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ABSTRACT

El Nifio is conventionally defined as an anomalous and persistent warming of the waters off the
coasts of Ecuador and Peru in the eastern equatorial Pacific, having onset usually in southern hemispheric
summer/fall. Examined here are some of the statistical aspects of El Nino occurrences. especially as they
relate to the normal distribution and to possible associations with volcanic, solar, and geomagnetic
activity. For example, the elapscd time between successive onsets of near moderate-to-stronger El Nino
(over the last century and a half) is about 3.7 = 0.6 years (at the 95 percent level of confidence). having
4 standard deviation of 1.8 +0.6/—0.3 years. a range of 1 to 8 years, and a median/mode value of 3
years. The distribution of elapsed times between successive onsets appears normally distributed.
although a positive skew is clearly seen and greater variation has occurred within the last 50 to 75 years.
For the interval 1848 to 1987, El Nino events of moderate strength outnumber those of strong intensity by
24 to 14, and, as yet, there has never been a single occurrence of back-to-back strong events.

A comparison of El Nino onsets to major volcanic activity (where a major eruption is taken to be
one whose Volcanic Explosivity Index VEI =4 and/or Dust Veil Index DVI =250) results in the tollow-
ing: About 40 and 60 percent. respectively, of the EI Nino events are preceded within one or two years by
major volcanic eruptions in the tropics. while about 70 and 80 percent. respectively. are preceded within
one or two years by major eruptions somewhere in the world (i.e.. ignoring latitude). Also.a number of
El Nifio events cannot be directly linked with any known major volcanic eruption that preceded them
within three years (some within several), the most recent example being the 1972-73 strong El Nino.

A comparison of El Nino onsets to specific phases of the solar/geomagnetic cycles results in the
following: Nearly two-thirds of the El Nifio events had their onsets when annual sunspot number was
below 54.3 (the average annual sunspot number for the interval 1848 to 1987). the bulk (about 70 per-
cent) of which were moderate in strength. For Cycles 10 to 22, every sunspot cycle either had an onset of
El Nifio during the window = 1 year from solar minimum or already had one in progress at that time
(Cycle 13). Also, about 70 percent of the El Nifio events had their onsets during the declining portion of
the sunspot cycle (which corresponds to the interval when geomagnetic activity is usually greatest), with
12 out of 14 (about 85 percent) strong El Nino events having onsets during the declining portion of the
sunspot cycle. Lastly, evidence was found (at =95 percent level of conlidence) favoring an inverse
correlation between the number of El Nino events per sunspot cycle and the size of the cycle, which, if
true. suggests that fewer than three El Nino events may occur during the present sunspot cycle (Cycle 22:
1986 to ca. 1996) and that more El Nino cvents may have occurred, on average, during the Maunder
minimum (1645 to 1715).

With regard to the “very strong” El Nino of 1982-83. it is noted that. although it may very well be
related to the 1982 eruptions of El Chichon. the event occurred essentially “on time™ (with respect to the
past behavior of elapsed times between uccessive El Nifio events: a moderate-to-stronger EI Nifio was
expected during the interval 1978 to 1982, assuming that EI Nino occurrences are normally distributed.
having a mean elapsed time between successive onsets of 4 years and a standard deviation of 2 years and
a last known occurrence in 1976). Also. although not widely recognized, the whole of 1982 was a record
year [or geomagnetic activity (based on the aa geomagnetic index, with the aa index registering an all-
time high in February 1982). perhaps. important for determining a possible “trigger” for this and other
El Nino events.
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A major feature of this study is an extensive bibliography (325 entries) on El Nifio and volcanic-
solar-geomagnetic effects on climate. Also, included is a tabular listing of the 94 major volcanic
eruptions of 1835 to 1986.
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NASA TECHNICAL PAPER

ON THE STATISTICS OF EL NINO OCCURRENCES AND THE RELATIONSHIP OF
EL NINO TO VOLCANIC AND SOLAR/GEOMAGNETIC ACTIVITY

I. INTRODUCTION

The term “El Nifio™ was originally used to describe the annual warming of the waters off the
western coast of South America (in particular, Ecuador and Peru) near to just following Christmas. As
such. El Nifo was regarded as a purely regional and short-lived oceanic phenomenon. of little interest to
people living outside the immediate area and of little consequence in relation to the world’s weather and
climate.

Within the past 25 years. however, this perception has radically changed. For example, today the
term “El Nifio™ is applied exclusively to only those anomalous and pervasive warmings of the coastal
waters off Ecuador and Peru that are of a more persistent and intense nature, lasting typically several
months to more than a year and occurring once every few to several years [52, 221]. Further. changes in
sea surface temperature (SST) in the eastern/central equatorial Pacific, which is the primary ocean-
ographic signal for El Nifio and its counterpart, “La Nifa™ (also called “Warm Event™ and “Cold Event,”
respectively). have been found to often correlate with changes in the dilference of atmospheric sea level
pressure (SLP) between widely separated stations in the Pacific Basin (typically. Tahiti or Easter Island
and Darwin. Australia; this difference is called the “Southern Oscillation Index™ or SOl and serves as the
primary atmospheric signal for the Southern Oscillation, a somewhat orderly rearrangement or progres-
sion of meteorological phenomena in the region of the Indian and Pacific Oceans): hence. El Nino is now
perceived to be part of a large-scale. dynamic. atmospheric-oceanic. climatic feedback system of global
proportion [ 1. 7-8, 12-15, 18, 20, 34-36, 39-41, 63-64. 69. 74, 86. &9. 91, 101, 106, 116-117, 128,
[35-136. 138. 148, 162, 173, 178, 181, 189, 192, 195, 201, 206-210, 220, 225-229, 231-234, 238,
244-246, 249, 273-274, 286-287. 309-311, 313-316, 318-320].

While it is generally accepted that EI Nino and the Southern Oscillation are different manifesta-
tions of a single. large-scale. dynamic, air-sea. climatic feedback system (often called "ENSO™). the
inferred coupling has been somewhat less than perfect. For example. Deser and Wallace [52]. based on
the 1925 to 1986 interval, have found several instances when El Nino preceded the onsets of positive SLP
at Darwin. Australia. and a few instances when El Nifo followed the onsets of positive SLP (including
the largest EI Nifio of the century: the 1982-83 event). More peculiarly. they also found instances when
El Nifio and negative swings in the SOI occurred separately. Thus, they concluded that EI Nino and the
Southern Oscillation are “more loosely coupled™ than previous studies would imply and that “there are
strong local controls on the climate of the eastern equatorial Pacific that sometimes transcend the
influence of the Southern Oscillation.™

Models for predicting/hindcasting ENSO are deterministic in nature; i.e., a change in an
important oceanographic/atmospheric parameter (e.g.. SST. SLP. SOIL. outgoing longwave radiation,
surface wind stress, sea surface salinity, sea level height, the depth of the thermocline, etc.) is either
randomly or stochastically forced to bring about conditions favoring the development of an El Nino.



While sometimes the forcing is introduced from the extratropics (via any one of a number of teleconnee-
tion processes), the forcing more often is introduced from entirely within the tropical Pacific region
alone, where coupled interactions between the atmosphere and ocean are strongest [ 11, 16, 27-29, 35-38.
66, 70-71, 80, 87-88, 98-99, 124-125, 153, 156-158, 174, 180, 183, 207, 216, 248, 260, 275, 288-289.
292, 317, 321-323].

Because of the near simultaneity of two of the largest climatic events of the century, the early
1982 cruptions of EI Chichén in the northern tropical region of Mexico and the abrupt late-1982 appear-
ance of EI Nino (which followed El Chichén by about two scasons), much speculation has been raised
that an association exists between them. In particular. because major volcanic eruptions are known to
change the optical properties of the Earth’s atmosphere (especially the stratosphere), it has been sug-
gested that alteration of the atmospheric circulation occurs. leading either to conditions favorable for the
initiation of EI Nino (thus acting as the “trigger™) or to an intensification of an El Nifio that is already in
progress (thus modulating the severity of the El Nifo) [94-96, 110, 196, 202, 229, 252, 257].

