
mated from models (9) and measured 
directly (10). These measurements indi- 
cate that the altitude region from 25 to 30 
km is nearly saturated with a vapor con- 
centration of 10' to  lo6 molecules per 
cubic centimeter. Thus, after a major 
volcanic eruption, which injects large 
amounts of sulfurous gases to the 25-km 
region (as El Chichon apparently did), a 
high degree of H2SO4 supersaturation 
can evolve in this region. Under such 
conditions two things, important for par- 
ticle formation in the stratosphere, can 
happen. (i) If the supersaturation is high 
enough (H2S04 concentration exceeds 
- lo7 molecules per cubic centimeter at 
25 km), H2S04-H20 droplets will form 
homogeneously from the gas phase (II) ,  
that is, d o  not require a condensation 
center. (ii) Accretion of the vapor and 
the newly formed droplets on existing 
particles will cause substantial growth of 
the preexisting distribution of particles. 

Creation of new droplets under super- 
saturated conditions is a very rapid and 
copious process, resulting in high parti- 
cle concentrations (2 lo3 ~ m - ~ )  initially. 
However, since the coagulation rate de- 
pends on the square of the concentra- 
tion, the coagulation of droplets takes 
place very rapidly. As the size of the 
coagulating droplets increases, the con- 
centration decreases rapidly and the life- 
time increases. Under such conditions 
the smallest particles are rapidly deplet- 
ed; this results in a maximum in the 
particle size distribution. The distribu- 
tion so formed approximates a log-nor- 
ma1 distribution (12), as  we have ob- 
served. Thus our interpretation of the 
observed bimodal distribution as  repre- 
senting new droplet nucleation on the 
one hand and growth of the preexisting 
distribution on the other is consistent 
with what is known about such strato- 
spheric processes. 

The fact that the August and October 
1-pm particle concentrations observed 
over Texas at  25 km were very similar 
and that the total mass was relatively 
constant indicates that, although no new 
particles were being created during this 
period, particles lost as  a result of gravi- 
tational settling were replaced through 
growth of smaller particles. Since parti- 
cles with r 0.05 p m  had essentially 
disappeared as a result of coagulation by 
August, replenishment of the 1-pm drop- 
lets probably occurred primarily through 
molecular accretion on particles in the 
0.3-pm mode. With this assumption, one 
can estimate the H2SO4 concentration. 
For  kinetically limited growth in the low- 
pressure limit, one may obtain the rate of 
change of the droplet radius by equating 

the molecular mass flux on a particle's of the total mass in the stratosphere. 
surface with the rate of change of mass Thus the normal "decay" of the event, 
of the particle which for past eruptions had an expo- 

dr 1 nential time constant of about 10 months 
y = ;vVn, (3), had not yet begun. The El Chichon 
U l  4 

eruption of -1982 i s  the largest such 
where v is the molecular thermal veloci- event, in terms of lasting effects on the 
ty, V is the molecular volume, and n, is stratosphere, since the advent of strato- 
the H2S04 molecular concentration in spheric measurements and will 
excess of the saturation concentration. prove to be the largest in at least the past 
Growth from 0.3 to 1 pm in 100 days (the 

nas+ l l w . ,  cr l l ru l  y . 
time required for a 1-pm particle to fall D. J. HOFMANN 
from 25 to 18 km) gives an H 2 S 0 4  con- J. M. ROSEN 
centration of about lo7 molecules per of Physics and 
cubic centimeter. Astronomy, University of Wyoming, 

The loss rate of vapor to a distribution Laramie 82071 
of particles is given by the molecular flux 
on a surface multiplied by the total parti- References and Notes 
cle surface area 

dn, - -  - - 
d t 

vn, [ 4=r2n(r)dr 

Thus the exponential time constant for 
vapor loss is given by 

For the size distribution observed in 
May, T had a value of only about 5 
minutes, whereas in August and October 
it had lengthened somewhat to  15 to 20 
minutes. This result suggests that the 
vapor would be rapidly used up (would 
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Zonal Winds in the Central Equatorial Pacific and El Nino 

Abstract. Easterly trade winds from near-equatorial islands in the central Pac$c 
weakened before each El Nitio between 1950 and 1978, except for the 1963 El Nitio. 
The weakening of the easterlies and their later collapse did not occur uniformly over 
several months, but rather through a series of strong westerly wind bursts lasting I to 
3 weeks. The bursts may force equatorial Kelvin waves in the ocean that can both 
initiate and sustain the sea surface warming characteristics of El Nifio events. 

