atmosphere. 
Neutralization of fog water acidity by ammonia as illustrated in Figure 4 was investigated in two 
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Table Ill. Liquid Water-Weighted Average Fogw■ter Concentration■. 

Sit• Datel•> n pK H+ .... K+ NH4+ 

µeq 1-t 
c.2+ Mg2+ er- N03- soi- S(IV)(iij 

µM-t 

CH2oldJ Lili> 

Del Mar 9 Jan. 83 5 2.85 1410 511 9 781 49 130 e14ldJ 1850 469 66 78 0.24 
1840-2300 

Corona 7 Dec. 82 1 2.18 8920 725 71 2880 197 188 1050 7900 1290 NA NA 0.11 
del Mar 2100-2300 

Long Beach &Jan. 83 2 4.90 12.7 82 12 759 45 28 221ldl 252 487 NA 71 0.25 
0400-0500 

Lennox 7 Dec. 81 8 2.98 1100 65 12 1810 111 42 17e(dJ 2210 928 80 198 0.30 
2305-0840 
18 Dec. 81 3 2.88 2190 131 30 1280 127 48 1soldJ 2780 1280 NA 178 0.14 
2315--0045 
8 Jan. 83 5 3.63 237 41 8 46-4 39 18 &e<dJ 365 128 34 68 0.17 ~ 

San Nicholas 26 Aug. 82 7 3.86 136 8080 148 452 450 1500 5490 1580 2080 11 15 0.052 
::0 
0 

Island 2115-0755 ~ 
San Marcos 20 Aug. 83 14 4.49 32.1 10 3 97 3 4 19 74 55 2 8 0.43 

r 
0 

Pass (el 

Morro Bay 

Mt. Sutro 

2340-1200 

14 Jul. 82 
0500-0900 

13Aug. 82 

2 

1 

8.17 

3.99 

0.87 

102 

748 

848 

84 

52 

107 

183 

120 

93 

221 

170 

1200 

851 

114 

87 

214 

319 

8 

NA 

7 

NA 

0.14 

0.056 I::0 
2125-2225 

Pt. Reyes 9Aug. 82 1 3.80 251 3520 91 327 242 890 3040 528 1280 10 19 0.054 ~ 
2200--0000 z 
10 Aug. 82 3 4.48 33.4 3150 72 95 153 782 4580 38 483 4 2 0.081 ~ 0230-1115 0 
11 Aug. 82 7 3.88 132 498 12 59 27 118 845 38 208 5 3 0.13 g 
0200-1155 
12 Aug. 82 
0340-0815 

8 4.89 20 42 2 43 3 10 57 8 54 5 3 0.19 ~ 
iii 

NA: not analyzed. 
(a) date Is that of the a.m. eampln, or 1h11 of the morning following the tog. Time Is local time. ~ 
(bl average llqukl water content (g m~. calculated from the total volume collected. 
(c) number of samples analyzed for metals. 
(d) 1crJ may be overestimated due to interference form organic acids during analysis. At Del Mar, Ihle uncertainty Is slgnHlcant only for Iha lut three umplu (see text). ... 
(e) stratus cloud. ~ 
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Oxidation of S0
2 

{ g ) and NOx { g ) ; 

Production of acidity 

Acidity is not 
Neutralized 

Acidity is 
Neutralized 

Low pH High pH I 
Figure 4. Schematic diagram that illustrates the dominant chemii;try involved in the formation of acidic 

fogs and the role of NH3 with respect to pH control. 

field experiments conducted in the San Joaquin Valley of California, where large inputs of strong 
acids are provided by oil and gas production (SO2, NO,), and large quantities of NH3 are released 
by industrial farming and livestock feeding operations. ••.42 The H;tSO.-HN03-NH3 system contrib­
uted over 900Jo of the inorganic aerosol and fog water ionic loading, and the fog water alkalinity/ 
mineral acidity could by correctly predicted from the local balance of sulfuric acid, nitric acid and 
ammonia in the atmosphere. Fog water acidity directly reflected the relative proximities of oil 
fields and confined feeding operations. 

Most of the fogs sampled in the San Joaquin Valley formed over the course of extended 
stagnation episodes. Progressive pollutant accumulation under stagnant conditions was docu­
mented under nonfoggy stagnant conditions, and decreases in aerosol concentrations were 
observed following fogs. These trends are illustrated in Figure S. It is suggested that deposition of 
fog droplets provides a rapid sink of suspended pollutants so that the occurrence of fogs limits 
pollutant accumulation in a stagnant atmosphere. 

Deposition was the principal means of removal for S(VI), N(V), and N(-111); the patterns of 
pollutant accumulation were consistent with deposition velocities < 0.1 cm sec-1 for secondary 
(SQ/-, N03-, NH.•, H•) aerosol, and deposition velocities > l cm sec-• for HN03(g). Slow 
11Cavenging of S02 by fog was documented, and an average S02 conversion rate of 2.,. h-1 was 
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determined in an overcast boundary layer. Production of HNO3 was observed at the beginning of 
the stagnation episode, but was limited by the availability of gas-phase oxidants. NO, was found 
not to be significantly scavenged by fog water. Overall, accumulation of strong acids H:zSO, and 
HNO3 over the course of a stagnation episode resulted in a decrease of alkalinities at all sites in the 
southern San Joaquin Valley, and production of mineral acidities at the sites most distant from 
NH3 emissions. 

The San Joaquin Valley experiment provided simultaneous measurements of S(VI), N(V) and 
N(-III) concentrations in the gas phase, the aerosol and the fog water. These data were used to test 
the applicability of thermodynamic models for the H:zSO,-HNO3-NH3-HP system at high humidi­
ties and in fogs.'3 Under nonfoggy alkaline conditions the aerosol was a neutralized mixture, 
alkalinity remained in the gas phase as NHi(g), and HNO3(g) concentrations were very low. Under 
nonfoggy acidic conditions NH3(g) concentrations were very low, and the acidity was present both 
in the gas phase as HNO3(g) and in the aerosol phase as panly neutralized sulfuric acid. These 
findings arc in qualitative agreement with the model results of Bassett and Seinfeld ... The dissocia­
tion constants K=PNH3PKNOl predicted by Bassett and Seinfeld agreed to within one order of 
magnitude with the products of concentrations observed in the field although they were systemati­
cally too low. 

In fog, concentrations of HNOi(g) were at or below the detection limit of 4 neq m-3 under 
nonacidic conditions and were very low (although generally nonzero) under acidic conditions. The 
observation of detectable HNO3(g) in acidic fog was attributed to the presence of unsaturated air 
parcels within the fog, and to the slow rate of diffusion of HNO3(g) to the fog droplets. No 
detectable NH3(g) was found under foggy acidic conditions, but substantial amounts were found 
under foggy nonacidic conditions. The observed NH3(g) concentrations were of the same magni­
tude as those predicted at equilibrium with fog water. 

S(/V) Adducts in Fog 

Carbonyl compounds, aldchydcs and kctones influence liquid-phase sulfur dioxide chemistry 
through their reactions with SO2 to form stable a-hydroxyalkanesulfonates. Aldehydcs arc ubiqui­
tous contaminants in the atmosphere. They exist at especially high concentrations (24-58 µg/m 3) 

in urban environments where vehicular emissions arc a significant or even dominant source.''·'6 In 
addition, aldehydes arc generated via numerous pathways from a variety of precursors present in 
both clean and polluted atmospheres. These include the oxidation of alkanes and alkcncs by OH• 
and 0 3• Aldehydes are highly reactive species that decompose rapidly through photolytic and free­
radical reactions. For example, the half-life of gaseous formaldehyde, CHp(g), in the atmosphere 
is fairly shon (2-3 h). However, dissolution of CH2O and hydration to form methylene glycol, 
CH2(OH)2, protects it from photochemical decomposition. Consequently, atmospheric droplets 
offer an ideal environment for sulfonic acid production. 

Field measurements have detected formaldehyde at concentrations of greater than 100 µMin 
fog and cloud water samples collected in Southern California. 3•32."·41 The concentrations of acctal­
dehyde, propionaldehyde, propenal (acrolein), n-butanal, n-pentanal, n-hexanal and benzalde­
hyde occasionally approached or exceeded that of CHp." We have also shown that formalde­
hyde, acctaldehyde and propanol arc present in urban fog water samples at substantial 
concentrations.32 In addition, we have shown that for each one of the aldehydes present, the 
corresponding carboxylic acid is also present and that the aldehydes may be slowly oxidized to 
their respective carboxylic acids upon storage. Furthermore, the presence of CHzO and H2O2 in 
conjunction with S(IV) at levels higher than those predicted by gas/liquid solubility equilibria 
suggests that hydroxymcthanesulfonate (HMSA) production stabilizes a fraction of S(IV) with 
respect to oxidation." Our equilibrium calculations using available thermodynamic and kinetic 
data for the reaction of SO2 and CHzO demonstrate that elevated concentrations of S(IV) in fog 
water cannot be achieved without consideration of sulfonic acid production, HORHSO3- 32 (See 
Figures 6, 7). Recently, Munger et al.49 identified and quantified HMSA using ion-pairing chro­
matography. 

Carbonyl-bisulfite addition products are highly stable in aqueous solution at low pH, but they 
undergo facile dissociation under alkaline conditions. The kinetics of hydroxymethanesulfonate 
production under pH conditions characteristic of fog and cloud water has been studied in our 
laboratory. Boyce and Hoffmann~ found that the formation of HMSA over the pH range 0.0 to 
3.S occurs by parallel reaction pathways involving nucleophilic addition of HSO3 - and soi2- to the 
carbonyl C-atom of fonnaldehyde. The formation constant for adduct formation has been deter­
mined recently by Deister et al. 51 and Kok ct al.52 to be 107 M'- This number is in agreement with 

https://concentrations.32
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Figure 6. Plot of the observed aqueous-phase S(IV) concentrations versus observed HCHO concentra­
tions in fog water in Bakersfield, California. 

those reponed previously by Kerp53 and Donally.54 Under more weakly acidic conditions (pH > 
4), the dehydration of methylene glycol (equation Kd) may become rate-determining. 55 Application 
of the rate constants and activation energy parameters obtained in the laboratory to the analysis of 
the field measurements discussed above indicates that HMSA formation may account for the 
occurrence of S(IV) at elevated concentrations.32 Kinetic data obtained for other aldehyde/ 
sulfur(IV) reaction systems suggests that the mechanism outlined above can be generalized to 
describe the formation of a wide variety of a-hydroxyalkanesulfonates.56 · 

Stratus Clouds 

Waldman et al. 5 have studied the chemistry and microphysics of intercepted cloud water on Los 
Angeles area mountain slopes. From 1982 to 198S, the observed pH values of the cloud water 
ranged from 2.06 to 3.87 with the median value below pH 3. The equivalent ration of nitrate to 
sulfate in cloud water at Henninger Flats (MSL = 2,520 ft) was close to 2, while at the same site 
the [NO3·]/[SO.2·J ratio in rainwater was -1. However, the nitrate/sulfate ratio observed in dry 
aerosol was significantly lower than that observed in cloud water; the additional nitrate found in 
cloud water appears to be derived from the scavenging of gaseous nitric acid. In addition, a higher 
fraction of nitrate aerosol appears to be scavenged by cloud droplets. This observation is consis­
tent with current theories of homogeneous versus heterogeneous gas-to-particle pathways open to 
sulfur dioxide versus nitrogen oxides. 

Cloud droplet capture in the form of intercepted fog appears to be a 1CUOnably impanant sink 
for pallutant emissions in the Los Angeles basin. At Henninger Flats, up to SO'la of the total wet 

https://a-hydroxyalkanesulfonates.56
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Figure 7. A rwpreNntatiVI! chromatogram for the separation and identification of a-hydroxymethan&­
IUlfonate in fog water collected in Bakersfield, California. 

deposition of H•, NQ3- and SO,2- may be due to cloud interception; low-intensity springtime 
drizzle accounted for 2011/', of the deposition measured in precipitation. The intercepted cloud 
water that deposited on pine needles was collected and analyzed. The acidity of the water dripping 
from trees was very similar to that of the suspended cloud water. The concentrations of major 
chemical components were found to be significantly greater than in the overlying cloud water. The 
additional solute in the drippings is thought to be derived from previously deposited material and 
the evaporated residue of intercepted cloud water. Even after sufficient rainfall had removed most 
of the accumulated residue, the concentrations of major cations such as Ca2•, Mg2 • and K• 
showed relative increases compared to suspended cloud water samples. These increases may be 
attributed in pan to ion exchange of H .. for K•, Mg2• and ea:• from the pine necdles. 57 The 
potential for harm to sensitive plant tissue appears to be high given prolonged exposure to the 
severe microenvironments observed on the slopes of the San Gabriel Mountains and in the Los 
Angeles National Forest. 

FIELD INTERCOMPARISON OF FOG COMPOSmON AND LIQUID WATER CONTENT 

Bacqroand 

Sampling techniques for early research of fog and cloud water chemistry were not widely used or 
standardized. Reproducibility of results was seldom verified by inten:omparison of available 

https://necdles.57
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methods. Since interest in this area bas grown in recent years, many fog and cloud water collectors 
have been developed. However, few have been evaluated thoroughly. 

Collector performance must be evaluated because dro3lets in the size range encountered in fogs 
and clouds are sensitive to anisoltinetic sampling biases. The imponant design considerations for 
fog water collectors have been enumerated by Jacob et al.lD These are: (a) a sharp lower size cut 
which effectively excludes interstitial aerosol; (b) representative collection of all droplet sizes; and 
(c) preservation of physical and chemical integrity of sample volumes. 