Some of the statistical aspeets of EI Nifo occurrences are examined here. In particular, the statis-
tical properties of the distribution of elapsed time between successive onsets of El Nifio and the possible
assoctational aspects of El Nifo occurrences, with respect to both volcanic and solar/geomagnetic
activity, are examined. Reexamination of the association between volcanic activity and El Nino is
prudent because recent reports have presented conflicting results [94-95. 196, 202]. Similarly, examina-
tion of the association between solar/geomagnetic activity and El Nifo. as yet to be explored. may yield
results that are pertinent to EI Nino prediction (in a “general™ sense. not necessarily a “causal”™ sense).
Finally. some remarks are given which may be of use for predicting the occurrence of the “next”
anticipated El Nino.

ll. DATA

Listings of EI Nino events can be found in Quinn et al. [221-222]. Rasmusson [231], van Loon
and Shea [278]. Deser and Wallace [52], and Ropelewski and Jones [247], with the Quinn et al. [221]
fisting being the most complete. The Quinn et al. [221] listing catalogs 79 EI Nino events of near
moderate-to-very strong intensity that appear to have occurred off “the west coast region of northern
South America and its adjacent Pacific Ocean waters™ during the interval 1525 to 1987, with events of
moderate intensity (32) extending back to 1806. (No weak events are cataloged.) The Quinn et al. [221]
listing represents a revision of an earlier listing (Quinn et al. [222]) and describes the very-strong, strong,
and moderate events in the following manner: “The very strong events show extreme amounts of rainfall.
flood waters, and destruction. and coastal SST’s usually reach values 7° to 12 °C above normal during
some months of the southern hemisphere summer and fall seasons. The strong events, in addition to
showing large amounts of rainfall and coastal flooding and significant reports of destruction. exhibit
coastal SST's in the 3° to 5 °C above normal range during several months of the southern hemisphere
summer and fall seasons. The moderate events in addition to showing above normal rainfall, some flood-
ing. and small amounts of destruction, generally show coastal SST's in the 2° to 3 °C above normal range
for several months during the southern hemisphere summer and fall seasons. In all three categories the
effects on coastal fisheries are highly damaging.”



Extensive listings of volcanic eruptions can be found in Lamb [ 154]. Simkin et al. [262]. Newhall
and Self [194]. Handler [94-96]. and Bradley [19]. Major volcanic eruptions are usually described as
those having a Dust Veil Index (DVD =750 or a Volcanic Explositivity Index (VED =4. As an example.
Lamb | 154] notes that the great eruption of 1815 (Tambora). the “largest and deadliest volcanic eruption
in recorded history” (Stothers {267]). and had a DVI of about 3.000. while the great eruption of 1883
(Krakatau) had a DVI of about | L0007 according to Newhall and Self [194]. the VEI@ associated with these
explosions measured 7 and 6. respectively. implying column heights =25 km. ejecta volumes =10"" m*,
and significant perturbation of the stratosphere. The stratospheric acrosols associated with major volcanic
eruptions. because of deposition on ice sheets in Greenland and Antarctica, likewise, have been used to
indicate the presence of major volcanic eruptions |51, 92-93. 160, 168]. us have estimates of atmospheric
optical depth (Pollack etal. [215]). In the listings of Lamb | 154] and Newhall and Self [194]. the interval
examined was from 1500. Also, it should be noted that the volcanic record may be incomplete for VEI
<4 for the period prior to about 1950 or 1960 [194, 228].

Sunspot (Zirrich/International sunspot number) and geomagnetic (the aa index) data are reliably
known back to about 1848 and 1868. respectively [61. 166-167, 176. 205, 299], while other solar/
geomagnetic parameters are of a more recent vintage. For example. the Ap index is known back to 1932,
10.7-cm solar radio flux back to 1947, and satellite measurements of the solar constant only back to 1978
(Nimbus 7, N-7) or 1980 (Solar Maximum Mission, SMM).

. RESULTS

Table 1 lists 39 El Nifio events, from the aforementioned Quinn et al. [221] listing, that occurred
between 1840 to 1987 and that were of nearly moderate-to-very strong intensity (strength). Also identi-
fied in Table 1 are the particular years associated with each El Nifio event and notes referring to results
from other studies (e.g., Rasmusson [231]; van Loon and Shea [278]: Ropelewski and Jones [247]).
These 39 events include 15 “strong” (S. S+ . VS) and 24 “moderate” (W/M, M, M +) events. A general
note and a table legend appear at the bottom of Table 1. It is interesting to note that of the 28 Warm
Events cataloged by van Loon and Shea [278]. 24 are also found in Table 1. The only events appearing in
van Loon and Shea that do not appear in Table 1 are for the years 1904, 1913, 1963, and 1969: of these.
the years 1963 and 1969 were El Nifno years, but the EI Nino events were of weaker strength. Likewise.
excluding event 39 which does not appear in Rasmusson [231]. of the remaining 38 events, all appear in
Rasmusson’s listing, except events 5 (1860). 10 (1874). and 20 (1907): i.e., 35 out of 38 of the
regionally determined EI Nino events werc also on a list of EI Nifo events that were clearly of global
proportions. Thus, while Quinn et al. [221] identified their El Nifio events. from which Table 1 is merely
an extraction, primarily {rom local/regional effects, the events are truly global in extent.

Table 2 lists 94 known volcanic eruptions that occurred between 1835 and 1986 that either had
DVI =50, VEI =4, or an observed dust cloud of column height = 15 km and that may have had signifi-
cant stratospheric effects. A column height of =15 km was selected as a criterion because in the tropics
the tropopause (the dividing region between the upper troposphere and the lower stratosphere) averages
above 15 km, while at mid and high latitudes, the height of the tropopause is below 15 km. The list of
volcanic eruptions was adapted primarily from lists tabulated by Lamb [154], Newhall and Self [ 194},
and Handler [94]. with additions also from Eos (appearing in the column entitled “Geophysical Events™)
and from Toon and Pollack [272] (cf. Baldwin et al. [9]: Pollack et al. [215}) for the period 1968 to 1986.
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TABLE 1. SUMMARY OF EL NINO EVENTS: 1840-1987
(From Quinn et al. [221))

Event No. (i) Year Strength Notes

1 1844-45 S+ R: 1844-46; 2, 4, 3

2 1850 M R: 1850; 2

3 1854 W/M R: 1854; nc

4 1857-58 M+ R: 1857; 2

5 1860 M Not Listed

6 1864 S R: 1864; 4; WE

7 1866 M R: 1866; nc

8 1867-68 M R: 1868; 3; WE (1868)

9 1871 S+ R: 1871; 3

10 1874 M Not Listed

11 1877-78 VS R: 1877-78: 4, 4. WE (1877)

12 1880 M R:1880; 3; WE

13 1884 S+ R: 1884-85; 4,3; WE

14 1887-89 W/M R: 1887-89: 3, 3, 1; WE (1888): Low (1888)
15 1891 VS R: 1891; 4; WE

16 1896-97 M+ R: 1896; 3; WE (1896); Low (1896)

17 1899-1900 S R: 1899-1900; 4, 3; WE (1899): Low (1900)
18 1902 M+ R: 1902; 3; WE; Low (1902)

19 1905 W/M R: 1905; 3: Low (1905)
20 1907 M Not Listed
21 1911-12 S R:1911-12; 4, 3; WE (1911); Low (1911)
22 1914 M + R: 1914; 3
23 1917 S R: 1917; 2
24 1918-19 W/M R: 1918-19; 4, 3: WE (1918): Low (1918-19)
25 1923 M R: 1923; 2; WE; Low (1923)
26 1925-26 VS R: 1925-26; 4, 4; WE (1925); Low (1925-26)
27 1930-31 W/M R: 1929-30; 3, 3; WE (1930)
28 1932 S R: 1932; 2; WE
29 1939 M+ R: 1939; 3; WE; Low (1939)




TABLE |. (Concluded)

Event No. (1) Year Strength Notes

30 1940-41 S R: 1940-41; 2, 4; Low (1939-41)
31 1943 M+ R: 1943-44; 2, 2
32 1951 W/M R: 1951; 2; WE; Low (1951)
33 1953 M+ R: 1953; 3; WE; Low (1953)
34 1957-58 S R: 1957-58; 4, 4. WE (1957): Low (1957)
35 1965 M+ R: 1965; 3; WE; Low (1965)
36 1972-73 S R: 1972-73; 4, 4. WE (1972); Low (1972)
37 1976 M R: 1975-76; 1, 3; WE
38 1982-83 VS R: 1982-83; 4, 4;: WE (1982): Low (1982-83)
39 1987 M Not Listed