The term El NiAo commonly refers to  
the occurrence of unusually warm sur- 
face water near the coast of South Amer- 
ica just south of the equator (1, 2). As 
part of the southern oscillation (2), El 
Nitio precedes or coincides with anoma- 
lous oceanographic (3) and meteorologi- 
cal (2) conditions throughout the tropical 
Pacific, and has been related to mid- 
latitude weather (4). The exact sequence 
of events and the physical mechanisms 
of their interaction are subjects of in- 
creasing research and debate. We exam- 
ine here some newly acquired time series 

of wind data from central Pacific islands 
and relate the zonal wind fluctuations to 
El Nido events. 

Wyrtki (3) suggested that El  Nino 
events follow a strengthening and subse- 
quent weakening of the trade winds over 
the central equatorial Pacific. Theoreti- 
cally, the effect of these wind changes on 
the ocean can be quickly propagated 
eastward by equatorial waves (5, 6). The 
connection between the propagation of 
these waves and changes in sea surface 
temperature (SST) is not completely un- 
derstood, but SST anomalies can be 
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caused by nonlinear advection (by the 
equatorial waves) o f  the horizontal gradi- 
ents o f  the existing temperature field (7 ,  
8 ) .  

The observational connection between 
precursive wind anomalies and El NiAo 
is ambiguous. The time and space struc- 
ture o f  the precursive wind anomaly over 
the central Pacific i s  not well estab- 
lished; even the existence o f  such an 
anomaly has been questioned (2,  7).  Re- 
cent analyses o f  merchant marine weath- 
er data suggest precursive zonal wind 
anomalies that extend over quite differ- 
ent regions west o f  the date line near the 
equator (2,  9 ) .  But these analyses lump 
all the El NiAo events together, ignoring 
the variability between events or not 
distinguishing between the diff'erent 
phases o f  El NiAo events (10). Wyrtki (3) 
noted that "weaker winds in the central 
equatorial Pacific occur about simulta- 
neously or slightly after El NiAo has 
commenced." The difficulty o f  observ- 
ing the precursive wind anomaly arises 
from the incompleteness o f  the data ob- 
tained by merchant marine vessels ( 1 1 ) .  
However, Busalacchi and O'Brien (12) 
had some success in modeling aspects o f  
the El NiAo sea level signal in the east 
with a reduced-gravity numerical model 
o f  the equatorial Pacific that utilizes 
monthly means of  the merchant marine 
wind observations. 

Our study, which i s  based on wind 
measurements at island stations, tends to 
support Wyrtki's (3) hypothesis to the 
extent that the easterly winds near the 
equator between 170°E and 17OoW 
strengthened and then relaxed before the 
first positive SST anomalies o f f  Peru for 
most El NiAo events between 1950 and 
1978. The island data show, however, 

that the relaxations d i d  not occur uni- 
formly over several months, but rather 
tended to begin as a series o f  closely 
spaced, energetic, westerly wind bursts 
o f  short duration ( 1  to 3 weeks) (13). 
Throughout the El NiAo years, even dur- 
ing the mature phase when the relaxation 
of  the easterly trades is most extensive 
(2) ,  we find much o f  the low-frequency 
westerly anomaly to be due to frequent 
westerly wind bursts. 