Calibration of a scale model of the Caltech rotating arm collector (RAC) indicated a lower size 
cut of 20 1,1m. That is, at this diameter, SOIJ, collection efficiency is attained while higher efficien­
cies are achieved for larger sizes.lll> This lower size cut is approximately twice as large as that 
determined for impaction to a rod of similar dimension without slots.59 Since fog droplet size 
distributions have mass median diameters close to 20 1,1m,3'-"•60•61 field measurements made with 
the RAC may be subject to an unknown bias due to omission of smaller droplets. In order to 
properly interpret fog chemistry based on RAC samples, it was essential to determine if a collector 
bias existed. 

During our study of stratus cloud water at Henninger Flats, the performance of several fog 
collection techniques were evaluated. In June 1983, a fog sampler intercomparison was performed 
using the Caltech RAC and four other collectors of various designs. 39•40 In addition, this provided 
an opponunity to compare our analytical protocol to that of an independent laboratory. 

Interpretation of fog water chemistry is highly dependent on a knowledge of liquid water 
content (LWC) in the fog environment. This requires that the total droplet mass within a volume 
of air be measured. Water droplets are in a tenuous thermodynamic state with air at very low 
supersaturation and a large reservoir of water vapor. For example, saturated air at 10° C contains 
12 g-H2O(g) m-3 which can be compared to :S 0.5 g-H2O(l) m-3 in dense fog. As a consequence, 
evaporation or condensation can easily bias measurements. Furthermore, the relatively large 
inenia of fog droplets increases the difficulty of representative sampling with an inlet.21 ·" A 
comparison of LWC methods was also performed at several sites. The presentation of the data is 
intended to underscore the uncertainties in LWC measurements made in the field and to assess the 
reliability of the RAC collection rate to estimate LWC. 

Fog Water Composition Comparisons 

In the following section, various data sets have been compared to determine their statistical 
relationships. Linear least-squares regressions and correlation coefficients have been determined 
by Waldman.62 However, since neither measurement in data pairs represented an "error-free" 
independent parameter, least-squares analysis was not strictly applicable.63 As an alternative, we 
have also calculated standard errors for sets of paired data (X;, Y;) based on their relative differ­
ence with respect to the mean of the pair: 

t::,,. _ 2 (Y; - X;) 
(1) 

I x; + Y; 

Since the values of many of the parameters ranged over several orders of magnitude, this statistical 
treatment was advantageous because it avoided an overemphasis on data pairs of the highest 
concentrations. Major constituents were normally present at levels far above the limits of detec­
tion. The samples which had greatest analytical error were frequently the most concentrated ones. 
These had the smallest volumes plus required substantial dilution. The mean and standard devia­
tion of I::. were compared with the t test to determine whether a nonzero mean had significance.63 

Caltech Fog Collector (RAC) Reproducibility 

Two identical RAC instruments were operated in fogs at Henninger Flatss during seven separate 
events in June 1983. During one event (June 11), samples were taken while the collectors were 
situated adjacent to each other (3 m apart). The remainder of simultaneous samples were taken 
with the RAC's located 30 m apart at opposite comers of the nursery area. Sample handling and 
analytical protocols were identical, and sampling intervals were generally 60 min. 

Comparisons for simultaneous RAC samples are summarized in Table IV. Plots and addition 
statistical parameters have been presented by Waldman.62 Despite wide ranges of ambient concen­
trations, the agreement between samples was remarkably good. Samples collected apart did not 
show statistically greater compositional variability than those collected side-by-side. For the domi­
nant ions (H•, NH.•, NO3- and SO.2-), the standard errors (a.:.) were :S 10'1,. With the exception 
of calcium, the remainder of measured ions had standard errors between I0'i',-15'1t. 

ii 
,.'I 
L 

https://Waldman.62
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Table IV. Rotating Arm Collector {RAC) Sampling Repfoduclblllty 

Sic»-by-Sldel•l Separatecf(•) Time-A~> 

Parameter nlc) a(t,)<dl n a(6) n a(.!,) 

pH in field•l 13 0.01 17 0.04 14 0.02 
Hydrogen 13 3 17 10 14 4 
Sodium 
Potassium 

9".,.. 10 
13 

16 
12 

10 
16 

12" 
11• 

8 
17 

Ammonium 12 10 16 12 14 7 
Calcium 12 26 16 14 13 11 
Magnesium 11 + 8 15 10 13 7 
Chloride 6 13 10 9 13+ 9 
Nitrate 11 + 6 14+ 9 14 5 
Sulfate 11 + 4 14.. 8 14 5 
Collection 13 12 17 27 14 8 

(14+ + + 13) 

a. Based on Caltech laboratory results; RAC's located 3 and 30 m apart, nispectively. 
b. Based on RI laboratory results; time-averaged samples per H&B. 
c. Number of sample pairs; + indicates exclusion of 1 outlier pair; x indicates exclusion af 1-2 pairs 

near detection limits. 
d. Standard deviation, a(l>), of relative difference ~n pairs (expreaed in percent) where: 

6; - 2(y,x;Y(x,-yj. 

e. For the pH difference (6pH), with a(6) expressed in pH units. 

There was a greater difference observed in the collection rates for the separated collectors, 
although most of the scatter was associated with a few outliers. Part of this may be due to 
temporal and spatial variability of fog density at the site, although these fluctuations were gener­
ally dampened by taking longer sampling intervals. For example, the third column in Table IV 
shows the improvement in the comparison for a data set with averaging times of 2 to 3 h intervals 
(see next section). Nonetheless, the occasional differences in collection rates did not result in 
greater compositional disparities for those samples. 

Comparison of the RAC with Other Collectors 

Five different collectors were operated simultaneously on five dates in June 1983 at the Hen­
ninger Flats nursery. These were (a) the Caltech RAC; (b) the Dcscn Research Institute jct 
impactor (ORI); (c) the Global Geochemistry Corp. mesh sampler (GGC); (d) the Atmospheric 
Science Research Center rotating string collector (ASRC); and (e) the AeroVironment rotating rod 
collector (AV). The RAC has been described in an earlier section. Descriptions of the others arc 
given below. 

DR!. The ORI linear-jct impactor was designed for use inside an experimental cloud chamber; a 
lower size cut between 2 and S µm has been reponed.... Air was drawn through three rectangular 
jets at a total rate of 1.2 ml min-1• The instrument contained internal impaction surfaces that 
rotated and moved the impacted droplets away from the air jct to minimiu: evaporative losses. At 
Henninger Flats, the ORI collector was located inside a SS gallon drum, elevated 2 m above 
ground level and open at the bottom. This design feature was intended to eliminate collection of 
raindrops and to reduce a sampling bias that could be cause by variable wind conditions at the 
inlet. A fan was used to supplement the upward airflow inside the drum. 

GGC. The GGC collector was a V-shapcd, Teflon-lined tube (10-cm diameter) with its inlet 
approximately 0.8 m above ground level. At the inlet of the tube, a 4-cm thick polypropylene mesh 
of filaments (0.41 mm diameter with 96% void volume) was used to collect fog droplets with an air 
sampling rate of 1.7 ml min·1• The droplet size cut was below 3 µm diameter with nearly JOO'lo 
efficiency for D0 >S µm, based on the mesh manufacturer's spccifications.40 The collected liquid 
drained into a bottle at the bottom of the V-tube. 

ASRC. Nylon strings (0.41 mm diameter) were mounted at a slight angle from vertical between 
two plates which were rotated at 100 rpm. The instrument was located on a mast about 3 m above 
ground level. Water collected on the lower plate and was manually tnnsfcrrcd into collection 
bottles at the end of each sampling period. 

https://spccifications.40
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Table V. Compartaon BatwNn Fogwater Samples from Different Collector Deaigns<•I 
DAlva RAC GGCvaRAC DRlvaGGC POOLED 

,_r(C)Parameter n o(t.)lbl n o(t.) n o(t.) n 
pH in fiatcfdl 16 0.08 15 0.07 15 0.11 16 0.07 
Hydrogen 
Ammonium 

16 
16 

19 
21 ·< + 13)1•) 

15 
16 

16 
14.(+20) 

15 
15 

25 
19 

16 
17 

15 
24 

Nitrate 16 21 16 12•( + 12) 15 10"(-10) 17 17 
Sulfate 16 20 16 14•(+15) 15 21 17 21 

n Ratio'-~ n Ratio n Ratio 
Sodium 14 0.4;t0.2 13 1,5± 1.5 13 0.4;t0.2 14 50 
Potassium 11 0.8±0.5 13 3,2±3,9 10 0,4±0,2 14 76 
Calcium 14 0.4;t0.2 13 2.8±0,7 13 0.2:t0.1 14 81 
Magnesium 14 0.6;t0.3 13 1.3±0.7 13 0,6±0-2 14 37 
Chloride 16 0.9±0.2 16 1.6±0,7 15 0.7:t0.3 17 25 
LWC(Ql 10 1.2;t0.3 10 1.2;t0.2 9 1.0;t0.3 17 41 

a. Data for combined sampl,s as given in Hering and Blumenthal (40). 
RAC • Caltech rotating arm collector (CRC code "C"); 
ORI • Desert Research Inst. jet impactor; 
GGC • Global Geochemistry Corp. mesh collector (CRC code "G"). 

b. Standard deviation, o(t.), of relative difference between pairs (for collector y vs x), expressed in 
percent. See Table IV note c. Pooled standard deviation (i.e., averaged for n Hts) expressed as 
percent of pooled mean value. 

d. For the Pli difference (t.pH), with o(t.) expressed in pH units._ 
e. Non-zero t.has statistically significant (>95%) based on t-test; .c.(as percent) given in parentheses. 
f. Mean and standard deviation for concentration ratio: [YV[x). 

g. Liquid water contents from collectiOn rates; ratios for dense fog samples only; pad for all samples. 

AV. Two fractions of droplets were collected by impaction to a Teflon-coated rod rotated at 34S0 
rpm. The outer part of the rod was 1.6 mm and the inner part 19 mm in diameter; the nominal size­
cuts for each have been given as 2.S and 10 µm, respectively. The impacted droplets were transfer­
red to stationary polyethylene troughs by centrifugal force and drained by gravity to separate 
collection bottles. 

A detailed report on the collector intercomparison was prepared by Hering and Blumental,.o 
along with a comprehensive data volume. 39 In the Hering and Blumenthal study, samples from all 
collectors were submitted to Rockwell International Corp. (RI) for analysis. Excellent a~reement 
was found between the Caltech and RI laboratory results for most individual samples. 

Because most of the other instruments collected liquid at lower rates than the RAC, they 
generally required longer sampling intervals. For most of the compared data sets, volume­
weighted averages were calculated for two or three sequential RAC samples in order to match the 
intervals required by the other collectors. For example, comparison of these combined values for 
simultaneous RAC samples has been presented in Table IV. 

A comparison of data sets for the RAC and the DRI and GOC collectors was conducted to 
ascertain differences in chemical composition due to differences in the reported droplet size cuts. 
The combined sample results given in Hering and Blumenthal.o were used in our analysis. Because 
the ASRC collector was an external impaction design that had not been calibrated, it was excluded 
from this discussion. Also, the AV sample concentrations were higher by a factor of 2 or more 
than any of the other collectors for all analytes except pH. Along with the low liquid water 
collection rates, this indicated that significant evaporative losses were occurring. The AV design 
relied upon gravity for removal of the impacted droplets from the exposed circular trough. This 
was not rapid enough and demonstrated the imponance of sample preservation immediately 
following impaction. 

The agreement among the RAC, GOC and DRI collectors was reasonably good for the domi­
nant species (Table V), although it was less than for paired RAC collectors.62 Comparison of 
relative differences (.C.) identified somewhat lower concentrations for RAC samples than for the 
other two collectors in several cases. The differences in collector size cuts may have caused the 
observed bias, if a greater fraction of smaller droplets collected by DRI and GOC designs was 
substantially more concentrated. However, the observed differences were primarily from the two 
or three samples with higher concentrations that were collected during lower LWC. The remainder 
of data pairing showed I: I correspondence in dense fog. These results suggested that composi­
tional differences were caused by evaporation of samples within the two internal surface collectors 

https://collectors.62
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during light and patchy fogs. This effect was most pronounced in periods when the RAC collected 
measurable liquid water while GGC and DRI collectors could not. In those cases, impacted 
droplets had completely evaporated before sufficient volumes were able to drain to the collection 
bottles. 

Concentrations of cation species such as sodium and calcium were routinely greater in RAC and 
GGC samples than in DRI samples. In Table V, the ratios for cations rather than their relative 
differences are given. These species are associated with soil dust and expected in the coarse particle 
fraction. Thus, the observed differences for cation concentrations may be caused by the collector 
inlets. At low wind speeds, the collection efficiency for droplets of increasing size would decrease 
because their inertia prevents them from following streamlines entering the inlet.21 •51 For example, 
St .. 1ct :S 0.25 assures that the inlet sampling bias remains below 3011/'o,21 for the Stokes number is 
based on droplet diameter, inlet velocities and the inlet radius. 

For the RAC, the upper size-cut (D.) was estimated to be 200 µm, for the RAC arm taken as an 
"inlet~ and the fan-induced wind (1.5 m s·1) as an "inlet velocity." For the GGC collector inlet 
geometry, D. = 45 µm was calculated for the same criterion of Si_. In the case of the ORI 
collector, the inlet to the drum was large (60 cm diameter), therefore collection of droplets up to 
200 11m should not be biased due to inertial considerations. However, since the inlet faced down­
ward, this would result in an exclusion of larger droplets caused by gravity. The threshold droplet 
size was calculated to be 70 µm, based on the velocity at the drum inlet (15 cm3 s·1). Dry particles 
with greater than unit density would be excluded at even smaller sizes (e.g., p, = 2 g cm·3 gives D. 
= 35 and 22 µm for DRI and GGC, respectively). 