Legend: W/M — Nearly moderate
M — Moderate
M+ — Nearly strong
S — Strong

NOTE: The Rasmusson [231] listing, adapted from Quinn et al. [222], also identifies El Nino events in
1852 (2), 1855 (2), 1862 (nc), 1873 (2). 1875 (1), 1946 (1), 1948 (1), 1963 (1), and 1969 (2).
Of these, the events of 1963 and 1969 have been classified by van Loon and Shea [278] as warm
events; the years 1904 and 1913 were also classified as warm events, although no counterpart
El Nino event appears in either the Quinn et al. [221] or Rasmusson [231] lists for these two
years. An event marked “Low™ means that during the given year the Tahiti-Darwin Southern
Oscillation Index remained in the lower 25 percent of the distribution for five months or longer
(Ropelewski and Jones [247]); other “Low™ years include 1913, 1946, 1963, 1969, and 1977.
The term “Not Listed” means that the event does not appear in Rasmusson [231]. One should
also note that on occasion there is a difference in the strength (intensity) classification in the

S+ — Nearly very strong
VS — Very strong
R — Rasmusson [231]

I — Very weak
2 — Weak

3 — Moderate
4 — Strong

nc — Not classified
WE — Warm event (episode)

various lists of El Nino.



TABLE 2. SUMMARY OF VOLCANIC ERUPTIONS WITH POSSIBLY SIGNIFICANT

STRATOSPHERIC EFFECTS: 1835-1986
(Adapted from Lamb [154], Newhall and Self [194], Handler {94], and descriptions reported in
Eos (i.e.. dust clouds at =15 km; Note: L — Lamb, NS — Newhall and Self, H— Handler, and E
_ Eos). Events noted as NS after 1869 also appear in Handler [94-95], and those events with
possible well-defined signatures in either Greenlandic and/or Antarctic ice core deposits are
denoted with an asterisk. taken from Hammer [92], Hammer et al. [93], and Legrand and
Delmas [160].)

Year Volcano Location (Degrees) Notes

1835 Coseguina 13 N, 88 W NS: VEI = 5 (L: DVI = 4000). *
1845 Hekla 64 N, 20 W NS; VEI = 4 (1., DVI = 800); *
1846 Amargura 18 S, 174 W L; DVI = 1000; *

1849 Purace 2N, 76 W NS; VEIl = 4

1852 Etna 38N, ISE L. DVI = 100 (50)

1852 Mauna Loa 20 N, 156 W L. DVI = 250

1852 Gunung Api 4SS, 130 E L. DVI = 200

1853 Chikurachki SON. IS5 E NS. VEI = 4

1854 Sheveluch 57 N, 162 E NS: VEI = S(L; DVI =
1855-56 Cotopaxi 1S,78 W [, DVI = 700; *

1856 Awu 4N, I26 E L: DVI = 70

1856 Sangihe 4N, 126 E [, DVI = 5007

1856 Komagatake 42 N, 141 E NS: VEI = 4 (L. DVI <1}
1861 Makjan I N, I28E L; bVi= 800; *

1869 Purace 2N,76 W NS:. VEI = 4

1869 Cebcruco 21N, 105 W L: DVl = 70 (50)

1872 Vesuvius 41 N, 14 E L., DVI = 150 (70)

1872 Merapi 8S,1H0E L, DVI = 80

1872 Sinarka S0N, IS5 E NS: VEl = 4

1873 Grimsvotn 64 N, 17 W NS: VEI = 4 (L; DVI = 30)
1875 Askja 65 N. 17 W NS; VEI = 5 (L; DVI = 1000); *
1876 Suwanose-Zima 30N, 17 W NS: VEI = 4

1877 Cotopaxi 1S,78W NS: VEI = 4 (L: DVI = 50)
1881 Nasu 37N, 140 E NS:. VEI = 4

1883 Krakatau 6S, 105 E NS; VEI = 6 (L. DVI = 1000); *
1883 Augustine 59 N, I53 W NS: VEI = 4 (L; DVI = 70)
1885 Falcon Island 20S, 175 W L; DVI = 300

1886 Tarawera 38S, 177 E NS; VEI = 5 (L; DVI = 800).*
1886 Tungurahua 1S, 78 W NS; VEI = 4

1886 Niafu 16 S. 176 W L; DVI = 300; *

1888 Bandai san 38 N, 140 E NS: VEI = 4 (L; DVI = 500).*
1888 Ritter Island 6S, 148 E L; DVI = 250




TABLE 2. (Continued)

Year Volcano Location (Degrees) Notes

1839 Suwanose-Zima 30 N, 130 E NS: VEI = 4

1890 Bogoslof 54 N, 168 W L: DVI = 170 (50)

1892 Awu 4N, 126 E L: DVI = 100

1895/96 Thompson Island 54 S,5E L: DVI = 1300 (400); * Island destroyed

1898 Una Una 0S. 121 E L: DVI = 140

1899 Dona Juana 2N, 77T W NS: VEI = 4

1902 Mont Pelée 15 N, 6! W NS: VEI = 4 (L: DVL = 100);
Two eruptions of VEI = 4

1902 Soufriere (St. Vincent) 13N, 61 W NS: VEI = 4 (L: DVI = 300y,

1902 Santa Maria 1S N, 92 W NS: VEI = 6 (L; DVI = 600);

1903 Thordarhyrna 64 N, 18 W NS; VEI = 4

1906-07 Bogoslof 54 N, 168 W L: DVI = 70 (20)

1907 Shtyubelya 52 N, IS8 E NS: VEI = 5 (L, DVI = 500);

Sopka (Ksudich) .

1909 Tarumai 43 N, 141 E NS; VEI = 4

1911 Taal 14 N, 121 E NS: VEI = 4 (L: DVI = 30)

1912 Katmai (Novarupta) S& N, 155 W NS: VEI = 6 (L; DVI = 500); *

1913 Colima 19 N, 104 W NS: VEI = 4 (L: DVI = 10)

1914 Sakurashima 32 N, 131 E NS: VEI = 4 (L. DVI = 40)

(Sakurazima)

1917 Agrigan 1Y N, 146 E NS; VEI = 4

1918 Tungurahua 15,78 W NS: VEI = 4

1918 Katla 64 N, 19 W NS; VEI =: 4

1919 Manam 4S8, 45 E NS; VEI == 4

1921 Andes (Puyehue) 418,72 W NS: VEI == 4 (L; DVL = 200)

1924 Raikoke 48 N, 153 E NS:; VEI = 4

1929 Komaga-Take 42N, 141 E NS; VEI = 4

1931 Kluchev (Kliuchevskoi) 56 N, 161 E NS: VEI = 4 (L; DVI = 5)

1932 Fuego 14N, 91 W NS: VEI = 4

1932 Quizopu (Cerro Azul) 36 S, 71 W NS: VEI = 5 (H; 6) (L; DVI =

1937 Rabual 5§, 152E NS: VEI = 4?

1945 Kliuchevskot 56 N, 161 E NS; VEI = 4

1946 Sarychev 48 N, IS3 E NS: VEl = 4

1947 Hekla 64 N, 20 W NS: VEI = 4 (L; DVI = 70), *
Dust cloud to 27 km

1951 Mt. Lamington 9 S, 148 E NS: VEI = 4 (L: DVI = 20)

1951 Ambryn 16 S, IS8 E NS; VEI = 4

1952 Bagana 68, I155E NS; VEI = 4

1953 Mt. Spurr 61 N, 153 W NS: VEI = 4 (L; DVI = 7);
Dust cloud to 23 km

1955 Nilahue 40S, 72 E NS; VEI = 4

1956 Bezymjannaja 56 N, 161 E NS: VEI = 5 (L; DVI = 30)

(Bezymianny)

Dust cloud to 45 km




TABLE 2. (Concluded)