W e  describe here surface winds mea- 
sured at two islands of  the Gilbert group 
(Tarawa, 1°21'N and 172"55'E, and 
Ocean, 0 3 4 ' s  and 169'32'E) and one o f  
the Phoenix group (Canton, 2'46's and 
171°43'W). Tarawa and Canton are coral 
atolls with anemometers, and Ocean is a 
small, nearly circular island (maximum 
elevation, about 80 m)  from which the 
Beaufort force o f  the winds was estimat- 
ed. Tarawa's anemometer was 39 m 
above sea level (at least 12 m above the 
tree tops) and Canton's anemometer was 
9 to 12 m above sea level (above the 
sparse vegetation). The stations are on 
the southwest (Tarawa and Ocean) or 
northern (Canton) sides o f  the islands. 
The climatological wind i s  predominant- 
l y  easterly at each island. The stations 
supplied 3 to 24 observations per day, 
averaging 6. W e  believe that these wind 
observations are as representative o f  
open ocean conditions as is possible for 
routine weather observations from is- 
lands. The similarity o f  their power spec- 
tra and low-pass-filtered winds support 
this belief (11). 

The low-pass-filtered (14) zonal wind 
anomalies from Ocean, Tarawa, and 
Canton are plotted in F i g .  1 .  The visually 
striking westerly (positive) anomalies are 
associated with El Nino events. Follow- 

ing Quinn et a/ .  (15), we classify the 
1950-1978 El NiAo events as strong 
(1957 to 1958, 1972 to 1973), moderate 
(1953, 1965 to 1966, 1976 to 1977), weak 
(1951 and 1969), and very weak (1963 
and 1975). In addition, there is evidence 
(16, 17) that 1979 to 1980 should be 
considered a weak El NiAo period. 
(Hereafter, multiyear events will be re- 
ferred to by the first year only.) The 
definitions above have identified almost 
all the years with low-frequency wester- 
ly anomalies in Fig. 1 as El NiAo years. 
However, the strength o f  the wind anom- 
aly does not always correspond to the 
strength o f  El Nino. 

The dates o f  the first occurrence of  
warm SST anomalies at the coast o f  
South America for each El Nifio except 
that o f  1979 are indicated in Fig. 1 (3, 18- 
20). The low-frequency easterly winds 
relax by 1.5 to 4.0 m sec-' (and westerly 
anomalies occur) at one or more of  the 
three stations 1 to 4 months before the 
first SST maximum for each El NiAo 
except that o f  1963. The precursive zonal 
wind changes at Canton appear to be 
weaker than in the Gilbert Islands for 
two (1953 and 1965) of  the El Nino 
events in 1950 to 1967, and stronger for 
two others (1951 and 1957). There is a 
suggestion o f  westward propagation of  
the precursive wind anomaly for the 1957 
El NiAo (Canton to Tarawa to Ocean) 
and eastward propagation for the 1965 El 
Nirio. The 1 -  to 4-month lag o f  the SST 
anomalies i s  consistent with Kelvin 
wave propagation (first or second baro- 
clinic mode) o f  the wind signal from the 
Gilbert Islands to South America (21). 
Luther and Harrison (11) suggested that 
the 1963 El Nino was initiated by (ob- 
served) meridional wind anomalies in the 

Y e a r  
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Fig. 1. Low-pass-filtered (14) zonal wind anomalies (continuous lines) recorded at Ocean, Tarawa. and Canton islands. The long-term mean 
annual cycles that have been subtracted are also plotted (dotted lines). The El Nino events of 1950 to 1978 are indicated in accordance with the 
classifications of Quinn et m i .  (15): strong (S), moderate (M), weak (W), and very weak (VW). In addition, the weak El  NiAo of 1979 is shown. The 
arrows indicate the dates of the first warm SST anomalies at the coast of Peru for each El Nifio (3, 18-20). Gaps indicate missing data, although 
the width of each gap is exaggerated by truncation by the low-pass filter. 
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Fig. 2. Low-pass-filtered (23) zonal wlnds at Ocean Island Gaps due to mlsslng data (January 1955, February 1969, and November 1977 through 
May 1978) are filled w ~ t h  data from Tarawa. The mean annual cycle has not been removed The El Nltio events and dates of the first warm SST 
anomal~es at the coast of Peru for each El Nltio are lndlcated as In Fig 1 

equatorial Pacific near the date line, or 
perhaps by (as yet unobserved) wind 
anomalies elsewhere along the equator. 