In addition, it appeared that the intense research activity at the field site caused the higher levels 
of soil dust cations, notably calcium, in RAC and GGC samples. For example, the volume­
weighted Ca/Mg equivalent ratio was 1.1 for 31 RAC samples collected at Henninger Flats earlier 
in 1983, before intercomparison activities had commenced. During the intercomparison, this ratio 
was raised to 1.9 for RAC samples and > 3 for GGC samples. For DRI samples, this ratio was 
I.0. The RAC and GGC collectors apparently captured dust particles along with the fog droplets 
while these were generally segregated at the DRI inlet. As opposed to the RAC, the GGC inlet was 
not more efficient for collection of larger panicles. However, the positioning of their inlet too 
close to ground level allowed soil dust to contaminate the GGC samples, as demonstrated by the 
frequent disparities in cation concentrations observed for adjacent GGC collectors.62 

In summary, the essential chemical characterizations of fog water were the same for each 
collector. Relatively good agreement among the three designs was found for concentrations of 
major chemical constituents such as H •, NH,•, N03- and so,z- during most sampling periods. 
Collection of soil dust by RAC and GGC collectors was noted. In spite of sample evaporation or 
inherent differences in droplet size cuts (large and small), the collective uncertainties for major 
ions were between 1511/'o and 2511/'o. In fact, for the majority of samples, far closer agreement was 
achieved. For major ions, the substantial differences in collector design did not result in systematic 
bias in chemical composition under conditions of dense fog. 

Liquid Water Content Measurements 

The methods used to determined LWC at Henninger Flats in June 1983 included: (a) rates of 
collection for the various fog water collectors; (b) droplet sizing by an optical panicle counter 
(OPC); (c) infrared (IR) extinction measurements; and (d) sampling of fog-laden air with filter 
papers. Measurements obtained by these methods were averaged for the RAC sampling intervals 
or, for comparison with other fog water collectors, the longer sampling interval. 

A considerable scatter existed among measurements (Figure 8). Several methods indicated 
entirely different ranges of LWC. It is important to recognize that these techniques did not 
necessarily measure the absolute quantity of liquid water in the air; rather, they provided an 
operational parameter based on instrument response. A significant problem in assessing different 
techniques has been that there is not an accepted standard method for the determination of LWC. 

Fog Water Collection Rates 

The fog water collectors inherently provided a gravimetric assay of LWC. In fog water chemis­
try studies, this has the advantage that it is uniquely paired with compositional data for each 
sample. Estimations of LWC were based on the rate of liquid water collection normalized to the 
specific air sampling rate for each collector. The RAC sampled air at a flow rate of S m3 min-1, 

given its rotation velocity and dimension. Incomplete renewal of air in the wake of the rotating 
arm or the omission droplets smaller than the lower size cut would reduce the efficiency of liquid 

https://collectors.62
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Flgunt 9. Fog collection rates and calculated LWC for 11 June 1983. 

water collection. The RAC collection rate has been compared to the DRI and GGC collectors for 
which the air sampling rates could readily be measured: 1.2 and 1.7 m3 min--1, respectively. 

As compared to the compositional correlations, greater deviations from I: I agreement existed in 
the LWC values (Figure 8a-c). The density of fog was found to alter the relationship between 
collector rates. As mentioned previously, the RAC was efficient in collecting samples during 
periods of light fog while the other collectors were not able to operate. The RAC motion supplied 
ample centrifugal force for immediate removal of impacted liquid. For ORI and GGC collectors, a 
sufficient wetting of the internal surfaces was required before water flowed by gravity to the 
collection vials, and this was sometimes limited by evaporation during light or patchy fog condi­
tions. The data that was obtained during periods of relatively stable and dense fog is indicated by 
the shaded circles of Figure 8a-c. 

The scale and sharpness of lower size-cuts are imponant aspects of quantitative liquid water 
collection. Droplet size distributions during fog showed that > 9S'l• of liquid water was in the 
range of 5 to 3S 11m diameter. Given the lower size cuts for ORI and GGC samplers, these 
collectors should be close to IOOOJo efficient, except when sample evaporation becomes a problem. 
In contrast, between 300/'o and 700/'o of liquid water was measured in droplets larger than 20 11m, 
which is the lower size cut indicated for the RAC.lll Based on these estimates, the collection 
efficiencies of DRI and GGC designs should be O.S to 3 times higher than the the RAC. However, 
the actual collection efficiencies showed a fairly close agreement (Figure 9). On the average, the 
ORI and GGC values were essentially the same, although each was only about 20"- higher than 
those determined for the RAC during dense fog (sc:c Table V). 

Droplet Size Spectra (CSASP Method) 

The optical panicle counter used at Henninger Flats was the Classical Scattering Aerosol 
Spectrometer Probe (CSASP-100 HV) manufactured by Particle Measuring Systems, Inc. (Boul­
der, Colorado). Several droplet size distributions measured in 60-s intervals with the CSASP are 
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shown in Figure 10. The measured spectra agreed well with typical droplet size parameters, such as 
mass median diameter and spectrUm shape, that have been reported in the literature for 

60•61fogs3M 6- and specifically for intercepted stratus.31 However, the LWC values resulting from 
integration of the size data were high by a factor of 4 to 10 compared to value determined by the 
other methods. These high values were unrealistic relative to previously reported LWC and to the 
basic principles of cloud microphysics. For example, updraft velocities typical of strongly convec­
tive clouds are generally the only conditions for which LWC values higher than I g m·3 are 
found. 11 Yet, sizing data from the CSASP at Henninger Flats indicated LWC values sometimes 
higher than 2 g m·3! 

Preliminary attempts in our laboratory to calibrate the instrument in the size range of interest, 
10-30 µm, were inconclusive except to demonstrate that significant oversizing was not occurring in 
this range. Based on the reported calibrations of PMS instruments,65 sizing errors are generally 
limited to ± 3-4 µm. While such errors can cause appreciable errors in LWC, they are not 
sufficient to cause an upward shift of the magnitude we found. Other investigators have reported 
somewhat similar experiences in LWC determinations with particle spectrometers in ambient fogs 
and haze, although not to the same extreme. Biases of two or more in calculated LWC or 
extinction coefficients, relative to other methods (or for side-by-side OPC's), were not uncom­
mon.61•-

Nonetheless, the time series of CSASP-derived LWC were consistent with the uends measured 
by the other methods (compare Figure I la and Figure 9). The scaling between values was also 
fairly consistent (Figure 8d) which indicated that errors in sizing, if occurring, did not appreciably 
change with LWC. The CSASP-measured size distributions showed that variations of LWC were 
primarily dependent on the droplet number concentrations. For more than tenfold changes in 
LWC, the measured median size did not appreciably change (Figure l la-c). 

Droplet number concentrations at Henninger Flats were compared to fog condensation nuclei 
(FCN) monitored during the same period by Hudson and Rogers.69 They alternately measured the 
total condensation nuclei in fog-laden air and in air with droplets removed (D0 > 2-5 µm). By 
difference (total minus nonactive FCN), this indirectly provided values of droplet number concen­
trations between 100 and 400 per cm·3• Direct comparison of simultaneous CSASP and FCN data 
indicated that the CSASP number concentrations were higher by a factor of 3.8 :t 2.1 for 42 cases 
in dense fog (J. Hudson, unpublished data). 

Since the CSASP data were so strongly correlated with fog water collector rates and the 
measured infrared extinction (see next section), we feel that this instrument provided a qualitative 
measurement of temporal variability in LWC and associated size spectra. These data wee useful in 
understanding the nature of stratus cloud interactions at the mountain slope and the variability 
found among other methods. The existence of the fine structure of LWC during fog was hidden by 
the long sampling intervals required by most of the other techniques. The cause of instrument bias 
has not been identified with certainty, however. 

Filter Results (Hi- Vol Method) 

Three standard high volume (hi-vol) samplers with paper filters were operated at Henninger 
Flats, generally two at a time. The average for these are shown in Figure 8. There were operational 
difficulties associated with measurements at the site. The accumulated moisture on filters was 
subject to evaporation in the fogs of low density and short duration. In addition, the hi-vol 
samplers were oriented with the axis of the inlet facing upward. A positive bias was suspected from 
the direct collection of drizzle during periods of fog sampling on June 11. On dates thereafter, rain 
shields were deployed over the inlets. 

In spite of problems associated with patchy fogs or drizzle, the hi-vol method appears to be the 
most direct method available for ground-based measurements of LWC. All droplets are collected 
on the filter, and there is no dependence on impaction efficiency or droplet size cut, as for fog 
water collector designs. The St;.... criterion given previously indicates no inlet bias for D0 < 100 
µm. In stable fogs, this technique has been reported to have good precision, 35 although reproduc­
ibility between samplers at Henninger Flats was only fair (c,A = 30'7o). 

From the limited number of intervals with reliable hi-vol samples, measurements indicated that 
LWC was in the range of 0.1 to 0.4 g m·3• This was consistent with the range of LWC determined 
with the CO2LT. Together, these two methods demonstrated that the efficiencies of the fog water 
collectors were below 100070 in dense fog at the mountain site (Figure 8f; nondrizzle data have been 
indicated with shaded circles). 

https://Rogers.69
https://stratus.31
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Conclusions 

Large uncertainties in measurements of LWC during fog water sampling were underscored by 
the wide range and considerable scatter between the methods compared. In some cases, fair 
correlations between methods were found. A bias at low LWC was noted for several fog water 
collectors and for the hi-vol filter method. Correlations improved for dense fog conditions. The 
best precision was found for adjacent operation of identical fog collectors. 

Collection efficiencies in dense fog were somewhat lower for the RAC compared to DRI and 
GGC collectors. However, the factors that distinguished the collectors were not commensurate 
with the differences that were predicted on the basis of their nominal size cuts and droplet size 
distributions in fog. The magnitude of LWC indicated by IR extinction and filtration methods 
were roughly SO'lo higher than indicated from fog water collection rates. Funhermore, the higher 
range of LWC determined by the C02LT and hi-vol was more consistent with the densities 
previously reponed for intercepted clouds and fogs. 

It appeared that each of the fog water collectors was less than IOO'lo efficient. Thus, the 
presumption of total droplet collection by GGC or DRI collectors was not substantiated. The 
disparity between expected and actual collection was apparently not caused by segregation of 
larger droplets at the collector inlets. No substantial differences in solute concentrations were 
found for the dominant species. These results suggest that the actual collection characteristics of 
the three distinctly different designs are more closely aligned than indicated by their design 
specifications and respective calibrations. 

A factor that contributed to the scatter observed among alternative methods was the systematic 
variations in instrument responses with rapidly changing fog conditions, displayed by CSASP. The 
uncenainty among LWC measurements was ±30'7o to SO'lo. At this time, the techniques available 
to us precluded greater accuracy in the absolute determination of LWC. 

We have estimated an average efficiency for the RAC collector to be approximately 60'10. 
Because the chief interest of our research has been in the fog water chemistry, the RAC collection 
rates with this factor applied have been used to determine LWC in the field. We feel that the RAC­
derived values were the most appropriate because: (a) they were highly reproducible; (b) they 
correlated reasonably well with the other fog collector values and other LWC measurement meth­
ods; (c) the comparison of fog collectors provided no conclusive information about the composi­
tion of the fog water fraction omitted by the collectors; (d) the validity of droplet size distributions 
measured by the CSASP was vitiated by an unresolved bias in LWC; and, (e) RAC-derived values 
were available at all field sites and for all sampling intervals. 

MODELING THE CHEMISTRY OF FOGS AND CLOUDS 

Overview 

Calven '0 has pointed out that gas-phase reactions of S02 with ozone (03), hydroxyl radical 
(OH•) and hydroperoxyl radical (H02•) are too slow to account for observed rates of sulfate 
production in humid urban atmospheres71 and in wave clouds.72 Consequently, the catalytic autox­
idation of S02 in deliquescent haze aerosol and hydrometeors has been proposed as a viable non­
photolytic pathway for the rapid formation of sulfuric acid in humid atmospheres.73•71 In addi­
tion, hydrogen peroxide and ozone have been given serious consideration as important aqueous­
phase oxidants of dissolved S02 as discussed by Martin.16 Oxidation by H20 2 seems to be most 
favorable under low pH conditions (pH :S 4) because of a rapid rate of reaction and a negative pH 
dependence that favors the facile conversion of HS03• to sulfate. In comparison, metal-catalyzed 
autoxidation and oxidation of S(IV) with 0 3 tend to proceed more slowly with decreasing pH.79 

Limiting factors in the autooxidation pathways are the total concentration of the active metal 
catalyst and its equilibrium speciation as a function of pH. Los Angeles fog water contains high 
concentrations of iron, manganese, copper, nickel and lead. 3·• Of these metals, Fe, Mn and Cu are 
expected to be the most effective catalysts for the reaction of S(IV) with molecular oxygen.11-11 

Observed .concentrations of Fe and Mn in fog of ..00 µMand IS µM, respectively, were not 
unusual. 3·•·62•12 Model calculations indicate that metal-catalyzed autooxidations may contribute 
significantly to the overall sulfate formation rate in atmospheric droplets, panicularly in the range 
of Fe and Mn concentrations observed in urban fog.•.62.IMl 

Previous effons in this laboratory established a basic framework for the development of a 
model for the detailed chemistry of urban clouds and fogs.'° Additional work by Chameides and 

https://Martin.16
https://clouds.72
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Davis,.. Chameides," Seigneur and Saxena,16 and Graedel and Goldberg" has been used as a basis 
for improvement of our initial modeling effons. 