Year Volcano Location (Degrees) Notes

1960 Puntiagudo 28, 77w L; DVI = 100 (50)
Several other vents (unnamed);
Given latitude/longutude is average

1963 Gunung Agung (Agung) 8 S, 116 E NS; VEI = 4 (L; DVI = 800); *

1964 Sheveluch 57N, 162 E NS; VEI = 4

1965 Taal 14 N, 121 E NS: VEI = 4 (L; DVI = 10-15)

1966 Kelut 8S, 112 E NS; VEI = 4

1966 Awu 4N, 126 E NS: VEI = 4(L; DVI = 50-100)
Dust cloud to 18 km

1966 Oldoinyo Lengai 3S,36E NS; VEI = 4

1968 Fernandina 0S,92w NS; VEI = 4 (L; DVI = 50-100)

1973 Tiatia 44 N, 146 E NS: VEI = 4

1974 Fuego 14N, 91 W NS; VEI = 4

1975 Plosky Tolbachik 56 N, 160 E NS; VEI = 4

1976 Augustine 59N, I3 W NS: VEI = 4 .

1977 Bezymianny 56 N, 161 E E; Dust cloud to 15 km

1979 Bezymianny 56 N, 161 E NS; VEI = 4

1979 Soufriere 13N, 61 W E; Dust cloud to 18 km

1980 Mt St. Helens 46 N, 122 W NS; VEI = 5;
E; Dust cloud to =19 km

1980 Hekla 64 N, 20 W E; Dust cloud to 15 km

1980 Gareloi 52N, 179 W E; Dust cloud to 10.5 km; SO, at 19.2 km

1981 Alaid SI N, IS6 E E; Dust cloud to 1S km

1982 Mystery E; Dust at 10-20 km (January-March);
Several eruptions possibly associated
with cloud

1982 El Chichén ITN, 93 W H: VEI = 4; E: Dust cloud to 16.8 km
(possibly to 26 km)

1983 Mystery E; Dust at 18-19 km (February-April)

1984 Home Reef 198,175 w E: Dust cloud to 15 km

1985 Nevado del Ruiz SN, 75 W E: Dust cloud to 10.5 km (possibly to 25 km)

1986 Paviof 55 N, 162 W E: Dust cloud to 16 km

NOTE: Another list of volcanic eruptions that may have produced significant amounts of strato-
spheric aerosols appears in Handler [96]. This list differs from his previous lists
(Handler [94-95]) in that three cruptions were removed as possible contributors of
stratospheric aerosols (1973 - Tiatia; 1975 — Plosky Tolbachik; and 1979 —
Bezymianny). while 10 were added (August 1928 — Paluweh, 8 S, 121 W, 1929 _
Reventador, 0 S, 77 W; September 1971 - Fuego, 14 N, 9] W; April 1979 —
Soufriére, 13 N, 6] W; November 1979 — Sierra Negra, 1 S, 91 W: October 1980 —
Ulawun, 5N, 151 E; April 1981 - Alaid, 51 N, I56 E; May 1981 - Pagan, 18 N, 146
E: December 1981 — Nyamuragira, 1 S, 29 E; and July 1983 — Una Una, 0 S, 122 E).
Many of these latter additions, however, must be considered as marginal contributors
in that only slight enhancements in the integrated non-Rayleigh backscatter coefficient
(Mauna Loa, Hawaii) during the period December 1974 — June 1987 were observed
(Geophysical Events [79]). The December 1981 eruption of Nyamuragira may have
been the source of the Mystery event of early 1982.



The year of the eruption, its name and location, and notes regarding each of the entries are given. An
asterisk (*) denotes those events which also have a reported signature in the ice core deposits of either
Greenland or Antarctica. Of the 94 events, 92 can be associated with specific volcanic eruptions of
known location; two are denoted “Mystery.” (The mystery cloud of 1982 may be associated with
Nyamuragia, located at 1 S, 29 E, that erupted in December 1981; Handler [96].) Excluding the two
mystery aerosols, 45 occurred within the tropics (within 23.5 degrees of the equator, a region containing
about 40 percent of the Earth's surface area, predominantly water. as well as the bulk of the Earth’s
atmosphere). In particular, 23 occurred in the northern tropics, 22 occurred in the southern tropics, 41
occurred north of 23.5 N (the bulk of which occurred north of 45 N), and 6 occurred south of 23.5 S (the
bulk of which occurred between 23.5 S and 45 S). Also, of the 94 eruptions, 17 have been clearly identi-
fied in ice core deposits (perhaps, 18; evidence has been presented by Hofmann et al. [114] that the El
Chichén stratospheric aerosol was detected in Antarctica).

Plotted in Figure | are the annual averages of sunspot number, 10.7-cm solar radio flux, the aa
and Ap geomagnetic indices, and solar irradiances (SMM and N-7) for data available periods during the
interval 1840 to 1987. The long-term average for each of these parameters is drawn as the horizontal line.
As an exammple, 54.3 represents the average annual sunspot number for the interval 1848 to 1987, 129.5
represents the average annual 10.7-cm solar radio flux value for the interval 1947 to 1987, and so on.
Individual sunspot cycles are identified at the bottom of Figure 1. Across the top of Figure | are the 39 El
Nino events given in Table 1 and the 94 possibly significant volcanic eruptions given in Table 2. where
the shaded triangles denote “strong™ El Nino events and tropical volcanic eruptions, respectively. The
term “VS™ means that the El Nino was very strong. (The mystery aerosol of 1982 has been shaded based
on the remarks previously given; Handler [96].)

In the next section, discussion will center on Figure | (and the supporting Tables | and 2). It is
upon this set of comparative results that the bulk of the remaining text is concerned.

IV. DISCUSSION

A. Statistical Aspects of El Nio Onsets

From Figure | and Table |, one notes that 38 EI Nino events of nearly moderate to very strong
intensity occurred during the 140-year history of modern era sunspot observations (1848 to present). Of
these 38 events, 24 have been of moderate (W/M, M, M +) intensity and 14 of strong (S, S+, VS)
intensity. Thus, on average, El Nino occurs at the rate of one event per 3.7 years or, incorporating
intensity, at the rates of one moderate event per 5.8 years and one strong event per 10 years. It may also
be noteworthy that every decade between the 1840’°s and the 1980°s. except the 1960°s, had a moderate
to stronger El Nino that spanned two consecutive years (e.g., 1911-12, 1925-26, etc.; see Table 1) and
that there has never been a single instance of back-to-back strong El Nino events.

In Figure 2 (top-left), the elapsed time (in years) between successive onsets of El Nifio is plotted
as a function of event number (see Table 1). As noted above, the mean interval between onsets of EI Nino
is about 3.7 years, identified in Figure 2 as the horizontal line running parallel to the event number axis.
The sample of 38 elapsed times has a standard deviation of about 1.8 years and a mode and median of 3
years. A runs test (Lapin [155], p. 624) suggests that the sample of elapsed times is randomly distributed,
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although greater variation is clearly evident from about event number 23 (1917) than before it. Subdivid-
ing the events into two equally sized samples (2 to 20 and 21 to 39), one finds that the earlier occurring
group (2 to 20) has a mean elapsed time of 3.3 years and a standard deviation of 1. | years, while the
more recently occurring group (21 to 39) has a mean elapsed time of 4.2 years and a standard deviation of
2.2 years. Hypothesis testing, based on the t statistic for independent samples (Lapin [155], p. 486) and
assuming each sample to be normally distributed, suggests that the two samples are not significantly dif-
ferent, implying that the two groups can be combined into a single grouping and that a single mean and
standard deviation can be used to describe the overall set of elapsed times. (It should be noted, however,
that the sample containing events 2 to 20 has elapsed times spanning from 1 to 6 years, including a strong
peak at 3 years, while the sample containing events 21 to 39 has elapsed times spanning 1 to 8 years,
including a less striking peak at 3 years. Thus, while the former sample has a distribution that looks like
the normal distribution, the latter sample’s distribution does not: instead, it has a distribution more like
that of the uniform distribution. Also, because greater variance exists in the latter sample as compared to
that of the former sample — the variance of the sample comprised of events 21 to 39 is four times larger
than the variance of the sample comprised of events 2 to 20 — one speculates that a change to a more
variable climate may have occurred during the present century, especially the last 50 to 75 years. If true,
one wonders whether the change is merely a natural episodic swing in climate or is it an anthropogenic
effect?)