The easterly winds at Canton, Tarawa, 
and Ocean in Fig. 1 increase in strength, 
as  Wyrtki (3) suggested, during the year 
before some El NiAo events. The dura- 
tion of the strong antecedent easterlies is 
variable and not necessarily related to 

linear horizontal advection of the exist- The origin of the precursive westerly 
wind pulses evident in Fig. 2 is not clear. 
They may be abnormal eastward exten- 

ing temperature field by a succession of 
such downwelling waves can produce a 
substantial SST anomaly. Philander (3 sions of the monsoon winds of the far 
demonstrated numerically that "even 
weak eastward winds for a short period 
can cause disproportionately large tem- 

western Pacific, abnormal northward ex- 
cursions of westerly wind pulses found 
between SOS and 10°S during austral 

perature increases (because of nonlinear 
mechanisms)." Furthermore, since the 
wind pulses may excite a variety of Kel- 

spring, or surges of the northeast trades 
that turn eastward as  they cross the 
equator. The latter process is the least the magnitude of the subsequent El 

NiAo. More than 2 years of strong easter- 
lies preceded the very weak 1963 El 
Nifio, and less than 1 year of strong 
easterlies preceded the moderate 1965 El  
Niiio. 

The precursive wind changes tend to 
be much smaller than the subsequent 

vin waves with different vertical scales 
(25), each burst may force waves with 
different zonal group velocities. These 

likely since no equatorward anomalies 
are observed, prior to El NiAo events, a t  
island stations north of the equator in the 
western Pacific (1 I ) .  Later in the El NiAo 
years the trade wind surges can be im- 
portant, however (26). 

waves will arrive at  a given longitude at 
different times, thus spreading the for- 
mation of the SST anomaly in time (8). 
Rossby wave reflection at the eastern Once the westerly winds are estab- 

lished at  the equator with their concomi- 
tant low-pressure troughs in each hemi- 

collapse of the easterly winds during the 
mature phase (2) of El NiAo. The occur- 
rence of these massive westerly anoma- 

boundary can help spread westward the 
low-frequency components of the coast- 
al anomaly. Therefore, westerly wind sphere, they may be further enhanced by 

the formation of cyclones in each trough 
at nearly coincident times (26). For ex- 

lies 9 months to  1 year after the precur- 
sor anomaly of each El NiAo has over- 
shadowed and confused detection of the 

bursts over the central and western Pa- 
cific could produce a substantial fraction 
of the observed coastal and equatorial 
monthly SST anomalies. 

ample, the four westerly pulses of No- 
vember 1977 through January 1978 in precursor anomaly, especially in studies 

based on seasonal averages (22) or corre- 
lation analyses (10, 18). 

Less strongly filtered (23) zonal wind 
(not wind anomaly) data for Ocean Is- 
land are shown in Fig. 2. The low-fre- 
quency westerly anomalies of Fig. 1 are 
composed largely of short pulses (days 
to weeks) of strong westerly winds. Can- 
ton and Tarawa exhibit similar structure, 
but Ocean has the pulses of largest am- 
plitude on average. The pulses occur in 
most years, but the frequency and mag- 
nitude of strong pulses are highly corre- 
lated with the El NiAo years (Fig. 3). 

The oceanic Kelvin wave response to 
these wind fluctuations of short time 
scales will be different than for a more 
slowly varying forcing (7, 24); Kelvin 
waves should be excited and be able to  
propagate to the eastern boundary. Non- 

Year 

Fig. 3. Number of wind events at Ocean in which a westerly wind (16-hour average) exceeded 8 
m sec-' (open bars) and 10 m sec-' (shaded bars). 
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Fig. 2 have each been explicitly associat- 
ed with the formation of cyclones in both 
hemispheres (26). 