The original model developed by Jacob and Hoffmann'° was a hybrid kinetic and equilibrium 
model. A basic set of 32 equilibria involving imponant species found in fog and cloud water were 
considered.3.• Superimposed on this basis set of equilibria were an additional set of seven empirical 
rate equations for the time-dependent, aqueous-phase oxidation of S(IV) and N(lll) to produce 
H•, S(VI) and N(V). At each time step in the numerical computation, the complete equilibrium 
problem was solved for reactions that had characteristic times much shorter than the size of the 
time step. In addition to the purely chemical pathways, the physical processes of nucleation 
scavenging, droplet growth on condensation nuclei, and gas-liquid mass transfer were considered. 
Jacob and Hoffmann'° found that the important oxidants of S(IV) and 0 2 as catalyzed by Fe(lll) 
and Mn(ll), H20 2 and 0 3• Nitrate production was found to be dominated by HN03 gas-phase 
scavenging. Gas-phase ammonia and hydrogen peroxide were also scavenged efficiently. Forma­
tion of hydroxyalkylsulfonates, due to the in situ reaction of aldehydes and S(lV), was found to 
significantly increase the droplet capacity for S(IV) but did not slow down the net S(IV) oxidation 
rate leading to cloud acidification. The concentrations of major aqueous-phase species were found 
to be controlled primarily by condensation, evaporation and pH. The composition of the precur­
sor haze aerosol or cloud condensation nuclei will determine to a large extent the observed 
chemical speciation of the droplet phase. Hoffmann and Jacob11 have considered a variation of 
the above model that incorporates dynamic gas-phase chemistry in addition to the aqueous-phase 
module. Chameides and Davis.. and Chamcides93 have incorporated coupled gas and aqueous 
phase photochemistry into the development of a model for the acidification of remote marine 
stratiform clouds. They have shown that, in addition to the above pathways, aqueous-phase free 
radical pathways can contribute substantially to the generation of acidity via the in situ oxidation 
of S(IV) and HCHO to S(Vl) and formic acid, respectively. The principal oxidants of S(IV) as 
identified by Chameides were H20 2, 0 3, OH and H02• Parameters found to affect the S(IV) to 
S(VI) conversion rate were the accommodation coefficient for the reactive species of interest, the 
liquid water content, and the ambient levels of S02 and HN03• Similar considerations in model 
development were made by Graedel and Goldberg.11 Seigneur and Saxena16 have adapted the 
Jacob and Hoffmann10 approach in a coupled gas-phase and aqueous-phase kinetic model. Their 
results were in general agreement with Jacob and Hoffmann for the special cases of urban fogs 
and clouds. The main effect of the addition of the gas-phase module was to provide dynamic 
nonaqueous sources of HN03 and to illustrate that the gas-phase hydrocarbon chemistry will 
dominate OH chemistry (i.e., aqueous-phase OH chemistry due to radical scavenging appears to 
be inconsequential). 

SUMMARY OF MAJOR OBSERVATIONS AND CONCLUSIONS 

• Fog water collected at sites in the South Coast Air Basin of Los Angeles was consistently acidic 
with pH values typically ranging from l.7 to 4. The highest acidities were observed during smog 
episodes. The main contributors to the acidity were nitric and sulfuric acids, with a typical 
equivalent ratio of 3: I. Secondary sulfate and nitrate aerosol accounted for over 80117, of the fog 
water loading. 

• Fog water collected at nonurban coastal sites was usually acidic (pH range 3 to 7). Impact of 
emission centers on distant coastal locations was documented. The low alkalinity of marine 
atmospheres make them particularly susceptible to acidification. Oxidation ofoceanic dimethyl­
sulfide could be a natural source of sulfuric acid. 

• Stratus clouds collected at 2500' MSL over the Los Angeles Basin were consistently acidic, pH 
range 2 to 4. Cloud water concentrations were in the same range as those observed in the basin 
itself. 

• Fog water collected in the Southern San Joaquin Valley was not consistently acidic; pH values 
ranged from 2.S to 7.S. Millimolar concentrations of sulfate were typically observed, but high 
ammonia emissions from livestock and cropland neutralized the acid input. Visalia, which is 
some distance from the major emission sources, had alkaline fog water (pH 6-7.S). McKittrick, 
located in an oil field with little surrounding agricultural activity, bad acidic fog water (pH 
2.S-4.S). 

• Liquid water content (LWC) was the major factor affecting ionic concentrations in fogs. As the 
fog formed, droplet growth diluted the droplets; as the fog dissipated, the droplets became more 
concentrated. 

e Evidence was found for the major processes responsible for the acidification of fog water: (i) the 

https://Goldberg.11
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scavenging of acidic precursor aerosol, (ii) the scavenging of gaseous nitric acid, and (iii) 
oxidation of reduced sulfur components to sulfate. Conversion of SO2(g) to sulfate in fog water 
does not appear to proceed faster than lOOJo h-1 and therefore cannot account for the high 
acidities observed at the beginning of fog events; however, sulfate production in the precursor 
air parcel can lead to sulfuric acid fog condensation nuclei. 

• Modeling of fog water chemistry indicated that the high acidities observed can be explained by 
either of the three processes listed above. The main aqueous-phase S(IV) oxidants were found to 
be hydrogen peroxide, ozone and oxygen (catalyzed by trace metals). Aqueous-phase produc­
tion of nitrate was found to be unimportant. 

• The Caltech Rotation Arm Collector (RAC), which has been used to sample fog water, has been 
fully characterized and compared in a controlled field experiment to the performance of collec­
tors of other design. Evaporation of droplets during all stages of collection was shown to be 
negligible. Experimental calibration indicated a lower size cut of 15-20 µm. Field data show an 
overall liquid water collection rate of about 600Jo. The field intercomparison of fog water 
collectors used by various investigators confirmed that our sampler collects representative sam­
ples. 

• A screen collector (lower size cut 2 µm, sampling rate 20 ml min-1) was designed and has been 
used in the field. Side-by-side comparison indicates that samples collected with this collector and 
with the rotating arm have similar concentrations. 

• Concentrations of S{IV) in fog water were far in excess of those expected to be in equilibrium 
with ambient SOz(g). Elevated formaldehyde concentrations suggest the formation of a 
formaldehyde-S(IV) complex; kinetic and model studies have shown that this complex is very 
stable and that its formation leads to high aqueous-phase S(IV) concentrations. 

• Extensive Bakersfield fog water data indicated an important removal to the ground of pollutants 
scavenged by the fog droplets. This was ascribed to the slow residence time of the supermicron 
fog droplets in the atmosphere. In a stagnant atmosphere, this deposition was suspected to 
alleviate build-up of suspended particles. On the mountain slopes surrounding the Los Angeles 
Basin, such nonrecipitating wet deposition was shown to be a significant source of overall 
pollutant deposition. 

• Concentrations of NH4 ·, NOl· and SO.2· in urban fog water samples are routinely on the order 
of 10-l M. 

• The relative importance of NOl · and SO.2· reflects their emission pattern in the vicinity. Nitrate 
exceeds SO.2· by a factor of 2-3 in Los Angeles where vehicle emissions of NO, are significant. 
Sulfate equals or exceeds nitrate in the Southern San Joaquin Valley where emissions form oil­
production facilities are imponant. 

• Ammonia emissions in the Southern San Joaquin Valley are sufficient to neutralize most of the 
acidity present. Acid anion concentrations in Bakersfield are comparable to those in Los 
Angeles, but very few fog water samples had pH < 4; ammonium was about equal to the sum of 
NOl· and SO/·. 

• Droplet growth and evaporation is a major factor determining fog water concentrations-the 
highest concentrations are observed as fog dissipates. 

• Deposition of fog droplets appears to be significant. The mass of solute per volume of air 
decreases over the course of a fog event. Repeated fogs may diminish the build-up of pollutants 
during stagnation episodes. 

• No statistical evidence for aqueous-phase sulfur oxidation can be found for events. However, 
over the course of stagnation episodes in the Southern San Joaquin Valley, the sulfate fraction in 
the aerosol increases. However, mass balance analyses indicate that S(VI) is produced at the rate 
of 7-lOOJo h-1 during fog episodes. 

• Concentrations of S(IV) and CH2O in fog and cloud water on the order of lo-' Mare routinely 
found in urban areas. Peak values are about 10-l M. 

• The panial pressure of SO2 during fog is much too low to suppon all of the S(IV) as free S(IV) 
(SO2 • H 2O + HSO3• + SO/·). The difference is due to the presence of hydroxymethane­
sulfonate, a S(IV)-HCHO adduct that has been identified and quantified using mobile phase ion 
chromatography. 

• The solute loading (mass/ml air) in fog is comparable to that in the aerosol. 
• The NO3·/SO.2· ratio in fog is high than in the dry aerosol preceeding the fog, which suggests 

that gaseous HNOl is incorporated into the fog. 
• Deposition from fog by sedimentation or impaction may be comparable to rainfall deposition at 

some mountain sites. Trees are very efficient collectors and are often bathed with impacted fog. 
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Fogwater impacting on vegetation routinely has a pH 3, which may be injurious to sensitive 
species. 

• In addition to formaldehyde, fog- and cloudwater contain a variety of higher aldehydes. Acetal­
dehyde and proponal (or acrolein) often have concentrations comparable to formaldehyde. 

• Low molecular weight carboxylic acids are present in fog and cloudwater at about Hr• M. 
Formic and acetic acid dominate. 
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Introduction 
Clouds, fogs, and haze aerosols are subjected to the same chemical processes because 

of their physical similarities. For example, cloud- and fogwater droplets are found in the 

size range of 2 to 50 µm, while deliquescent haze aerosol will be in the range of 0.01 to 1 

µm. On the other hand, raindrops are approximately 100 times larger than cloud and fog 

water droplets (0.1 to 3 mm). However, a more important determinant of aqueous-phase 

chemistry within the droplets is the liquid water content (LWC); values of LvVC range 

from 0.1 to 1.0 g m-3 in clouds, from 0.01 to 0.5 g m-3 in fogs, and from 10 to 100 µg m-3 

in haze aerosols. The presence of condensation nuclei, which are composed of both soluble 

and insoluble materials, is essential for the formation of atmospheric water droplets. 

Accretion or evaporation of water to or from the condensation nuclei or droplet is forced by 

the difference between the ambient and local humidities, and is affected by the droplet 

surface tension and the chemical potential of the solutes in the liquid phase. During 

droplet growth, the temperature within the droplet differs from the ambient temperature 

due to the release of latent heat, which in turn depends upon the instantaneous growth 

rate. 

Fog and cloud droplets are highly effective at scavenging certain gases and particles 

present in the atmosphere. The overall fraction of material incorporated into fog droplets 

depends upon nucleation scavenging and gas transfer. The initial chemical speciation may 

be altered by in situ chemical transformations and subsequent droplet-phase scavenging. 

The total concentration of species i in a parcel of air is given by 

( 1) 

where [Cih is the total concentration of Ci (mol m-3) in the atmosphere, [Ci]f is the 

concentration of Ci in the droplet phase in units of mol m-3 ([Ci]f = L[Ci]), [Ci]g is the 

concentration (mol m-3) of Ci in the gas phase ([Ci]g = P Ci(RTt1), and [Ci]a is the 
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concentration of Ci in the non-activated aerosol. R is the universal gas constant ( atm m3 

mo1-1 K-1) and T is temperature in degrees K. 

Fog- and cloud water often have extremely low pH values ( e.g. 1.7 < pH < 4) and 

extremely high concentrations of sulfate (1 to 20 mM), nitrate (1 to 20 mM, ammonium ion 

(0.1 to 20 mM) and trace metals (1 to 1000 µM). Waldman et al. (1) and Munger et al. 

(2) have summarized concentrations reported for fogs and clouds sampled in California and 

elsewhere around the world. Of special interest are the high values observed for so42- , 

NOs-, S(IV), CH20, Fe, Mn, Pb and Cu in fogwater. These values and their 

time-dependent changes indicate that fogs and clouds provide a very reactive environment 

for the accumulation of HNOs and H2S04. Concomitant incorporation of NH3 gas and 

calcareous dust into the droplet phase neutralizes some of the acidity. In the pH domain 

typically encountered in fogs and clouds (pH 2-7), absorption of S02(g), HN03(g), H20 2(g), 

and NH3(g) is thermodynamically favorable because of their relatively high Henry's La,v 

coefficients. 

Of the metals commonly found in atmospheric water droplets, Fe, Mn and Cu are 

expected to be potential catalysts for the in situ oxidation of S(IV) with molecular oxygen. 

Iron and Mn have been found in concentrations as high as 400 µM and 15 µM in fog (1-7). 

Model calculations indicate that metal-catalyzed autoxidations along with oxidation by 

H202, 03, and OH may contribute significantly to the overall sulfate formation rate m 

atmospheric droplets, particularly in the range of Fe and Mn concentrations observed m 

urban fog (8-10). 

In addition to transition metal ions a wide variety of other chemical constituents 

have been found in clouds. For example, carbonyl compounds, such as aldehydes and 

ketones, have been found to influence liquid-phase sulfur dioxide chemistry through their 

reactions with S02 to form stable a--hydroxyalkanesulfonates. Field measurements have 

detected formaldehyde at concentrations of greater than 100 µM in fog- and cloudwater 

samples collected in Southern California (11-13). The concentrations of acetalclehyde. 
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glyoxal, methylglyoxal, and hydroxyacetaldehyde occasionally approach or exceed that of 

CH2O. In addition to each one of the aldehydes present the corresponding carboxylic acid 

r has been observed, although formic and acetic acid dominate the low molecular weight 
J 
t carboxylic acids. They are found found in concentrations as high as 100 µM. 

The presence of CH2O and H2O2 ( 2 - 50 µM )in conjunction with S(IV) at levels 

higher than those predicted by gas/liquid solubility equilibria suggests that 

r fr-hydroxymethanesulfonate (HMS, HOCH2SO3-) production stabilizes a fraction of S(IV)
l 

with respect to oxidation. Equilibrium calculations using available. thermodynamic and 

I kinetic data for the reaction of SO2 and CH20 demonstrate that elevated concentrations of 

S(IV) in fog water cannot be achieved without consideration of sulfonic acid production,
I 

I 
!l HORHSO3- (11). Munger et al. (13) have identified and quantified HMSA using 

ion-pairing chromatography. Other S(IV) adducts which have been observed in cloudwater 

droplets include those formed with glyoxal, methylglyoxal, acetaldehyde, and 

hydroxyacetaldehyde.1 
Jacob et al. (14-17) have systematically characterized the interaction of H2SO 4, 

HNO3, NH3 and in fog, aerosol, and the gas phase. The observed spatial patterns of 

concentrations were shown to closely reflect the distribution of SO2, NO , and NH3X 

emissions within well-defined regions. Furthermore, they (16) have compared field data for 

the H2SO 4-HNO;r-NH3 system with thermodynamic calculations of the aerosol composition. 