Also plotted in Figure 2 (top-right) is the overall distribution of elapsed times, making no distine-
tion between events 2 to 20 and 21 to 39. Because the mode and median are smaller than the mean, one
perceives that the distribution is positively (or rightward) skewed. Application of the Kolmogorov-
Smirnov maximum deviation test for goodness of fit (Lapin [155], p. 639), using an assumed value of
3.5 years and 2.0 years, respectively, for the mean and standard deviation of the population of elapsed
times, suggests that the distribution of elapsed times is normally distributed; on the other hand. a popula-
tion mean and standard deviation of 4.0 years and 2.0 years, respectively, suggests that the distribution
of elapsed times may not be normally distributed. (The distribution of elapsed times for the entire
sample, as shown in Figure 2, certainly looks normally distributed: based on a sample distribution of 38
elapsed times, having a sample mean of 3.7 years and a sample standard deviation of ].8 years, one
computes the population mean and standard deviation to bew =37+ 06ando = 1.8 +0.6/—0.3,
respectively, at the 95 percent level of confidence.)

The above analysis suggests that El Nifio events of moderate to stronger strength do not occur on
an annual basis. Instead, they usually occur about once every 3 years (one-third of the entire sample;
two-thirds of the entire sample have elapsed times of 2 to 4 years) and only occasionally do they occur in
back-to-back years (elapsed time equals 1 year which is observed in only about 8 percent of the sample).
Elapsed times between onsets of El Nifio that exceed 5 years have been more commonplace of late than
was evident early on, with 5 of the 6 events occurring in the last 50 years. Because the onsets of El Nino
usually occur after the Earth’s closest approach to the Sun when insolation is greatest, one supposes that
insolation should be a major factor in the genesis of El Nifio; however, because of the lack of an annual
signal in the elapsed times between successive El Nino of moderate to stronger intensity, one surmises
that insolation alone cannot fully explain the observed variation. (EI'Nifo events usually have their onsets
during southern hemispheric summer/fall, corresponding to December-May: a comparison of the events
listed in Table | to those identitied in Deser and Wallace [52] for the interval 1925 to 1986 shows that more
than 80 percent of the El Nifo events had their onsets during southern hemispheric summer/fall, with
the greatest number during southern summer and with no events during southern winter—June-August.
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It should also be noted that an annual signal occurs in the 10.7-cm solar radio flux, which is a conse-
quence of the Earth’s orbital motion, being higher, on average, during January than during July, and a
semiannual signal occurs in geomagnetic activity, which may be a consequence of the tilt of the Sun’s
rotational axis relative to the equator, with enhanced geomagnetic activity in March and September,
when more of the Sun’s polar regions face the Earth, than in June and December.)

Also plotted in Figure 2 (bottom-left and bottom-right, respectively) is the time variation of the
relative strengths of the moderate to stronger El Nino events and their distribution. Although the
strengths appear to vary randomly, moderate El Nino events occur more often than strong El Nifio events
and the time series of El Nino strengths has, as yet, never included a strong-strong occurrence. Thus, if
one were forecasting the relative strength for the “next” El Nino, one probably would forecast a moderate
event, especially if the last known event was a strong El Nifio; on the other hand, if the last event was a
moderate event, one could only say that the next anticipated event will be of moderate to stronger
strength (ignoring the weaker El Nino events).

B. El Nino Onsets Versus Volcanic Activity

More than 200 years ago, Benjamin Franklin [72] noted a coolness during the summer months of
1783 that was associated with a “constant tog™ over Europe and North America. According to Franklin,
surface temperature decreased because some of the incident sunlight could not reach the Earths surface.
owing to the presence of the fog. Of several possible causes for the fog. Franklin speculated that volcanic
activity in Iceland might be responsible for the meteorological effects |23, 50, 215, 254, 261].

Later, Humphreys [121] showed that preferential scattering of sunlight by volcanic aerosols could
alter the Earth’s albedo, thereby effecting climatic changes (c¢f. Humphreys [122}]), and Kimball [139-
140] showed that reduction in the amount of direct sunlight at the Earth’s surface by as much as 20 to 30
percent of that ordinarily observed was seen after certain volcanic eruptions [190, 290-291]. In 1961 a
persistent, world-wide, stratospheric aerosol layer, composed mainly of sulfate particles (and sulfuric
acid droplets), was detected by high-altitude balloon and aircraft sampling experiments [22, 129-130].
Results of monitoring this layer have since shown that direct volcanic injection occasionally takes place.
having both immediate short-term and severe longer term effects [79, 181]. As an example of a possible
climatic effect related to volcanic eruptions, Kondo [ 143} has noted that “most of the poor rice harvests
caused by unusual cool summers and leading famine conditions in the Tohoku district (the northeastern
part of Japan) took place just after the great volcanic eruptions™ during the last 300 years (cf. [19, 94-96,
163, 188, 196, 202]). It is perceived, then, that volcanic eruptions, especially violent ones in the tropics,
because of their globally perturbing aerosols (Lamb [154]), alter the Earth’s atmospheric circulation,
thereby. influencing both local and world-wide climatology [5-6, 30-32, 46-47, 53, 58-59, 76, 82-83,
97,100, 111, V13, 118, 120, 123,127, 133-134, 150, 152, 159, 164, 170-172, 175, 182, 184-185. 187,
191, 193, 197, 203-204, 214, 223, 229-230, 235, 239-243, 245, 255-256, 258, 266, 269, 281-283,
312].

Recently, Handler [94-95] examined the relationship between El Nifo occurrences and volcanic
eruptions, to determine whether or not the 1982-83 EI Nifio was related to the March-April 1982
eruptions of El Chichén. In his analysis, he composited (using the superposed epoch analysis technique;
¢f. Haurwitz and Brier [103]) separately and seasonally the SST’s for 11 low-latitude (<20 degrees) and
20 high-latitude (>20 degrees) eruptions occurring between 1868 and 1980, where the SST's were for
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the eastern equatorial Pacific bounded by 0 to 10°S and 90 to 180°W. His results suggest that, when
major stratospheric aerosols occur at low latitudes, the SST’s of the eastern equatorial Pacific tend to be
warmer than normal for the three seasons following the eruptions and that, when major stratospheric
aerosols occur at high latitudes, the SST’s tend to be cooler than normal for about four or five seasons
following the eruptions, concluding that the association between SST anomalies and volcanic eruptions is
statistically significant at the 95 percent level of confidence.

While Parker [202], using a different data set, has confirmed Handler’s findings, Nicholls [196]
notes that, in composites (10 events) of Darwin SLP, another measure often employed to indicate the
occurrence of El Nifio, the date of eruption tends to be preceded by lower than average pressure and
followed by higher than average pressure. He further found that “a strong linear upward trend in the
composite pressure anomaly starts well before the date of eruptions and continues for several months”
afterward, suggesting that ENSO events do not result from low-latitude volcanic eruptions (owing to
violation of causality). Similar conflicting results can be found in Sear and Kelly [257] both for
individual and composited events based on northern hemisphere air temperature (cooling is seen to have
begun some 3 months prior to the EI Chichén eruption and 5 months prior to the dates of eruption based
on a composite of five eruptions).

To assess the associational aspects of El Nifio and volcanic eruptions, from Figure 1. one can
compare the onsets of EI Nifio with the occurrences of volcanic eruptions. From the preceding, if a strong
association exists between volcanic eruption in the tropics (cause) and the onset of EI Nio (effect), then
one expects volcanic eruptions to preferentially occur before (or simultaneously with) the appearances of
El Nifio. because the response should be essentially immediate with only slight delay (within three to five
seasons; certainly, within 2 years). (Observations of the decay of the aerosol load following selected
eruptions indicate that it has an e-folding time of about 1 year, implying that the original load has been
reduced by about a factor of 2.7, | year after the eruption, by about 7.4, 2 years after the eruption, and by
about 20.1, 3 years following the eruption. Also volcanic materials have been observed to circum-
navigate the globe in less than | month and to span from pole to pole in about I year, with the maximum
opacity usually occurring within the hemisphere of origin and in less than 1 year following the eruption.)