Identification of westerly wind bursts 
in the central equatorial Pacific before El 
NiAo events of the past does not improve 
our capability to  predict future El NiAo 
events, beyond what can already be ac- 
complished from monitoring the south- 
ern oscillation (27, 28). The strong zonal 
wind bursts near the date line are neither 
necessary (for example, there were no 
bursts before the 1963 El Nifio, and very 
weak bursts occurred before the 1976 El 
NiAo) nor sufficient (for example, strong 
bursts in 1974 and 1977 were not fol- 
lowed by significant El NiAo events) for 
the existence of El Nino. Other factors, 
beyond the fluctuations of equatorial 
winds near the date line, must be influ- 
encing the onset and development of El 
NiAo. 
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Fluoride Directly Stimulates Proliferation and Alkaline 
Phosphatase Activity of Bone-Forming Cells 

Abstract. Fluoride is one of the most potent but least well understood stim~llators 
of bone formation in vivo. Bone formation was shown to arise from direct efects on 
bone cells. Treatment with sodium fluoride increased proliferation and alkaline 
phosphatase activity of bone cells in vitro and increased bone formation in 
embryonic calvaria at concentrations that stimulate bone formation in vivo. 

Fluoride is essential in the diet and is 
thought to  be required for normal dental 
and skeletal growth (1). The recommend- 
ed allowance of fluoride is 1 to 4 mg per 
day. Doses of 20 to 100 mg per day, or 
more, usually cause abnormal increases 
in skeletal mass, even to the point of 
sclerosis (2). This may represent an ex- 
aggerated physiological response or a 
new and unrelated action, but because 
the effect of excess fluoride is selective 
for bone, it has therapeutic applications. 
Clinical studies have shown that N a F  is 
the most potent agent for increasing 
bone volume in patients with osteoporo- 
sis (3, 4). Although the mechanism is 
unknown, the skeletal response to sup- 
plemental N a F  is characterized by in- 
creases in (i) the rate of bone formation 
(4, 5); (ii) the number of osteoblasts, or 
bone-forming cells (4, 6); and (iii) the 

50 I 1 1 1 I 

10-0 10-6 10-3 
Fluoride concentration ( M )  

Fig. 1. Dose-response curve for fluoride. Cal- 
varial cell proliferation estimated as ["Hlthy- 
midine incorporation, shown as percent of 
control (no fluoride), versus NaF concentra- 
tion. Values represent the mean k S.E.M. of 
six replicates. Dashed line indicates the mean 
of the control values. A single asterisk indi- 
cates a significant difference from controls 
at P < 0.05; a double asterisk indicates 
P < 0.005. 

serum activity of skeletal alkaline phos- 
phatase (ALP) (7-9), an osteoblastic iso- 
enzyme. 

T o  discover the mechanism whereby 
fluoride stimulates bone formation, we 
sought (i) to determine whether any of 
the characteristic skeletal responses to  
N a F  could be attributed to direct effects 
on cells in the osteoblast line and (ii) to  
examine the interactions between NaF 
and two other bone cell mitogens-para- 
thyroid hormone (PTH) and human skel- 
etal growth factor (hSGF) (10-13). To  
these ends we have examined the effects 
of N a F  on embryonic chick bone cells in 
vitro and on embryonic chick bone in 
organ culture (14, 15). 

Bone cells for these studies were pre- 
pared from the calvaria of 15-day embry- 
onic chicks by sequential collagenase 
digestion and were cultured in serum- 
free Fitton-Jackson modified BGJh medi- 
um (16). Histological analysis of the cal- 
varia before digestion has shown that 
essentially all of the cells available for 
release were members of the osteoblast 
cell line. Even in monolayer culture 
these cells maintained the following 
characteristics of osteoblasts and osteo- 
blast progenitors: expression of a skele- 
tal-type ALP activity; response to PTH 
with an increased adenosine 3',5'-mono- 
phosphate (cyclic AMP) production (11); 
conversion of 25-hydroxyvitamin D3 to 
more polar metabolites (17); and re- 
sponse to a bone-derived mitogen 
(hSGF) that is specific for skeletal tis- 
sues (12, 13). 

To  estimate cell proliferation we incu- 
bated the calvarial cells overnight and 
then exposed them to effectors (such as 
NaF and hSGF) for an additional 18 to 24 
hours [this corresponds to the cell cycle 
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