Close agreement has been found between field measurements and theoretical predictions. 

Their field studies have shown that typical wintertime conversion rates for S(IV) in fogs 

were about 5 % hr2 and about 1 % hr2 in haze aerosol. 

i Kinetic Considerations of Droplet-Phase Reactions 

4 

t Gas-phase reactions of SO2 with ozone (03), hydroxyl radical (OH·), and 

hydroperoxyl radical (HO2•) are too slow to account for observed rates of sulfate product ion 

f -3-J, 



in humid urban atmospheres (18-19) and in wave clouds (20). Consequently, the catalytic 

autoxidation of SO2 in deliquescent haze aerosol and hydrometeors appears to be a viable 

non-photolytic pathway for the rapid formation of sulfuric acid in humid atmospheres 

(21-26). In addition, hydrogen peroxide and ozone have been established as important 

aqueous-phase oxidants of dissolved SO2 (26). Oxidation by H2O2 seems to be most 

favorable under low pH conditions (pH < 4) because of a rapid rate of reaction and a 

negative pH-dependence that favors the facile conversion of HSO3 to sulfate. In 

comparison, metal-catalyzed autoxidation and oxidation of S(IV) with, 03 tend to proceed 

more slowly with decreasing pH (27). 

Limiting factors in the autoxidation pathways are the total concentration of the 

active metal catalyst and its equilibrium speciation as a function of pH. Los Angeles fog 

water contains high concentrations of iron, manganese, copper, nickel and lead (3,4,6,7). Of 

these metals, Fe, Mn and Cu are expected to be the most effective catalysts for the 

reaction of S(IV) with molecular oxygen (25-27). Model calculations indicate that 

metal-catalyzed autoxidations may contribute significantly to the overall sulfate formation 

rate in atmospheric droplets, particularly in the range of Fe and Mn concentrations 

observed in urban fog. However, the composition of the precursor haze aerosol or cloud 

condensation nuclei will determine to a large extent the observed chemical speciation of the 

droplet phase. 

Chameides (28) has predicted based on model calculations that aqueous-phase free 

radical pathways can contribute substantially to the generation of acidity via the in situ 

oxidation of S(IV) and HCHO to S(VI) and formic acid, respectively. The principal 

oxidants of S(IV) as identified by Chameides were H2O2, 03, • OH, and HO2 ·. Parameters 

found to affect the S(IV) to S(VI) conversion rate were the accommodation coefficient for 

the reactive species of interest, the liquid water content, and the ambient levels of SO2 and 

HNO3• Seigneur and Saxena (29) have predicted that gas-phase hydrocarbon chemistry 

will dominate • OH chemistry (i.e., aqueous-phase · OH chemistry due to radical scavenging 



appears to be inconsequential). While Mozurkewich (30) argues that nitrate radical, NO 3• 

is unlikely to play an important role in the nighttime chemistry of a cloud because of its 

low Henry's Law constant (N 0.03 M atm-2). Jacob (31) has shown that radical pathways 

are very important for the chemistry of remote clouds in terms of formate production and 

ij in terms of the buildup of peroxymonosulfuric acid, a S(VI)-peroxide intermediate of high 
i 

oxidation potential. 

Aqueous-phase pathways for the production of nitric acid are relatively minor 

contributors to nitrate accumulation in the droplet phase because of the low Henry's Law 

constants for NO2 and NO and because of second-order reaction kinetics with respect to 

[NO2] (32-33). The predominant pathways for S(IV) transformation involve reactions with 

f 

I 
H202, 03, 02 (Fe3+ and Mn2+ catalyzed), ·OH, HONO, CH3OOH, CH3CO3H, PAN, HO2·, 

HCHO, and soot. 

A summary of rate expressions and kinetic data for these reactions is given in Table 

1. In order to understand the potential importance of each reaction over a broad range of1 
pH, a comparison of calculated reaction rates for an idealized cloud with a liquid water 

content (LWC) of 0.2 g m-3 at 25 °c and gas-phase concentrations of reactive components 

typical of the Los Angeles atmosphere can be made. We clearly see in these calculations 

that pH is the master variable for this comparative system of reactions. The simple 

calculations show that H2O2 is the most effective oxidant of S(IV) in an open-phase system 

over the entire pH range. Below pH 4.0, hydrogen peroxide appears to be the sole reactant 

capable of producing environmentally significant S(IV) oxidation rates. Above pH 4, a 

number of kinetic pathways in addition to the S(IV)-H2O2 reaction become viable potential 

contributors to net S(IV) oxidation. Ozone, · OH, HO2', HONO and Fe(III)- and 

Mn(II)-catalyzed autoxidation are major contributors to S(IV) oxidation above pH 4. With 

an idealized "sticking coefficient" of 1.0 for -OH, the · OH pathway may proceed as rapidly 

as 500 % hr-1 at pH 5.0. Likewise, the predicted conversion rate for the above reactants at 

pH .5.0 are as follows: H2O2 (331 % hr-1), 0 3 (131 % hr-1), HO2· (2.0 % hr-1), HONO (:36.:3 
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% hr-1), Fe(III)/O2 (200.0 % hr-1), and Mn(II)/O2 (95.5 % hr-1). At slightly higher pH. 

PAN and peroxyacetic acid will contribute somewhat to the net S(VI) production rate. 

In addition to the oxidation pathways for S(IV) mentioned above, one additional 

pathway for S(IV) transformation involves the reversible formation of o:-hydroxymethane­

sulfonate or other hydroxyalkylsulfonates or disulfonatess from the in situ reactions between 

RCHO and S(IV). The details of the thermodynamics of this system have been presented 

by Munger et al. (11) and Munger et al. (13). Using the kinetic data and rate law of 

Boyce and Hoffmann (34) as shown in Table 1 the calculated formation rate of HOCH2SO3 

at pH 5.0 is 43.6 % hr-1 and at pH 7.0 it is 1.95 x 105 % hr-1. These results suggest that 

RCHO/S(IV) adducts form preferentially near sources of SO2 and RCHO in near-neutral, 

aquated haze aerosol. Because of the extremely slow dissociation kinetics for these adducts, 

the sulfonate complexes are metastable in more acidic environments with lower P and
502 

PRCHo· Unfavorable reaction kinetics at pH 3 does not necessarily mean that these 

adducts should not be found. It does indicate that proximity to sources and transport 

considerations are very important. 

Reaction Mechanisms 

Hydrogen Peroxide and Sulfur Dioxide 

(2) 

The oxidation of aquated sulfur dioxide proceeds via a nucleophilic displacement of HSO3 

by H2O2 to form peroxymonosulfurous acid as an intermediate which in turn undegoes an 

acid-catalyzed (both specific acid and general acid) rearrangement to give the products as 

described by the stoichiometry of equation 2 (36). The mechanism can be written as 

follows: 
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Kai ____,_
..--- H+ + HSOs (3) 

k1 -0 
HSOs + H202 ~ o;s-OOH + H20 (4) 

k-1 peroxymonosulfurous 
acid 

(5) 

-0, k3 
o1P-OOH + HA -- (4) 

This mechanism was originally proposed by Hoffmann and Edwards (37) and reaffirmed by 

many other investigators (38). Similar mechanisms have been proposed by Lind et al. (39) 

for the oxidation of S(IV) by methyl hydroperoxide, and peroxyacetic acid. The theoretical 

rate expression that results from this mechanism is as follows: 

d[S(VI)] k1Ka1[H202] [ S (IV) ] 
ll = --- -----------k2[H+] + k3[HA]) (5) 

dt (k-1 + k2[H+] + k3(HA]) ( Kai + [H+]) 

where HA represents any general acid (i.e. weak acid or proton donor). This rate law 

reduces to the form given in Table 2 when the general acid-catalyzed pathway of eqn. 4 is 

ignored. 

Ozone and Sulfur Dioxide 

The oxidation of aquated sulfur dioxide by ozone (40) 

- 7-



(-5) 

proceeds via three independent pathways that involve a nucleophilic attack on ozone by 

S03-, HS Os, and H20 · S02. The starred oxygens indicate labeled oxygen (180 ). 

ko1 ____,.-- (6) 

ko2 ko3 * + O=O (7) 

k11 o......._, 4 

HSOs + 03 - HO-S-03 - -o/ 

* + O=O (8) 

sos-+ 03 

* + O=O (9) 
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The theoretical rate expression that results from the mechanisms of eqns. 6-9 is as follows: 

Equation 10 is readily reduced to the form given in Table 1. 

t 
f Oxygen and Sulfur Dioxide as Catalyzed by Fe{III}
t 

In light of our present work and the work of others ( 41-46) the following mechanism 

is proposed for the autoxidation of of S(IV):

I 
Ka2 

HS03 (11)1 

*Kb 
Fe3+ + H20 ;:::::== FeQH2+ + H+ (12) 

K4 
FeQH2+ + SOg- HOFeOS02 (13) 

red complex 

k1 
~HOFe 1 1 1 osivo2 HOFe 

11
osvo2 (14)-red complex k-1- or a n g e c o mp l ex 

O~Q; 

HOFe 
11

0Sv02 HO~e 
1 1 1 

osvo2 (15) 
or a n g e c o mp l ex 
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A rate expression can be derived from the above mechanism be applying the steady-state 

o:::::0=-
1 1 1 1

approximation around the intermediate, HO Fe OS"02, such that the rate of production 

of sulfate is given by 

o:::::O=-

d[Soi-J - k3[Hate 1 1 1 osvo2] (19) 

dt 

or 

k1d[Soi-] - [ k, ] [ ] K41>J/31[Fe{III)][S(N)][02] 
d t k3 + k-2 k2[02] + k-1 

(20) 

We can reduce Eq. 20 to the following form by assuming that k3 >> k-2 and k2[02] >> k-1 

( these approximations are valid given the magnitude of stability constants (i.e. K2 
k2/k-2) and rate constants for ligand substitution): 

(21) 
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At pH 4, (31 "' 1, k1 "' 0.04 s-1 and k1K4 = 1.0 x 106 M-1s-1• If we compare the predicted 

rate expression of Eq. 21 to the composite rate law (Eq. 22) obtained by analysis of the 

empirical data given the investigators listed in Table 3, 

- d(S ( IV)] = k(Fe(III)][S(IV)] a2 (22) 
dt 

we see that k ~ k1K4• The value obtained for k given in Table 4 is 1-.2 x 106 M-1s-1 while
( 

I 
the calculated value of k1K4 is 1.0 x 106 M-1s-1 (41 ). The active catalytic intermediate of 

Eq. 19 can be drawn as follows: 

I 
l 

f 
in order to reflect the known geometry for octahedrally-coordinated Fe(III) and to reflect 

f 

i 
the Fe-0-S mode of bonding as determined by Raman measurements (41). 

Although Fe has been found in high (~ 100 µM) concentrations in atmospheric 

droplets, much of this iron would be in form of solid particles or colloids. Ferric oxides. 

l such as Fe203, have been identified as components of airborne particles. Other sulfite 

complexes, such as a--hydroxyalkylsulfonates, have larger stability constants than the 

Fe(l11)-S(IV) complexes (K for the HSOj/HCHO adduct = (HOCH2S03]/[HCHO]T[HS03], 

6Thus, given the stability constant K1 = 106· for FeS03, the ratio of 

[Fe(III)]T:[HCHO]T would have to be approximately 30 at pH 2 or 3 x 102 at pH .5 for 

comparable concentrations of FeS03 to coexist with HOCHS03. Aldehydes have been 

found in much higher concentrations than Fe(l11) in cloud-, fog- and rainwater systems. 
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therefore S(IV) speciation is likely to be dominated by RC(OH)SO3 chemistry rather than 

Fe(SO3)g-2n. 

Formation of Carbonyl-S{IV} Adducts 

The reversible formation of S(IV)-carbonyl adducts occurs via nucleophilic addition. 

This involves the attack of a nucleophile, with its lone-pair electrons, on the carbon atom 

of the carbonyl group. Using sulfite as an example, the addition step and associated 

displacement of electrons can be illustrated as follows: 

Polarization induced by the electronegative carbonyl oxygen and by the substituents R1 and 

R2 results in a partial positive charge at the carbon atom and hence a favorable site for 

nucleophilic attack. As sulfite approaches the carbon atom, oriented perpendicular to the 

plane of the carbonyl group, it displaces a pair of 11"-bond electrons and forms a stable 

o--bond. 

The order of increasing reactivity among aqueous S(IV) species has been 

experimentally demonstrated to be in the direction of increasing nucleophilic character 

(47-53): H2O·SO2 < HSO3 < sos-. The second-order rate constants for the reaction of 

bisulfite and sulfite with isobutyraldehyde, formaldehyde, benzaldehyde, and methylglyoxal 

are compared in Table 4. The transition state for reaction with HSOs may involve a 

cyclic, high entropy intermediate whereas that for sos- does not; and that the difference in 

entropy of activation is a major reason for the faster addition reactions of Sos--

The following elementary steps adequately describe the reaction of most aldehydes 
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with S(IV). 