Figure 3 plots the results of a comparison of occurrences of volcanic eruption relative to El Nino
onsets for tropical volcanic eruptions alone (bottom) and for “all” major volcanic eruptions (ignoring the
latitudinal position of the eruptions; top). If El Nifio events result purely from the eruptions of major low-
latitude (tropical) volcanoes that precede the onsets of El Nino by <1 year (within seven seasons), one
finds that only 16 out of 38 El Nifio events (between 1848 and 1987) can possibly be “explained.” If one
opens the window to include all major tropical eruptions within 2 years (within 11 seasons), then one
finds that the supposed association can only account for 22 out of 38 El Nino onsets (about 60 percent).
Thus, nearly half (=40 percent) of the EI Nino onsets are not preceded (within 2 years) by a major
volcanic eruption in the tropics.

From Figure 3 (top). if one ignores the location of the volcanic eruption, one finds a stronger
apparent association between them. For example, within 1 year, 26 out of 38 El Nino onsets were
preceded by a major eruption and, within 2 years, 30 out of 38 EI Nifio onsets were preceded by a major
eruption; only 8 out of 38 (about 20 percent) were not preceded by a major eruption. Thus, by ignoring
latitude, one can attribute more of the El Nifio events to the occurrences of major volcanic eruptions;
however. the association does not appear to be one-to-one. (It should be emphasized that this analysis
was performed relative to ElI Nifo onset.)
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Limiting oneself to just those events that have occurred since 1950 (8 events, the dashed lines in
Figure 3), one finds that 6 out of 8 El Nifio onsets were preceded (within 2 years) by major volcanic
eruptions in the tropics, or that the association is roughly in the same proportion as that of the larger
comparison. Ignoring latitude, one finds 7 out of 8 E] Nifio onsets to be preceded (within 2 years: actually
within 1 year) by major volcanic cruptions. Thus, although the more reliable data set indicates a possible
connection between El Nifo onsets and preceding major volcanic eruptions, the inferred association
remains not one-to-one. Event 36 (Table 1), the strong El Nino of 1972-73, cannot be attributed to any
known major volcanic eruption (<3 years), regardless of latitude.

Table 3 lists the possible associations that may exist between El Nifio onsets and major, low-
latitude (tropical) volcanic eruptions for elapsed times spanning O to 3 years. It identifies the particular El
Nifio event, its onset year and strength, and the name, location, VEI (if known; otherwise the DVI is
given), and month of eruption for the possibly associated volcano. As previously noted in the discussion
of Figure 3, 10 El Nifio onsets occur during the same years of the occurrences of major, tropical volcanic
eruptions. Of these 10, 8 occur during the first part of the year when El Nifio is usually observed; two
eruptions occur late in the year making these associations less likely. These two events are numbers 17
and 35. Instead of same year occurrence for both the El Nifio and the eruption for these two events, event
I7 may be better associated with the eruption of Una Una (0°S) in 1898, implying an elapsed time of
I 'year, and event 35 may be better associated with the eruption of Gunung Agung (8°S) in March 1963,
implying an elapsed time of 2 years.

Table 4 identifies all of the extratropical, southern hemispheric eruptions (6) that occurred prior to
the onsets of El Nifio. While it is less likely that these eruptions produced stratospheric aerosols that were
global in extent (the adage is that extratropical eruptions tend to be most effective within their hemisphere
of origin, while tropical eruptions can be effective throughout the tropics, even globally; Lamb [154];
Dyer [58]). they should have produced aerosols that were effective in the southern hemisphere. Combin-
ing the results of Tables 3 and 4, one finds that, if EI Nifio can be triggered by preceding (within 2 years)
major, tropical and/or extratropical (southern hemisphere) volcanic eruptions, then such an association
can only account for about two-thirds of the observed El Nifio (25 out of 38 events); one-third must be
triggered by something else. As has been previously noted, the association appears stronger if one
disregards latitude; likewise, by including smaller eruptions (VEI <3), one also can infer a stronger
association.

C. El Nifio Onsets Versus Solar/Geomagnetic Activity

Two examples of solar-terrestrial relationships are the distribution of average air temperature
from the equator to the pole (warmer near the €quator as compared to cooler near the poles) and the exist-
ence of aurorae, the implication being that a changing Sun is, perhaps, a major piece of the puzzle
regarding weather/climate. While the Sun is recognized as the ultimate source of energy for the
atmospheric-oceanic climatic system, because a full understanding of the step-by-step processes at work
within the system has not yet been realized, researchers remain cautious, even skeptical, towards any
claims as related to Sun-weather/climate.
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TABLE 3. SUMMARY OF EL NINO EVENTS THAT POSSIBLY MAY BE ASSOCIATED
WITH LOW-LATITUDINAL (TROPICAL) VOLCANIC ERUPTIONS

Event  Onset Strength Volcano Latitude VEI Month

Elapsed time (year) = 0

11 1877 VS Cotopaxi 1S 4 June

17a 1899 S Donfa Juana 2N 4 November

18 1902 M+ Santa Maria 1SN 6 May
Soufriere 13 N 4 May
Mont Pelée IS N 4 May

21 1911 S Taal 14 N 4 June

23 1917 S Agrigan 19 N 4 April

24 1918 W/M Tungurahua 1S 4 April

28 1932 S Fuego 14 N 4 January

32b 1951 WM Ambryn 16 S 4 September
Mi. Lamington 95 4 January

35¢ 1965 M+ Taal 14 N 4 September

38 1982 VS El Chichén 17 N 4 April

a. Possibly better associated with Una Una (Lat. 0 S) which erupted in 1398.
b. Possibly better associated with Mt. Lamington than Ambryn.
c. Possibly better associated with Gunung Agung (Lat. 8 S) which erupted in March 1963.

Elapsed time (year) = 1

2 1850 M Purace 2 N 4 December

4 1857 M+ Sangihe 4 N (DVI = 500?)March
Awu 4 N (DVI = 70) ?
Cotopaxi 1S (DVI = 700)?

13 1884 S+ Krakatau 6 S 6 August

14a 1887 W/M Niafu 16 S (DVI= 300) ?
Tungurahua 1S 4 June

22 1914 M + Colima 19 N 4 June

33 1953 M+ Bagana 6 S 4 February

4. Tarawera (38 S) erupted in June 1886, having VEI = 5.
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TABLE 3. (Concluded)

Event

Onset

Strength Volcano Latitude VEI Month
Elapsed time (year) = 2
3 1854 W/M Gunung Api 4S8 (DVI = 200) ?
9 1871 S+ Purace 2N 4 October
10 1874 M Merapi g S (DVI = 80) April
29 1939 M+ Rabual 58S 4 May
37 1976 M Fuego 14 N 4 October
39 1987 M Ruiz 5N a November
a. Dust cloud possibly to 25 km.
Elapsed time (year) = 3
6 1864 S Makjan ON (DVI = 800) December
12 1880 M Cotopaxi 1S 4 June
15 1891 VS Ritter Island 6 S (DVI = 250) 2
19 1905 W/M Santa Maria IS N 6 May
Soufriere 13N 4 May
Mont Pelée IS5 N 4 May
30 1940 S Rabual 58 4 May

TABLE 4. MID-TO-HIGH LATITUDE SOUTHERN
THAT POSSIBLY MAY BE ASSOCIATE

HEMISPHERE VOLCANIC ERUPTIONS
D WITH EL NINO EVENTS

Year Volcano Latitude VEI Month Event Year Strength
1886 Tarawera 38 S 5 June 14 1887 W/M
1895/96 Thompson Island 54 § (DVI = 1300) ? 16 1896 M+
1921 Puyehue 41 S 4 December 25 1923 M
1932 Quizopu 36 S 6 April 28 1932 S
1955 Nilahue 40 S 4 July 34 1957 S
1960 Puntiagudo 42 S (DVI = 100) May 35 1965 M +
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One of the first in this century to suggest a connection between the Sun and terrestrial weather/
climate was Humphreys [120]. who also related the production of terrestrial ozone to solar ultraviolet
(UV) radiation and to auroral discharge. Variations over the solar cycle of the UV flux, the solar con-
stant, and the geomagnetic activity (related to the occurrences of solar flares, coronal holes, erupting
prominences, and even the time of year) have been documented which have been associated, in par-
ticular, with changes in the upper and middle atmospheres and, possibly, with changes even in the lower
atmosphere, although it is this latter aspect that is often controversial [2-4, 10, 17, 21, 24-26, 33, 42-45,
49, 54-57, 73, 75. 77. 81, 84-85, 90, 102, 104-105, 107-109, 115, 126, 131-132, 141-142, 144, 149,
151,169, 177, 179, 186, 198-200, 205, 211-213, 217-219, 236-237, 250-251, 253, 259, 263-265, 268,
270-271, 277, 279-280, 293-297, 312, 324].

