
import warmer water, decrease the supply of 
nutrients, or decrease the volume of zoo- 
plankton carried by the California Current. 

The future consequences of the observed 
decline in zooplankton volume are closely 
tied to the question of causality. If the 
decline is part of a natural cycle that revers- 
es in coming years, then any impact may be 
similarly transient. O n  the other hand, if 
the zooplankton decline is anthropogenic 
or is a natural trend of longer duration, then 
the large magnitude of the response is of 
great concern for the coastal ecosystem. 
The suppression of nutrient supply by en- 
hanced stratification is not a mechanism 
confined to coastal oceans. If there is a 
global temperature rise of lo  to 2°C in the 
next 40 years and stratification increases 
globally, the biological impacts could be 
devastating. Our study also demonstrates 
that climate studies dominated by short- 
term process-oriented experiments cannot 

simply be extrapolated to decadal time 
scales, where the balance of terms is differ- 
ent from monthly or seasonal balances. 
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The Reaction of CIONO, with 
Submicrometer Sulfuric Acid Aerosol 

D. R. Hanson and E. R. Lovejoy* 

The measured reaction probability, y, for the reaction of chlorine nitrate (CIONO,) with 60 
percent (by weight) sulfuric acid aerosol increases monotonically with particle size at 250 
kelvin. The reacto-diffusive length (t, the effective liquid depth over which reaction occurs) 
derived from these experiments is 0.037 t 0.007 micrometer (95 percent confidence level 
for precision). The reaction probability for the reaction of CIONO, with 60 percent sulfuric 
acid aerosol doped with -7 x 1 0-4 M hydrochloric acid at 250 kelvin is larger by about 
a factor of 4 than in the absence of hydrochloric acid and varies less with particle size ( t  
= 0.009 t 0.005 micrometer). These results provide a test of the theory for gas-particle 
reactions and further insight into the reactivity of atmospheric aerosol. 

B o t h  ClONO, and HC1 are relatively sta- 
ble, gas-phase reservoirs of C1 in the strato- 
sphere. Mechanisms that release C1 from 
these reservoirs enhance O3 destruction by 
accelerating the C1 catalytic destruction cy- 
cles for 0 , .  The following heterogeneous 
reactions are important mechanisms for con- 
verting reservoir species into products that 
are readily photolyzed and that release C1 
atoms: 

CIONOz + H 2 0  + HOCl  + HNO, (1) 

These reactions contribute to the win- 
ter-spring polar 0, loss (1 ) and to the global 
destruction of 0, during volcanic aerosol 
loadings (2, 3). 
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Although the uptake of ClONO, by 
bulk liquid H2S04  solutions has been stud- 
ied extensively (4-6), the reaction proba- 
bility of ClONO, with submicrometer 
H2SO4 aerosol is unknown, and the param- 
eters necessary to extrapolate the bulk re- 
sults to the small aerosol that is character- 
istic of the stratosphere are uncertain. In 
this report, we describe measurements of 
the variation of the ClONO, reaction prob- 
ability with particle size for submicrometer- 
sized H2S04 aerosol, with and without HC1. 
These results ~ rov ide  an  un~recedented test 
for the theory of the kinetics of gas-particle 
reactions and a basis for understanding the - 
reactivity of atmospheric aerosol. 

The rate of processing of a gas-phase 
reactant (x) by monodisperse aerosol is giv- 
en  by 

where y is the reaction probability, c is the 
mean molecular speed of x in the gas phase, 
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r is the particle radius, [PI is the particle 
concentration, and [x] is the concentration 
of x in the gas phase. For clarity, we do not 
discuss the small corrections for the diffusion 
of the gas-phase reactant to the particle (7). 
The reaction ~ r o b a b i l i t ~  (y)  is given by 