RCH(OH)2 (23) 

(24) 

Ka2 
HSOj (25) 

k1 
HSOs + RCHO ;:::::::::::: RCH(OH)SOs (26) 

k-1 

S03- + RCHO RCH(O-)SOs (27) 

Kaa 
RCH(OH)SOj .=== RCH(O-)SOs + ff+ (28) 

KH 
RCHO + H+ ;::::::::=== RCHOH+ (29) 

ka 
RCHOH+ + HSOs RCH(OH)SOs + ff+ (30) 

The theoretical rate expression that results from this mechanism has the following form far 

from equilibrium: 

d(RCH( OH)SOs) = (ki(S03-J + k2(HS03] + k3KH(H+](HSOj])[RCHO) 
dt 

(31) 
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Heterogeneous Photocatalytic Oxidation of Sulfur Dioxide 

Metal oxide semiconductors such as a-Fe203 can function either as photosensitizers 

or as photocatalysts (54). Absorption of a photon with an energy equal to or greater than 

the bandgap energy, Eg, of a semiconductor results in the transient formation of an 

electron/hole pair (i.e. exciton). 

hv 
(32) 

In the absence of suitable electron and hole scavengers adsorbed to the surface of a 

semiconductor particle, recombination occurs within 100 ns. However, when appropriate 

scavengers are present the valance band holes, htb, function as powerful oxidants while the 

conduction band electrons, etb, function as moderately powerful reductants. Aquated sulfur 

dioxide can be readily oxidized on the particle surface as follows: 

(33) 

HOr 

(34) 

(35) 

(36) 

(37) 



The rate law that arises from this surface-limited mechanism is 

(38) 

f 

where «I> is the instrinsic quantum yield { i.e. S(IV) + h~b - SOs · }, K is the adsorption 

equilibrium constant, (3 is the incident photon flux (M min-1), {Fe203} is the mass 

concentration of catalyst (g 1-1), and , is a function of the apparent absorptivity of the 

solid (L g-1). When the number of reactive surface sites is limiting desorption of SO3-

radical from the surface can occur. This will lead to the following free radical chain 

reaction in aqueous solution: 

SOs· + 02 
k1 

SOs· (39) 

SOs· + HSOs 
k2 

SO.i· + so~- + H+ (40) 

SO.i· + HSOs 
k3 

SOs· + so~- H++ (41) 

2 SOs· 
k4 

S2oi- (42) 

IT 

l 2 SO.i · 
ks 

S2os- + 02 (43) 

2 SOs· 
k6 

S2Os- + 2 02 (44) 

An additional free-radical termination step involves the surficial reaction of SO6· 
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ks 
(45) 

Given this mechanism the following rate expression is obtained (55): 

_ d[S(IV)] 

dt 

(46) 

The photocatalytic production of hydrogen peroxide on particle surfaces has been 

clearly established (56). 

( 47) 

In addition to the photocatalytic production of peroxide, the photocatalytic oxidation of 

weak organic acids such as acetate/acetic acid can proceed simultaneously as follows: 

hv 
2 CH3Coo- + 2 htb C2H6 + 2 CO2 (48) 

Ti02 

hv 
HOOCCOOH + 2 htb 2 CO2 + 2 H+ (49) 

TiO2 
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Table 1. Recommended Rate Laws and Rate Constants According to Hoffmann and Calvert 
(35) for 25.0 oc for the Oxidation of S(IV) in Aqueous Solution. 

V =-d[S(IV)]/dt 

OXIDANT RATE LAW & RATE CONSTANTS 

•OH 

HONO 

CHsOOH 

CHsCOsH 

PAN 

Fe(ID)/O2 

V = (koao + k101 + k2a-i)[O3][S(IV)] 

ko = 2.40 x 104 (M·ls·l) 
k1 = 3.70 x 105 (M·18-1) 
k2 = 1.50 x 109 (M·18-1) 

v = k[H+][H2O2][S(IV)]o1(l + KlH+])-1 

k = 7.50 x 101 (M-2s-1) 
K = 13 M·l 

v = (k10J. + k2a-i)[OH][S(IV)] 

k1 = 9.50 x 109 (M-18-1) 
k2 = 5.50 x lQ9 (M-18-1) 

v = k[H+)[HSOs·][NO2·] 

k = 1.75 x 101 (M-1s-1) 

v = k[H+)[CH3OOH][S(IV)]o1 

k = 1.75 x 101 (M·ls·t) 

v = (ks[H+] + k2)[HS0s·][CHsCOsH] 

k3 = 3.64 x 101 (M-1s-1) 
k2 = 6.01 x 102 (M-1s-1) 

v = k[PAN] [S(IV)] 02 

k = 1.0 x 105 (M·ls-1) 

v = k[Fe(III)](S(IV)]a-i 

k = 1.20 x 106 (M-18-1) 

v = k2[Mn(II)][S(IV)]o1 + k1K1[Mn(II)]2 

k2 = 3.40 x 103 (M·lg·l) 
k1 = 2.0 x 109 (M-1s-1) 
K1 = 1.26 10-10X 
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Soot v = k1K1[Cx][S(IV)]2A-1 

A = 1 + K2(S(IV)] + K1(S(IV)]2 
k1 = 1.04 x 101 (mol g-1s-1) 
K1 = 4.92 x 108 (M-2) 
K2 = 2.96 x 105 (M-1) 

HCHO v = (k1oi + k2a-i)Kd[S(IV)][HCHO]T(Kd + 1)-1 

k1 = 79 (M-1s-1) 
k2 = 2.48 x 101 (M-1s-1) 
Kd = 5.5 10-4X 

I 
I 

Table 2. Henry's Law Constants and Acidity Constants at 25.0 oc. 

Species [C] (atm) H (M atm-1) (C] (M) pK1 pK2 

HONO 1.0 10-9 4.9 lQl 4.9 10-8 3.15X X X 

CH3OOH 2.0 X 10-11 1.0 X lQ3 2.0 X 10-7 11.5 
CH3COO2H 1.0 10-12 1.0 lQ4 1.0 lQ-7 8.20X X X 

PAN 3.0 X 10-8 3.6 X lQ0 1.1 X 10-7 
HO2 4.0 lQ-l2 5.0 104 2.0 lQ-6 4.45X X X 

HCHO 3.0 10-8 6.3 lQ3 1.9 lQ-4X X X 

OH 1.0 X lQ-13 2.0 X 102 2.0 X 10-22 11.9 
H2O2 1.0 X 10-9 1.6 X 105 1.6 X 10-4 11.65 
03 5.0 10-8 1.0 10-2 5.0 10-11X X X 

SO2 2.0 X 10-8 1.2 lQO 3.2 X 10-5 1.89 7.22X 

(S(IV)] =(SO2 · H2O]/(S(IV)], 01 =(HSO3-]/(S(IV)], o2 =(SOg-J/[S(IV)],= H502P502%1, a
0 

pH= 5.0 

[H+]2 
ao = ~~--~~------==----~----,:-,c---

( [ H + ] 2+Ka 1 [ H + ] +Ka 1Ka 2) 

Ka1(H+] ,a2 = Ka1Ka201 = 
( [H+] 2+Ka1 [H+]+Ka1Ka2) ( [H+] 2+Ka1 [H+]+Ka2Ka2) 

-21-
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Table 3. Formation Constants for Selected Bisulfite-Aldehyde Adducts 

Aldehyde µ (M) Ref. 

X XHCHO 8.33 106 6.60 109 25 0.01 (48) 

XCH3CHO 6.90 105 25 0.02 (52) 

XCH3CH2CHO 1.30 104 20 0.01 (49) 

C6HsCHO 4.80 1Q3 9.55 103 25 1.00 ( 4 7)X X 

XCHOCHO 2.81 104 25 0.02 (53) 

CH3COCHO 8.21 108 8.13 108 25 0.20 (-51)X X 

XHOCH2CHO 2.00 106 25 0.20 (.52) 

* eK1 = [RCH(OH)S03-]l([RCHO] + [RCH(OH)2])[HS03] (M). 

t K1 = [RCH(OH)S03-J/[RCHO][HS03] (M). 

Table 4. Rate Constants for the Rate Expression of Eqn. 31 (25 OC). 

RCHO k2 (M-1s-1) k1 (M-1s-1) µ (M) Ref. 

X XHCHO 2.48 107 7.90 102 1.0 (34) 

C6HsCHO 2.10 104 0.71 1.0 ( 4 7)X 

X 

CH3COCHO 3.66 108 3.45 X 103 0.2 (51) 

(CH3)2CHCHO 1.40 104 0.1 (48) 

X 

X XCHOCHO 1.04 107 6.50 102 0.2 (53) 
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METHYL HYDROPEROXIDE 

ak1 
~Hso; + CH300H ....::. )3-oOCH3 + H20 
~1 o" 

0-a I 
slow 's-OOCH + H+ ,__.s,

/ 3 
HO I OCH30 0 

0 
I 
s + H20 ....::. 

k3- CH30H + H2S04
Ho/l'ocH3 k_3

0 

= 0.11 k = 7x103 M- 1 s1K3 3 



PEROXYACETIC ACID 

0 -o 0
IIHso; + CH3COOH 's-oo8cH3 + H2o 

k_1 #
0 

-o 0 0 
k2 

slow ~s-o8ccH3 + H+ ➔ ! i 
o'I Ho/l'occH

0 3 

0 
k3 
___;;;;,,:a,,,! 0 CH3C02H + H2S04Ho/l'o II + Ho ---O CCH3 2 k_3 



i-=~•-=1 ,,·-=~ ~•=- ,---c~-- ,==r~:::.:::....-, ~ ~ 

~ o::::==-==, ~ ~ -■ ---- o::a■il••- ~ ) _ ____,::__J,i ' I c. ..... --::::7 ! ,~ _,----_,-,1 ,---,. .----;-.r=-7 

11 = k [H+] [ROOH] [Hso;] 

Ii -2 -1 * A I k = k2 k11 k_ 1 (M s ) K1t (M atrii 1) t 

H- I 7.2 x 107 7.4 X 104 

102CH3 I 1.1x107 2.2 X 

0 
II 

CH3C- I 3.5X107 4.7 X 102 

*Lind et al. ( 1987) t Lind & Kok ( 1986) 

18°C 25°C 
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Abstract 

Cloudwater was sampled during the fall of 1985 and the spring of 1986 in Sequoia 

National Park in the southern Sierra Nevada Mountains of California. Concentrations of 

major species in the cloudwater vary widely both within one cloudwater impaction event 

and from one event to another. The pH values of the samples range from 4.4 to .j_ 7. 

Organic acids are seen to be important contributors to the chemical composition of the 

cloudwater at this site. 

The advance of cold fronts seems to lead to higher aerosol and gas phase 

concentrations in the Park than would be seen under normal mountain-valley circulations. 

particularly during the night and morning hours. The arrival of these increased 

concentrations prior to and during cloud impaction on the mountain slopes leads to higher 

cloudwater concentrations than would otherwise be expected. Estimates of annual 

deposition rates of N03-, S042-, NH4+, and H+ due to cloudwater impaction are comparable 

to those measured from rainfall. 



Introduction 
Interception of acidic cloudwater has been implicated as a possible contributor to the 

decline of forest stands both in North America and Europe (McLaughlin, 1985). Plant 

injury in forests has been observed to increase at higher elevations where immersion in 

cloudwater is more frequent and other stress factors become important (Johnson and 

Siccama, 1983). In order to estimate the potential impact of acidic cloudwater deposition 

on forest communities several issues must be addressed. Aside from the difficult questions 
r 

concerning dose-response relationships between ambient cloudwater and members of the 

I plant community, these include the frequency of cloud impaction in the area of interest, the 

rate of cloudwater deposition to the plant surfaces, and the chemical composition of the 

deposited cloudwater. Contributions by cloudwater to acidic deposition should also be 

compared to contributions by rainfall and dry deposition. 

Sequoia National Park (SNP), located in the southern Sierra Nevada Mountains of 

California has extensive stands of conifers which may be sensitive to acidic cloudwater 

deposition. Emissions from the San Joaquin Valley and clouds associated with incoming 

frontal systems frequently pass through the Park (Smith et al., 1981). In order to assess 

the severity of the problem we began a preliminary study of cloud water chemistry in SNP. 

The results of that study, the first of its kind in the Sierra Nevada Mountains, are 

discussed below. 

Site Description and Measurement Teclmiques 
• Sampling Sites 

Cloudwater samples were collected at two sites in SNP during the fall of 1985 and 

the spring of 1986. The main collection site is situated on a granite outcrop ( elev. 18,56 m) 

at the Lower Kaweah Research Site below Giant Forest (see Fig. 1). The surrounding 

f forest community is mixed conifer. The same site is used for N ADP rainfall collection 

(Stohlgren and Parsons, 1987). The second site is located 3 km to the southwest at the 

r -1-
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Deer Ridge turnout on the General's Highway. The elevation here is approximately 

1490 m. 

• Measurement Techniques 

Cloudwater samples were collected with the Caltech Active Strand Collector ( CASC) 

depicted in Figure 2. The CASC (Daube et al., 1987a) is an improved version of the 

collectors described in detail elsewhere (Jacob et al., 1985a, Daube et al., 198Tb). The 

CASC employs a fan to draw air across six angled banks of 510 µm teflon strands at a 

velocity of 9 m s-1. Cloudwater droplets in the air parcel are collected on the strands by 

inertial impaction. The collected droplets run down the strands, aided by gravity and 

aerodynamic drag forces, through a teflon sample trough into a collection bottle. 

The major ions, c1-, Soi-, and NO3 , were measured in our laboratory using a 

Dionex 2020i ion chromatograph with a Dionex AS-4 column and a bicarbonate-carbonate 

eluent. Na+, ca2+, and Mg2+ concentrations were determined using a Varian Techtron A.-\.6 

atomic absorption spectrophotometer. NH4 was measured by the phenol-hypochlorite 

method (Solorzano, 1967) using an Alpkem flow injection analyzer. Organic acids were 

preserved by adding chloroform (Keene et al., 1983) to an aliquot of the cloudwater sample 

immediately after collection and later analyzed by ion exclusion and normal ion 

chromatography run in parallel. 