The term “solar activity cycle™ (or solar cycle) is the general term employed to describe the
multiplicity of solar-related phenomena that appear to vary cyclicly in a periodic or quasi-periodic
manner, having a period of approximately 11 (or 22) years. The oldest measure of the solar cycle is the
relative sunspot number f{irst introduced by Rudolf Wolf in 1848 (ct. Waldmeier [285]. Kiepenheuer
[137]: Wilson [299]; McKinnon [176]). Other measures include, for example. the 10.7-cm solar radio
flux. sunspot area, photospheric line strengths, number of sunspot groups, number of sunspots, number
of solar flares, etc. In a larger sense. the solar cycle includes not only the sunspot cycle, but also
variations of the solar irradiance (which is believed to vary over the sunspot cycle: e.g.. Hudson [119];
Livingston, Wallace, and White [161]: Willson and Hudson [298]) and the geomagnetic cycle (since the
magnetic disturbances that give rise to the fluctuations, especially as seen in the aa and Ap indices, are
believed to be streams of charged particles of solar origin: cf. Garland [78]; Feynman and Gu [68]:
Mavromichalaki. Vassilaki, and Marmatsouri | 165]). Provided that statistically significant correlations
exist between the various parameters and sunspot number, one can use the sunspot cycle as a proxy for
the solar cycle, thereby allowing a convenient way to assess statistical aspects of El Nino. especially
those that might be suggested as being indicative of preferential behavior.

Scatter plots of solar irradiance (from Nimbus 7 and Solar Maximum Mission), geomagnetic
indices (aa and Ap), and the 10.7-cm solar radio {lux against sunspot number (using annual averages) are
shown in Figure 4. In each case the depicted linear fit is found to be statistically significant, although
considerable variation is seen in the geomagnetic indices. On the basis of these linear fits. one infers that,
indeed. the various parameters are directly correlated with sunspot number. Thus, sunspot number (the
sunspot cycle) can be used as a proxy for the solar/geomagnetic cycles and for the study of statistical
associations between onsets of El Nino and the solar cycle. Statistically speaking, one infers that >80
percent of the variation observed in the 10.7-cm solar radio flux can be “explained™ by the variation
observed in sunspot number, while >90 percent of the observed variation in the solar irradiance as
measured by the Solar Maximum Mission can be explained by the variation observed in sunspot number.
The percentage of explained variation is about 20, about 30, and about 50 percent for the Ap index, the
aa index, and the solar irradiance as measured by the Nimbus 7, respectively.

The results of superposed epoch analyses, using sunspot minimum occurrence as the epoch of
comparison, are illustrated in Figure 5 for Ap, aa, 10.7-cm solar radio flux, and sunspot number. As
noted above, the geomagnetic indices, the 10.7-cm solar radio flux, and sunspot number all display a
somewhat cyclic appearance, having a period of about 10 to 11 years and a maximum about midway
through the cycle. More specifically, while sunspot number and 10.7-cm solar radio flux have minima
that coincide exactly, Ap and aa minima usually follow sunspot minimum by about 1 year. For Cycles 18
and 19, maxima in sunspot number and 10.7-cm solar radio flux coincide exactly, while for Cycles 20
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Maximum Mission) against sunspot number using annual averages of each. The linear
regressions are shown as are the correlation coefficients (r).
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and 21 the radio flux maximum followed the sunspot number maximum by about 2 years. Maxima in the
two geomagnetic indices have always coincided with each other (as have their minima), and they have
almost always followed their respective sunspot maxima by two or more years with only two exceptions:
In Cycle 12 the maxima for both sunspot number and the geomagnetic indices coincided and in Cycle 13
the geomagnetic maximum preceded the sunspot maximum by I year. Sunspot maximum has always
followed sunspot minimum by 4 + 1 year for the most reliably known sunspot cycles, and the 10.7-cm
solar radio flux maximum has always followed its minimum by 3 to 6 years. The difference in epochs of
maximum for sunspot number and the 10.7-cm solar radio flux appears to be related to how they track the
number of sunspot groups and the number of individual sunspots observable on the Sun’s disk, with
sunspot number being more heavily influenced by the number of groups and with the 10.7-cm solar radio
flux being more heavily influenced by the number of observed sunspots [308]. Geomagnetic activity, on
the other hand, does not generally peak until after sunspot maximum (during the decline of the sunspot
cycle), although it is at elevated levels from about 2 to 3 years into the cycle until about 9 to 10 years into
the cycle (Cycle 21 was unusual in that, while a minimum in the geomagnetic indices occurred about |
year after sunspot minimum, the “true” minimum occurred in 1980, or near sunspot maximum:
geomagnetic maximum occurred in 1982, being the largest ever recorded in terms of the aa index).
Because the geomagnetic indices may be related to the solar wind speed [48. 67-68], solar wind speed is
inferred to be greater, on average. after sunspot maximum (probably associated with the corotating, high-
speed. solar wind streams that are spawned from coronal holes [147, 325)).

Now, having established that the sunspot cycle can serve as proxy for the solar cycle (and the
10.7-cm solar radio flux, the geomagnetic cycle, and solar irradiance), with the caveats as noted, one can
compare onsets of El Nifno with various markers of the sunspot cycle (e.g.. average sunspot number,
epochs of minimum and maximum. rise and fall, etc.) to search for possibly significant statistical asso-
ciations. From Figure 1, one finds that more El Nifio events (ignoring intensity) had onsets when the
annual sunspot number was below average (54.3) than when sunspot number was above average: in par-
ticular, 24 out of 38 El Nifio events had onsets when sunspot number was below 54.3. and of the 24
events associated with below average annual sunspot number, 17 were of moderate intensity (Table 3).

TABLE 5. NUMBER OF EL NINO EVENTS IN RELATION TO THE MEAN ANNUAL
SUNSPOT NUMBER (= 54.3), BASED ON THE MODERN ERA
SUNSPOT OBSERVATIONS (1848-1987)

El Nino (Intensity) Below (<54.3) Above (=54.3) Total

W/M 3 3 6

M 7 3 10

M + 7 l 8
(Subtotal) (17) (7) (24)

S 4 4 8

S+ 0 2 2

VS 3 l 4
(Subtotal) (7) (7) (14)
Total 24 14 38
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While true. these results should not really be surprising. because for 80 years of the 140-year modern era
sunspot record the annual sunspot number was below 54.3. Therefore, by chance, one infers that 22
events should have had onsets when the annual sunspot number was below 54.3 (ignoring intensity). of
which 14 should have been of moderate intensity. From the binomial formula (Lapin [155]. p. 163) and
using a trial success probability of 80/140 (= 0.571), one casily calculates the probability of obtaining
the observed results, or those more suggestive of a departure from independence (chance), to be P[=24|
= 27.9 percent and P[=17] = 12.3 percent, respectively, and by hypothesis testing, because P[=24]
and P[=17] are both >10 percent, one infers that the association between the number of onsets of El
Nifio and below average annual sunspot number and between the number of onsets of moderate El Nino
and below average annual sunspot number, in each case, is statistically unimportant (i.e.. the difference
between 24 and 22 events and between 17 and 14 events can, in both cases, be attributed entirely to
chance).