where a is the accommodation coefficient 
(the fraction of collisions that lead to accom- 
modation bv the liauid surface), H is the . . 
effective ~eAry ' s  law'coefficient (ratio of the 
liquid-phase concentration to the gas-phase 
concentration at equilibrium), R is Boltz- 
mann's constant, T is the absolute tempera- 
ture, k1 is the first-order rate coefficient for 
loss of x in the liquid phase, D, is the diffu- 
sion coefficient of species x in the liquid, and 
t is the reacto-diffusive length defined as t? 
= (3, 8, 9). The reacto-diffusive 
length i! is the effective depth of liquid in 
which reaction occurs. Eauation 4 demon- 
strates that the resistance to loss of the gas- 
phase species ( l ly )  is the sum of the inter- 
facial resistance (11 '~)  and the reactive resis- 
tance (second term on the right side of Eq. 
4). For small reaction  roba abilities (y << a ) ,  
the reaction probability is given to a good 
approximation by 

where yo is the bulk reaction probability. 
When i! is small relative to the size of the 

particle ( e  << r) ,  the reactant is consumed 

1326 SCIENCE VOL. 267 3 MARCH 1995 



I 03 

10 20 30 
Reaction distance (cm) 

Fig. 1. Plot of CIONO, signal as a function of 
reaction distance. Loss due to reaction on the wall 
(open circles) and two different aerosol samples 
(filled circles and inverted triangles) are shown: 5.0 
X lo5 particles per cubic centimeter (log-normal 
radius distribution parameters [see (1 1)) r,, = 

0.26 pm and logs = 0.08) and 6.7 x 1 O5 part~cles 
per cubic centimeter (r,, = 0.28 pm and log s = 

0.09). Reaction conditions: p = 630 torr N,, T = 

250 K, and average flow velocity = 1.3 cm s-I. 

very close to the liquid surface and the size- 
dependent term [coth(r/C) - (Clr)] ap- 
proaches unity. In this case, y is independent 
of the particle radius, and the rate of process- 
ing of the gas-phase reactant is proportional 
to the aerosol surface area. When C is larger 
than the size of the particle (C >> r), the 
reactant is consumed throughout the volume " 

of the particle, and the size-dependent term 
approaches rl(3C). In this case, y is propor- 
tional to the radius of the aerosol and the 
rate of processing is proportional to the aero- 
sol volume. 

For measurements on bulk substrates, 
the reaction is usually not volume-limited 
(liquid depth >>C), and measurement of y 
yields the product H- (Eq. 5). In 
general, the individual parameters, H, k', 
and Do are not known and are difficult to 
measure independently. Therefore, it is 
usually not possible to determine C (which 
is needed to calculate the processing rate 
by small particles) from the bulk reaction 
probability. 

Measurements on bulk H2S04 solu- 
tions (4-6) show that the reactive uptake 
of CIONO, increases strongly as the 
amount of water in solution increases. 
Hanson and Ravishankara (6) have mod- 
eled the variation of the CIONO, reaction 
probability as a function of [HCl] in 
H2S04-H,O solutions and extracted the 
ratio of the rate coefficients for the solu- 
tion-phase reactions of ClONO, with 
H,O and HCl. They estimated the first- 
order rate coefficient for the hydrolysis 
reaction (k' - 100 s-l, 60% H2S04, 202 
K )  by assuming that the HC1 reaction 
(C10N02 + C1-) occurs at the diffusion- 
limited rate. This result, combined with 
an estimate for the liquid-phase diffusion 
coefficient, gave a rough estimate for C of 

0.0 0.1 0.2 0.3 0.4 
rs (r~m) 

Fig. 2. Reaction probability (y) for CIONO, + 60% 
H2S04 aerosol at 250 K as a function of surface 
area-weighted particle radius, r, (r, = r,, exp [2.5 
(In s)'] for a log-normal distribution). Each point is 
the average of two to four measurements for a 
range of particle number densities. The precision 
of the measurements of y is about ?15% at the 
95% confidence level. The line is a fit of Eq. 5 to 
the data, giving yo = 0.0021 2 0.0002 and t = 

0.037 2 0.007 pm The quoted errors are the 
95%' confidence intervals for precision. The filled 
circle is the reaction probability measured on a 
bulk 60% H2S04 sample at 250 K (y = 

0.002 ? 0.0004) with the use of the wetted-wall 
experimental procedure (5). 