Aerosol and gas measurements were also made at the Lower Kaweah site using filter 

packs. Flow rates were controlled by critical orifices and verified with a calibrated 

flowmeter. Teflon filters ( Gelman Zefluor, 1 µm pore size) were used to collect the aerosol 

for determination of major ions. An oxalic acid impregnated glass fiber backup filter was 

used to collect NH3(g). A nylon backup filter was used to collect HNOa(g). The nylon 

filters were extracted in the bicarbonate-carbonate eluent and the rest of the filters in 

distilled, deionized water on a reciprocating shaker. The extracts were then analyzed by 

the same methods that were used on the cloudwater samples. 

-2-



11, Results and Discussion 

A total of twelve cloudwater samples were collected during five cloud impaction 

events. All of the sampled events were associated with cold fronts approaching from the 

north or northwest. The first eleven samples were collected at the Lower Kaweah site. 

The last sample was collected on May 6, 1986, at the Deer Ridge site because temperatures 

at Lower Kaweah were near O oC and the collected droplets froze on the CASC. 

• Cloudwater Composition 

Table 1 summarizes the chemical composition of the samples. In Figure 3 the 

cloudwater loadings of NHl, NOa, and soi- are presented. (The cloudwater loading of a 

species is defined as the amount of that species present in cloudwater per unit volume of 

[ air. It is equivalent to the cloudwater concentration multiplied by the liquid water content 

of the cloud). Also listed here are the estimated values of cloud liquid water content 

(LWC), derived from the sample collection rate and the theoretical collection efficiency of 

the CASC. 

Wide variations are seen in both the cloudwater concentrations and loadings of all 

the major species. The nitrate loading, for example, ranges from less than 1 neq m-3 up to 

about 60 neq m-3. The ratio of NO3 to Soi- varies from below 0.5 in the fall samples to 

more than 1.5 in some of the spring samples. The pH of the samples ranges from 4.4 to 

5. 7. The last sample, which is the most acidic, is not the sample with the highest ionic 

loading, indicating the importance of the ionic composition of the sample in determining its 

acidity. 

The next to the last column of Table 1 presents the calculated inorganic ion balance 

for each sample (sum of measured inorganic anions/sum of measured cations). For those 

samples with low ionic loadings it is not surprising to see this ratio differ significantly from 
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1.0 since relative analytical error increases near the detection limits. ·with the exception of 

the May 6 sample, however, there seems to be a consistent anion deficit, even for those 

samples with higher loadings. Upon collection of samples 4/24c, 5/03b, 5/03c, and .5/03d, a 

2 ml aliquot of each sample was set aside and preserved with 50 µl of chloroform. Each 

aliquot was analyzed for the presence of formic acid, acetic acid, lactic acid, pyruvic acid. 

and propanoic acid. Table 2 lists the concentrations of the organic anions expected to be in 

each sample based on the measured concentrations of each acid and the pH of the samples 

as measured in the field. In sample 5/03b the total of the concentrations of formate, 

acetate, lactate, and propionate is comparable to the sulfate concentration and is nearly 

twice the nitrate concentration. The concentrations in the other two samples are smaller, 

but still significant. Including these organic anions in the ion balances for the three 

samples changes them from 0.88, 0.62, 0.70, and 0.85 to 0.95, 0.97, 0.97, and 1.10, 

respectively. These ratios are within the error of the analytical procedures. 

Low molecular weight organic acids are seen to be important contributors to the 

overall chemical composition of SNP cloudwater. This is not surprising since lower 

molecular weight organic acids have been shown to be important components of fog and 

cloudwater in the San Joaquin Valley below (Jacob et al., 1986b) and in rainwater collected 

at remote as well as urban sites (Galloway et al., 1984; Kawamura and Kaplan, 1984). 

The solubility of low molecular weight carboxylic acids is enhanced by their dissociation 

(see eqn. 2). Because the cloudwater samples had pH values above the pKa values of these 

acids they effectively scavenged the organic acids from the gas phase. When the pH of the 

cloudwater falls below the pKa values of the organic acids the solubility of these acids is 

diminished. 

Ha 
HA<gJ ;::::= HA(aqi (1) 

Ka 
HA<aqi -=== H+<aqi + A-<aqJ (2) 
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• Aerosol and Gas Phase Measurements 

During the period May 1 to May 6, 1986, aerosol was continuously sampled at the 

Lower Kaweah site. The aerosol, collected generally in six hour samples, was analyzed for 

NO3 , soi- , ci-, NH4 , Na+, Ca2+, and Mg2+. Simultaneous measurements were made of 

the gas phase concentrations of nitric acid and ammonia. Figure 4 presents the results 

obtained for the aerosol loadings of NO3 , Soi-, NHt and c1-. Normally, upslope winds. 

caused by the heating of the air along the mountain slopes, should transport pollutants 

from the San Joaquin Valley to Lower Kaweah. Drainage flows that begin as the sun sets 

and the air in contact with the slopes cools bring cleaner air to the site and transport the 

aerosol back down into the valley. This pattern seems to be reflected in the data for l\fay 

4. 

The data for the periods May 2 - May 3 and May 5 - May 6 show a distinctly 

f different trend. In both periods aerosol loadings rose through the first day and continued 

to either rise or remain at elevated levels overnight and through some portion of the second 

day. A similar trend was observed in the gas phase concentrations. A cold front passed 

through the region during both periods. The arrows on Figure 4 show the approximate 

times at which clouds began to impact the cloud collection site at Lower Kaweah. 

Figure 5 depicts the typical behavior of air masses during the passage of a cold 

front. The advancing denser cold air mass wedges its way under the warmer air mass. As 

the warm air mass is lifted and cooled, cloud formation and precipitation often result. 

Such a large scale lifting of a warm air mass previously in contact with the floor of the San 

Joaquin Valley could increase loadings of aerosol and gas phase species in the adjacent 

mountains. If the disturbance is large enough, the mountain-valley circulation may be 

overcome, resulting in a pattern of increased pollutant loadings at elevation until the front 

has passed. The data from May 2 - 3 and May 5 - 6 are consistent with this scenario. 

It has been shown previously (Jacob et al., 1985, 1986a,b, 1987) that cloudwater 
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composition is in large part determined by the composition of the precursor aerosol and 

soluble gases. The possible coupling of peak gas phase and aerosol concentrations with the 

arrival of a front, as mentioned above, suggests that cloudwater loadings in Sequoia 

National Park or similar locations might be expected to be higher than would be predicted 

based on average gas phase and aerosol concentrations at the same location. 

• Cloudwater Deposition 

The volume-weighted average concentrations of the 12 cloudwater samples collected 

m SNP during this study provide the best available estimate of the average cloudwater 

composition there. These can be used, along with estimates of the average cloudwater 

deposition rate and the annual average number of hours of cloudwater impaction 1 to 

estimate the cloudwater contribution to acidic deposition in the vicinity of Lower Kaweah. 

Lovett (1984) estimated cloudwater deposition rates to a subalpine balsam fir forest that 

varied linearly from 0.2 to 1.2 mm hr-1 for canopy top wind speeds of 2 to 10 m s-1. The 

much taller forest in SNP should be expected to receive at least the same deposition rate 

under similar conditions. Selecting a moderate wind speed of 6 m s-1 yields a deposition 

rate of approximately 0.7 mm hr-1. Data from a current study we are conducting indicates 

that 100 hours per year of cloud impaction at 2000 m in the Park is a conservative 

estimate. Annual deposition rates of H+, NH:t, N03, and s01- calculated using the above 

information are summarized in Figure 6. Also depicted here are the annual average 

deposition rates for the same ions at the Lower Kaweah site contributed by rainfall 

(Stohlgren and Parsons, 1987). The estimated cloudwater deposition rates of all four ions 

are comparable to the measured rainfall inputs. While the estimates of cloudwater 

contributions to deposition in the region are crude, an attempt has been made to keep them 

on the conservative side. The potential importance of this deposition mechanism therefore 

seems clear. Further investigation is needed to refine the estimates made above and to lead 

to an increased understanding of the relative contributions of the different pathways leading 
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to acidic deposition in SNP. 

Conclusions 

Cloudwater was sampled during the fall of 1985 and the spring of 1986 in Sequoia 

National Park in the southern Sierra Nevada Mountains of California. Concentrations of 

major species in the cloudwater vary widely both within one cloudwater impaction event 

and from one event to another. The pH values of the samples range ·rrom 4.4 to 5.7. The 

most acidic sample was not the sample with the highest concentrations of N03- and S042-, 

indicating the importance of the ionic composition of the sample in determining its acidity. 

Organic acids are seen to be important contributors to the chemical composition of the 

cloudwater here. 

f The advance of cold fronts seems to lead to higher aerosol and gas phase loadings in 

the Park than would be seen under normal mountain - valley circulations, particularly 
J 

during the night and morning hours. The arrival of these increased loadings prior to and 

during cloud impaction on the mountain slopes leads to higher cloudwater concentrations 

than would otherwise be expected. Estimates of annual deposition rates of N03, soi-, 
NH:t, and H+ due to cloudwater impaction are comparable to those measured from rainfall. 
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Table 1. Chemical Composition of Sequoia Cloudwater 

f 
i 
I; 

Date Time pH Na+ NH;t Ca2+ Mg2+ 

µN 

c1- NOs soi- -/+ L 

ml/m 

10/21a 0927-1000 5.0 8 29 12 4 4 11 28 0.62 0.15 

I 
b 

C 

1000-1100 

1100-1200 

4.8 

5.1 

2 

1 

16 

8 

9 

4 

1 

1 

1 

3 

6 

3 

18 

13 

0.57 

0.84 

0.21 

0.21 

d 1200-1410 5.4 1 * 2 1 * * * ** 0.09 

4/24a 1142-1305 5.0 680 1526 308 266 491 1140 665 0.82 0.0:3 

l~ 

i b 

C 

1305-1405 

1405-1505 

4.8 

4.8 

157 

231 

594 

900 

58 

72 

47 

66 

129 

192 

354 

537 

269 

396 

0.86 

0.88 

0.16 

0.0-1 

5/03a 1200-1300 5.4 35 448 41 20 44 205 121 0.68 0.24 

I 
.; 

b 

C 

1300-1335 

2015-2115 

5.7 

5.6 

27 

11 

493 

149 

34 

24 

16 

8 

29 

17 

206 

62 

120 

58 

0.62 

0.70 

0.10 

0.22 

d 2115-2215 5.6 10 93 22 8 18 44 54 0.85 0.06 

5/06a 1200-1250 4.4 44 132 18 *** 55 94 83 1.00 0.22 

* below 1 µN, ** concentrations too low to make accurate calculation, *** not measured, ion balance 

l calculated for measured species. 



Table 2. Organic Anions in Sequoia Cloudwater 

* * * Sample pH Formate Acetate Pyruvate Lactate Propionate -/+ 

µN 

4/24c 4.8 68.5 13.8 11.5 0 5.2 0.9-S 

5/03b 5.7 106.7 72.8 0 15.4 7.2 0.97 

C 5.6 31.0 18.6 0 0 2.5 0.97 

d 5.6 19.6 8.5 0 4.6 0 1.10 

* Identification of this species is tentative. 
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Figure 1. 

Figure 2. 

Table 1. 

Figure 3. 

Table 2. 

Figure 4. 

Figure 5. 

Figure 6. 

Captions 

Map of Sequoia National Park showing the two sites used for cloudwater 
sampling. The inset shows the location of the Park relative to the San 
Joaquin Valley and the rest of California. 

The Caltech Active Strand Collector ( CASC). The length of the collector is 
0.91 m (36 in.). Total sampled flow is 21.1 m3/min. · 

Chemical composition of the cloudwater samples collected in Sequoia 
National Park during the fall of 1985 and the spring of 1986. Ion balances 
(-/+) are given for the ions listed. Liquid water content values are 
estimates based on the cloudwater collection rate and the theoretical 
collection efficiency of the Caltech Active Strand Collector (CASC). 

Cloudwater loadings of ammonium, nitrate, and sulfate in samples collected 
during the fall of 1985 and the spring of 1986 in Sequoia National Park. 

Concentrations of carboxylate anions in cloudwater samples from Sequoia 
National Park collected during the spring of 1986. The ion balance (-/+) 
shown here includes these carboxylate anions as well as the inorganic ions 
listed for these samples in Table 1. 

Aerosol Loadings of sulfate, nitrate, ammonium, and chloride measured at 
the Lower Kaweah research site in Sequoia National Park during the period 
5/1-5/6/87. The arrows on the figures denote the times at which clouds 
were observed to begin impacting the hillside at the site. 

Typical behavior of warm and cold air masses during the advance of a cold 
front. In the figure the cold air mass is moving toward the right, wedging 
itself under the less dense warm air mass. 