-0.05 pm for CIONO, hydrolysis in 60% 
(by weight) H2S04 at 202 K (6). 

We measured reaction probabilities of 
ClONO, with H2S04 aerosol by monitor- 
ing the concentration of CIONO, at the " 

exit of a cylindrical, laminar-flow reactor as 
a function of the contact distance with the 
aerosol. The experimental apparatus and 
~rocedures used in this work are similar to 
those used to  measure the reactive uptake of 
N205 by H2S04 aerosol (10). Additional 
expeiimental details specific to the present 
study are given in (1 1). 

The CIONO, signal (the count rate of 
the NO,- ion produced in the reaction of 
I-  with ClONO, in the chemical ioniza- 
tion mass spectrometer) decreased expo- 
nentiallv as a function of reaction distance 
(Fig. 1) in accord with a simple first-order 
loss Drocess. We calculated the first-order 
rate coefficients for loss on the aerosol 
from the observed decays by solving the 
continuity equation for the reactor dy- 
namics (12), and y was calculated from 
the measured rate coefficients and the par- 
ticle surface-area concentrations. The re- 
action probabilities for CIONO, + 60% 
H2S04 at 250 K increase as the size of the 
particles increases (Fig. 2 ) .  A fit of the size 
dependence to Eq. 5 gives an C value of 
0.037 2 0.007 ym. The reaction proba- 
bility measured on bulk liquid with the 
same comoosition is in excellent aeree- " 
ment with the reaction probability for 
large particles (r > 0.3 pm).  

The reaction probabilities for CIONO, 
+ 60% H2S04 doped with HC1 (the con- 
tribution due to ClONO, + H,O is 
<lo%) do not vary significantly with par- 

Fig. 3. Reaction probability (y) for CIONO, + 60% 
H2S04 aerosol doped with HCI (- 7 X 1 0-4 M) at 
250 K as a function of surface area-weighted par- 
ticle radius, r,. The line is a fit of Eq. 5 to the data, 
giving yo = 0.0079 2 0.0008 and t = 0.009 +- 
0.005 pm. 

ticle size down to about 0.05 ym (Fig. 3), 
giving a smaller C value of 0.009 -+ 0.005 
p m  The value of y for these conditions 
(0.0079 _t 0.0008 with [HCl] - 6.6 X 
M) (13) is about four times the value mea- 
sured without HCl present. The addition of 
HCl increased k' without significantly 
changing the solubility (H) or D, of 
ClONO,. According to the theory for gas- 
particle reactions (Eq. 54, C should have 
varied inversely with the change in the bulk 
reaction probability [y (k')lI2 and C E 

(k')2'/z]. The fourfold increase in y upon 
HC1 addition was associated with a fourfold 
decrease in C, as predicted by theory. The 
fourfold increase in y also suggests that the 
value of k' for the reaction of CIONO, and 
60% H2S04 with -7 X M HC1 is 
about 16 times the value of k' due to hydrol- 
ysis [y E (k')li2, Eq. 51 (14). 

Because of experimental difficulties at 
low temperatures, we measured reaction 
probabilities at 250 K, which is about 50 K 
warmer than the stratospherically relevant 
temperature for 60% H2S04 (15). Howev- 
er, we believe that the value of C for the 
ClONO, + H,O reaction is not a strong 
function of temperature at these tempera- 
tures (16). 

Typical background stratospheric aero- 
sol has a surface area-weighted mean radius 
of about 0.2 pm (17) and a compasition 
ranging from 40 to 80% H2S04 (18). Vol- 
canic aerosol has an even larger mean radi- 
us (2). Because the value of C for ClONO, 
uptake by 60% H2S04 is less than one- 
quarter of the mean aerosol size, the 
ClONO, processing rate scales approxi- 
mately with the aerosol surface area, and 
the y is given to a good approximation by 
yo. For a typical concentration of HCl in 
the stratosphere (-2 x lo9 molecules per 
cubic centimeter), a 60% H2S04 particle 
will contain about lo-' M HC1 (3). The 
first-order loss rate coefficients for ClONO, 
hydrolysis and HC1 reaction are nearly 
comparable for these conditions and the 
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HC1 reaction decreases the ClONO, reac- 
tion depth slightly. The contribution of the 
HC1 reaction increases in more dilute 
stratospheric aerosol because of the strong 
increak in the HCl solubility (19). 

- 
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Rapid Deformation of the South Flank of 
Kilauea Volcano, Hawaii 

Susan Owen, Paul Segall, Jeff Freymueller, Asta Miklius, 
Roger Denlinger, Thora ~rnadottir,* Maurice Sako, 

Roland Biirgmann 

The south flank of Kilauea volcano has experienced two large [magnitude (M) 7.2 and M 
6.11 earthquakes in the past two decades. Global Positioning System measurements 
conducted between 1990 and 1993 reveal seaward displacements of Kilauea's central 
south flank at rates of up to about 10 centimeters per year. In contrast, the northern side 
of the volcano and the distal ends of the south flank did not displace significantly. The 
observations can be explained by slip on a low-angle fault beneath the south flank 
combined with dilation deep within Kilauea's rift system, both at rates of at least 15 
centimeters per year. 

Kilauea volcano, on  the island of Hawaii, 
presents a major seismic as well as volca- 
nic hazard (1) .  A M 8 earthquake shook 
the region in 1868 (2) .  A M 7.2 earth- 
quake in 1975 (3) and a M 6.1 quake in 
1989 (4, 5 )  were caused by seaward mo- 
tion on a subhorizontal fault that mav 
coincide with the base of the volcanic 
edifice (6). Swarms of shallow earthquakes 
accompany intrusions of magma into ei- 
ther of Kilauea's two rift zones (Fig. I ) ,  but 
these earthquakes are typically small (M 

4) and nondestructive (7). Earthquakes 
south of the rift zones have focal depths of 
5 to 13 km ( 7 ) ,  leading some to suggest 
that slip occurs on multiple parallel faults 
(5). However, precise relative relocations 
place many of the earthquakes on  a well- 
defined northward dipping fault (8). This 
result, combined with the fact that the 
larger events occur within a narrow depth 
range, suggests that there is a single low- 
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angle fault zone 7 to  9 km beneath 
Kilauea's south flank. 

The  structure of the rift system at depths 
of more than a few kilometers is uncertain 
because few earthquakes occur below 5 km. 
This lack of seismicity might indicate that 
deformation is concentrated in the shallow 
rift system, or simply that elevated temper- 
atures at depth inhibit brittle failure. 
Delaney and colleagues (9) suggested that 
subsidence observed on leveling lines across 
the rift zones was caused by steady dilation 
at depths of -4 to 9 km. Dvorak and col- 
leagues (10) argued that deep dilation is not 
required and that the data can be explained 
by episodic shallow intrusions in combina- 
tion with slip on a low-angle fault at 6 km. 
Horizontal deformation measurements on 
the north flank could distinguish between 
competing models of south-flank and rift 
zone kinematics. Electronic dlstance mea- 
surements (EDM) required line-of-site visi- 
bility, so that it was previously not possible 
to measure baselines on the heavily forested 
north flank of Kilauea (1 1 , 12). Further- 
more, it was not possible to determine dis- 
placements relative to sites removed from 
active volcanism and seismicity. EDM data - - 
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versty, WeI~ngton, New Zeaand. interpreted to show seaward motion of the 
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