Annual deposition of major ions to the Lower Kaweah research site in 
Sequoia National Park by rainwater (measured, Stohlgren and Parsons, 1987) 
and cloudwater (estimated). Estimates of cloudwater deposition are based 
on a cloudwater deposition rate of 0.7 mm/hr for 100 hr/yr (see the text for 
details). The average chemical composition of the cloudwater was taken as 
the volume-weighted average composition of the cloudwater sampled in the 
Park during the fall of 1985 and the spring of 1986. 
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Previous srudies have suggested that hydroxymcthancsulfonate ion (HMSA) can be an 
important species in fog and cloud water. Formation of HMSA explains observed 
excesses of sulfur in the S(IV) state ( +4 oxidation state) and formaldehyde (CH2O) in 
fogs and clouds. HMSA was determined in fog water by a novel ion-pairing 
chromatographic technique. Concentrations in samples collected in Bakersfield, Cali­
fornia, within 5 kilometers of major sources of sulfur dioxide (SO2), were as high as 
300 micromoles per liter. Total CH2O and S(IV) concentrations, which were 
measured independently, rang<!d from 10 to 200 and 5 to more than 300 micromoles 
per liter, respectively. Concentrations of CH2O, S(IV), and HMSA at Buttonwillow, 
California, which is 15 kilometers from the nearest source ofSO2, were less than those 
at Bakersfield but not absent. These data confirm that HMSA forms in atmospheric 
water droplets and can reach appreciable concentrations. HMSA represents an 
important source ofacidity for water droplets and may also play a role in long-distance 
transport and transformation of S02• 

H YDROXYMETiiANESUl.FONATE, THE 

H5O3adduct of CH2O, has been 
postulated as an important 5(fV) 

species in fog and cloud water (1). We 
define 5O2(aq) as the sum of SO2 · H2O 
+ HSO3+ SOj-; we define S(IV) as the 
sum of SO2caq) plus all other species with 
sulfur in the +4 oxidation state (that is, 
aldehyde adducts, HORHSOi; and metal 
complexes, (Me)n(SO3)%-2m). This sum is 
identical to the measured concentration of 
S(IV), [S(fV)]. The formation ofhydroxy­
mcthanesulfonate (HM5A) allows an appar­
ent excess of 5(fV) and CH2O compared to 
the amounts present in Henry's law equilib­
rium to exist in the droplet phase. Because 
HMSA is a Strong acid, its formation will 
acidify droplets without S(IV) oxidation. 
Furthermore, the formation of HMSA al­
lows S(IV) to coexist with oxidants such as 
H2O2 and 03 (2-4). 

The thermodynamics and kinetics of reac­
tion berween CH2O and dissolved 502 to 
form HMSA have been determined. Kerp 
(5), Donally (6), Deister a al. (7), and Kok 
a al. (4) have all reported values near 
107 M- 1 for the equilibrium constant (de­
fined by K = [HMSA]/[HSOn[CH2O]. 
The stability of the CH2O: H50j" adduct 
will be at a maximum in the pH range 3 to 5, 
where HSO3 is the dominant form of 
SO2,aq)· The rate at which HMSA forms in a 
droplet can be calculated from the rate con­
stants detennined by Boyce and Hoffmann 
(8). For CH2O and 502 partial pressures of 
1 x 10-9 and 5 x 10-9 arm at pH 3, the 
HMSA formation rate is 1.6 nM hour - 1

• It 
increases by about a factor of 100 for each 
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unit increase in pH to 0.W hour- 1 at pH 
7. The formation rate increases linearly with 
gas-phase concentration; lower tempera­
rures also increase the formation rate some­
what because of increased gas solubility. The 
rate ofHMSA decomposition increases with 
pH (4, 7); this can be expressed as 
R = k,i[HMSA][OH-]. The value of kd de• 
rived from the data of Kok a al. (4) and 
Deister a al. (7) between pH 4 and 5.6 is 
3.6 x l03M- 1 sec- 1• The characteristic 
rime for HM5A dissociation (time for a lie 
decrease in concentration) evaluated from 
this expression decreases from 579 to 25 
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Fig. l. Representative chromatograms for (A) a 
=nplc of fog water collccred in Bakersfield, Cali­
fornia, and (B) a solution comaining formate, 
acetate, H..MSA, methanesulfonate, and nitrate. 
The numbers indicate: mention times in minutes. 
Nc:ithc:r mc:thanesulfonate nor hvdroxvc:thanesul­
fonate was prcsc:m in the: fog water samples. The 
peak at 17.3 minutes was present in many sam­
ples. 

hours as pH varies from 4 to 5.6. Dynamic 
models offog and cloud-water chemistry ( 9! 
indicate that HMSA could be the major 
S(IV) species in droplets when pH exceeds 
5. Appreciable [S(IV] would form in the 
droplet phase immediately after condensa­
tion. However, the suggestion by Richards 
a al.. (2) that the presence of CH2O pre­
vents oxidation of S(IV) by H 2O2 is not 
substantiated bv model calculations (9) or 
experiments (3,-4). In an open system, 502 
will continually dissolve in the droplet and 
be available as SO2caq) to react with H2Oz. 
High [HM5A] may be found in more acidic 
environments if HM5A is formed before 
droplet acidification. Prior formation is also 
indicated by the coexistence of I--L.\1SA and 
H2O2. 

An interesting feature of I--L.\15A chemis­
try is that the conditions most conducive to 

the production of HMSA are not suitable 
for its preservation. It forms most rapidly 
above pH 5 but will not be preserved unless 
the droplets are subsequently acidified. 
High concentrations of oxidant will com­
pete for SO2(aq), but, once HM5A forms, ir. 
is fairly resistant to oxidation by H 2O2 and 
0 3 (3, 4). We suggest that a likely environ­
ment for rapid HM.SA formation is in SO" 
source plumes, where concentrations of the. 
precursor species arc high, pH is near neu­
tral, and oxidant concentrations are low. As 
the plume is diluted, equilibrium between 
HMSA and its precursors may not be main­
tained because of the slow dissociation ki­
netics, especially if continued 5O2caqJ oxida­
tion generates additional acidity in the drop­
let. Equilibrium will be maintained only 
between gaseous 502 and SO2caql· 

The presence of HM5A in a variety of 
environments is indicated by circumstantial 
evidence. Analyses of Los Angeles fog and 
cloud water, which had pH in the range 2 to 

4, indicated that total 5(IV) and CH2O 
were supersaturated with respect to Henry's 
law equilibrium with 5O2<a> and CH2O(gJ 
(1, 2). Similar observations were made in 
the.San Joaquin Valley (1). Warneck a al. 
(10) observed that [CH2O] in aerosol over 
Germany was supersaturated with respect to 

the gas phase and postulated that I--L.\1SA 
was present. Snider and Dawson (11) sug­
gested that enhanced concentrations of car­
bonyls in Arizona rainwater compared to 

the gas phase may indicate aqueous-phase 
production of carbonyl. Their observations 
may also be accounted for by the formation 
of sulfonic acids. No analyses were per-
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formed in these earlier srudies to confirm 
the presence of HMSA. 

The southern San Joaquin Valley of Cali­
fornia offers an amenable environment for 
srudying aqueous-phase atrnospheric chem­
istry. Oil field operations supply a major 
source of SO2, hydrocarbons, and NOx, 
while extensive agriculrural activity pro­
duces large amounts of NH3; thus pH is 
maintained near neutral in aerosol and fog 
droplets. During the winter the valley is 
frequently capped by a temperarure inver­
sion, leading to persistent atmospheric stag­
nation with widespread fogs or low clouds 
(12). This combination of high concentra­
tions of precursors, humid conditions, suffi­
cient NH3 to neutralize acidity, and stagna­
tion is conducive to the formation of 
HMSA. 

I 

In earlier srudies offog in the San Joaquin 
Valley during the winters of 1982-83 and 
1983-84 (1, 12) we have observed [S(IV)] 
up to 3 x 10-3M and [CH2O] up to 
7 x 10-"M. These values were far in excess 
of the Henry's law equilibrium for dissolu­
tion of SO2 at the ambient levels of Oto 50 
parts per billion ( 1 ppb = 1 x 10-9 atm). 

During December 1984 and January 
1985 we sampled fog in Bakersfield and 
Buttonwillow, California; the sampling sites 

i (13) and fog collection procedure (14) have 
been described. Immediately after collec­
tion, the pH was determined with a combi­
nation electrode and individual aliquots 
were preserved for later determination of 
[S(IV)] and [CH2O] (15, 16). The analyti­
cal procedures are designed to measure total 
species. However, our results suggest that 
the efficiencv of the Nash method for CH2O 
detcrminati~n is less than 100 percent when 
HMSA is present. HMSA was determined 
by ion-pairing chromatography and identi-
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Fig. 2. (A) [HMSA] at Bakersfield plotted against 
measured [S(IV)]; [S(IV)] greater than 300 µM 
saturated the reagents used. Points plotted at 300 
µM had [S(IV)] in excess of the saturation level. 
(B) [HMSA] at Bakersfield plotted against mea­
sured [CH2O]. 

ficd by retention time (Ji'). Standards con­
taining hydroxycthancsulfonic acid and 
methanesulfonic acid were also analyzed to 
determine their retention times. A repre­
sentative chromatogram is given in Fig. 1. 
The difference between standard and sample 
retention times was less than 2 percent. We 
recognize that identification based on reten­
tion time is not definitive; however, other 
species such as formate and acetate, likely to 
be present in fog water, elute separately. The 
instability of HMSA and the difficulty of 
obtaining large sample volumes preclude the 
use of mass spectrometry for confirmation. 
In samples with high pH, some of the 
HMSA could have decomposed between 
sampling and analysis; the results presented 

Table l. Volume-weighted average of concentrations for various species in fog water samples. 

Sample Concentration of species (µM) n7 
Date* pH 

S(IV) CH2O HMSA 

12/28/84 5.9 
1/3/85 5.2 
1/4/85 6.9 
1/5/85 4.6 
1/8/85 7.4 
1/10/85 6.1 
1/14/85 5.9 
1/19/85 4.1 
1/20/85 3.0 

1/3/85 5.1 
1/4/85 6.2 
1/5/85 6.1 

B/Ute'l'Sfield, CRJifurnia 
150 98 140 6 
130 78 76 10 

18 32 0 5 
2:230 110 120 13 

16 27 0 1 
180 :j: 2 
150 120 65 3 
89 150 79 10 
84 160 2 

Bummwillow, CRJifurnia 
36 55 6 
9 28 7 

22 33 0 11 

*The date given is that of the morning on which the fog event ended. tNumbcr of consecutive samples collected 
over the course ofeach fog event. The sampling period was generally l hour. ;Not ui.alyud because of111Su.fficient 
sample volume. 

here should be considered lower bounds for 
[HMSA]. 

Table 1 presents the volume-weighted 
mean and ranges of [S(IV)], [CH2O], and 
[HMSA] and pH for each fog event sam­
pled. Figure 2A shows the apparently linear 
relation between HMSA and S(IV) at Ba­
kersfield (~ = 0.65). The residual variance 
is due to the presence offree SO2,aq) in high 
pH samples and possibly some HMSA de­
composition before analysis. The highest 
[HMSA] was found in samples with moder­
ate pH (5.5 to 6.5). Samples with higher or 
lower pH had lower [HMSA]. Low pH will 
retard the formation of adduct, while high 
pH will prevent its preservation in the atmo­
sphere and in sample bottles. 

There is also an apparently linear relation 
between [HMSA] and [CH2O] (r2 = 0.54) 
(Fig. 2B). The appearance of excess H..\1SA 
as compared to total CH2O in many samples 
indicates that Ii, added in order to prevent 
the interference of S(IV) in CH2O analysis, 
is not totally effective. Appreciable concen­
trations of free CH2O should exist in the 
droplet because of the high effective Henry's 
law constant. 

During the sampling program, [SO2] was 
always less than 30 ppb and usually less than 
10 ppb (18). This partial pressure of SO2 
was sufficient to account for all the S(IV) 
observed during most of the sampling peri­
ods when fog water pH values varied from 5 
to 7. Nevertheless, HMSA was an important 
fraction of the S(IV) measured. In the two 
fog events that were in the low pH domain, 
the equilibrium of SO2(aq> with ambient 
SO2<a> was not sufficient to account for all 
the measured S(IV). During an 8-hour peri­
od in the middle of the fog event on 5 
January 1985, when the pH varied from 5.5 
to 4.8, the measured [S(IV)] was continual­
ly above the upper detection limit (250 
µ.M). The concentration of free SO21 aq 1, as 
calculated from the sample pH and SO2 

partial pressure= 10 ppb (an upper limit 
for the period), was less than half the mea­
sured [S(IV)]. In terms of the Henry's law 
dissolution, S(IV) was supersarurated by a 
factor of 10 during the fog event of 19 
January. The pH during this event was 3.7 
to 4.9; (HMSA] and [S(IV)] were about 60 
to 80 µM, with higher values at the begin­
ning and end of the fog event when the 
liquid water content was lower. [CH2O] 
during this event was generally higher than 
[HMSA], suggesting the presence of free 
CH2O. 

At Buttonwillow, [S(IV)] and [CH2O) 
were considerably less than at Bakersfield. 
This is consistent with the greater distance 
between major pollution sources and Bur­
tonwillow as compared to Bakersfield; 
[SO~-] and [NO:i"] were lower at Button-
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willow as well (13). The pH was usually in 
the range 5.5 to 7, although two samples 
had pH <5 with [S(IV)] less than 10 µ.M. 
HMSA was not determined in all the sam­
ples from Buttonwillow, but little or none 
was observed in the samples that were ana­
lyud. As noted above, the lifetime of 
HMSA at pH 5.6 is 25 hours and should 
dccrcasc further as pH rises. Thus HMSA 
may decompose during advection from SO2 

source areas to Buttonwillow. More HMSA 
and S(IV) is observed at Bakersfield because 
of its proximity to the oil fields in Oildale. If 
the atmosphere in the valley were not buff­
ered by NH3 emissions, then HMSA would 
have a longer residence time. 

The results of this study support the 
hypothesis that HMSA may be an important 
species in fog and cloud water. The pattern 
of [HMSA] in the fog samples is consistent 
with the formation of HMSA during favor­
able conditions of high SO2 and intermedi­
ate pH and preservation by subsequent 
acidification. Over the pH range of 5.5 to 7, 
which is typical of the samples from the San 
Joaquin Valley, the chemical lifetime of 
HMSA is shorter than the time for armo­
sphcric transport within the valley (19). 
Appreciable [HMSA] or [S(IV)] was not 
observed at Buttonwillow. Obse!'Vations of 
excess [S(IV)] and [CH2O] in fog and cloud 
water from the more acidic Los Angeles 
basin indicate that other conditions may also 
allow the formation of HMSA. 
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