The above analysis was based on a comparison of numbers of El Nifio events and the average
annual sunspot number. Instead, if one uscs for comparison the “median” annual sunspot number (=
45.3), implying a trial success probability of 0.5, then one finds that 23 El Nino events had their onsets
when annual sunspot number was below the median value annual sunspot number. of which 17 were of
moderate intensity. From the binomial formula, one now calculates P[2223] = 12.8 percent and P[=17]
= 3.2 percent, the first of nearly marginal statistical significance and the second statistically significant
at >95 percent level of confidence. Comparing the numbers of onsets of El Nifo (by strength) against the
median value of annual sunspot number (i.c., the Fisher’s test fora 2 X 2 table; Everitt [65]. p. 15). one
finds that a marginally significant association appears to exist between the strength of El Nifno and sun-
spot number, with moderate El Nifio favoring the time when annual sunspot number is below its median
value and with strong El Nifio favoring the time when annual sunspot number is above its median value
(P = 8.8 percent). Table 6 and Figure 6 summarize these results.

In Table 7. the number of El Nifio onsets is determined relative to whether the sunspot cycle is
rising (minimum to maximum) or falling (maximum to minimum). From Table 7, one finds that 27 out of
38 El Nifio events had onsets during the falling (or declining) portion of the sunspot cycle. By chance,
one would have expected 24 events (= 38 X 7/1l: a sunspot cycle, on average., lasts 11 years, taking 4
years to rise from minimum to maximum and 7 years to fall from maximum to subsequent cycle
minimum). Applying the binomial formula, one computes P[=27] = 21.8 percent, inferring that the
association between the number of El Nifio onsets and the phase of the solar cycle (in particular, the
falling portion of the sunspot cycle) is statistically unimportant (i.e.. the difference between 27 and 24
events can be attributed entirely to chance).

In contrast to that reported above, a possibly significant statistical association is found between
the number of strong El Nifio and the falling portion of the sunspot cycle. From Table 7. one sees that 12
out of 14 strong El Nifo events had onsets during the falling portion of the sunspot cycle. By chance. one
expects only 9 events. Applying the binomial formula, one computes P[=12] = 6.9 percent, a mar-
ginally significant result (i.e., at about the 93 percent level of confidence, one infers that the difference
between 12 and 9 events cannot be attributed to chance).

Table 8 compares the occurrences of El Nifio onsets to the occurrences of sunspot minimum and
maximum (actually, a window of = | year bounding each sunspot minimum and maximum). One finds

that during the 3-year window of sunspot minimum, 11 El Nino of moderate intensity had their on-
sets. as did two strong El Nifo (one of which was classified “very strong™): during the 3-year window
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TABLE 6. NUMBER OF EL NINO EVENTS FOR ABOVE/BELOW MEDIAN
ANNUAL SUNSPOT NUMBER (= 45.3) INTERVALS (1848-1987)

Interval Years Duration  Above/Below  Moderate Strong Total
I 1848-52 5 A I l
2 1853-57 5 B 2 2
3 1858-62 5 A I 1
4 1863 1 B
S 1864 1 A I 1
6 1865-68 4 B 2 2
7 1869-73 5 A 1 I
8 1874-80 7 B 2 l 3
9 1881-85 5 A 1 I

10 1886-91 6 B 1 1 2
I 1892-95 4 A
12 1896-1904 9 B 2 I 3
13 1905-08 4 A 2 2
14 1909-14 6 B I 1 2
15 1915-19 5 A 1 1 2
16 1920-25 6 B 1 1 2
17 1926-29 4 A
18 1930-35 6 B 1 1 2
19 1936-41 6 A 1 l 2
20 1942-45 4 B 1 l
21 1946-51 6 A | 1
22 1952-55 4 B I 1
23 1956-61 6 A 1 1
24 1962-65 4 B 1 !
25 1966-72 7 A 1 1
26 1973-77 5 B I l
27 1978-84 7 A I 1
28 1985-87 3 B I I
Totals Above 70 14 7 8 15
Below 70 14 17 6 23

Combined 140 28 24 14 38
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Figure 6. A2 X 2 contingency table showing the association between annual sunspot number and
number of El Nifio events. dividing the events according to strength (moderate/strong)
and median value (45.3). The probability of obtaining the observed result, or on¢ more
suggestive of a departure from independence. is P[= 17| = 8.8 percent. based on the
Fisher's exact test for 2 x 2 tables.

TABLE 7. NUMBER OF EL NINO EVENTS IN RELATION TO THE RISE AND FALL
OF THE SUNSPOT CYCLE., BASED ON THE MODERN ERA
SUNSPOT OBSERVATIONS (1848-1987)

El Nino (Intensity) Rise Fall Total
W/M 0 6 6

M 5 5 10

M+ 4 4 8
(Subtotal) (9 (15) (24)

S 0 8 8

S+ 0 2 2

VS 2 2 4
(Subtotal) (2 (12) (14)

Total 11 27 38
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TABLE 8. NUMBER OF EL NINO EVENTS IN RELATION TO THE EPOCHS OF
SUNSPOT MINIMUM AND MAXIMUM FOR CYCLES 10 TO 22

Minimum (+ 1 year) Maximum ( =+ | year)

Cycle Moderate Strong Moderate Strong Total
10 l ! 2
Il 2 I 3
12 1(VS) I 2
13 k *
14 I l 2
15 l ! 1 3
16 I I
17 l I
18 I l
19 ! 1 2
20 l l
21 I !
22 | * * I*

(Subtotal) (11%) (2) (3*%) (4%)
Total 13* 7* 20*

NOTE: A moderate event is in progress during Cycle 13 at minimum (having begun 2 years
prior to minimum); Cycle 22 maximum has not yet occurred.



of sunspot maximum, only three El Nifio of moderate intensity had their onsets, as did four strong El
Nifio. Assuming a trial success probability of 0.5 for each group, one finds that the probability of obtain-
ing 13 or more E! Nifo onsets (ignoring intensity) near sunspot minimum is P[=13] = 13.2 percent and
the probability of obtaining 11 or more moderate El Nifio onsets nedr sunspot minimum is P|=11] =29
percent. Comparing the number of El Nifo onscts near sunspot minimum against the remainder of the
sunspot cycle, one finds that the probability of obtaining (3 or more EI Nifio onsets (ignoring intensity)
near sunspot minimum is P[=13] = 21.5 percent and the probability of obtaining 11 or more moderate
El Nifio onsets near sunspot minimum is P[=1 ] = 4.0 percent. Thus. a possibly significant statistical
association is found for moderate EI Nino events to have their onsels near sunspot minimum (at =96
percent level of confidence). Using only EI Nino events with onsets in the windows of sunspot minimum
and maximum (a 2 X 2 contingency table), one finds a tendency for moderate El Nino to associate with
sunspot minimum and strong El Nifio to associate with sunspot maximum (P = 7.8 percent. see Fig. 7).

A cycle-by-cycle listing of El Nifio onsets (by intensity) is given in Table 9, which also identilies
the maximum amplitude (size) of the cycle in terms of the annual sunspot number. Dividing the ensemble
into two equally sized groups (removing Cycles 9 and 22 because they are only partially complete),
Cycles 10to 15 and 16 to 21, one finds that the average number of EI Nino events (ignoring intensity) has
decreased. Cycles 10 to 15 averaged 3 50 E] Nifio onsets per sunspot cycle (having a standard deviation
of 0.55). while Cycles 16 10 21 averaged 7 33 El Nifio onsets per sunspot cycle (having a standard devia-
tion of 1.03). Hypothesis testing. using the t statistic for independent samples, suggests that the differ-
ence in the two means is statistically significant at =99.5 percent level of confidence. Thus. the number
of El Nifio onsets per sunspot cycle was greater during Cycles 10 to 15 (as compared to Cycles 16 to 21).
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Figure 7. A 2 X 2 contingency table showing the association between sunspot cycle phase and
number of El Nifo events. dividing the events according to strength (moderate/strong)
and epochs of sunspot minimum and maximum. The probability of obtaining the

observed result. or one more suggestive of a departure from independence, is P[=11] =
7.8 percent.
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TABLE 9. NUMBER OF EL NINO EVENTS BY SUNSPOT CYCLE NUMBER
DURING THE INTERVAL 1848-1987

El Nino Events (Intensity)

Cycle Rmax W/M M M+ S S+ VS Total
9 124.7 1 1 =0
10 95.8 2 l 1 4
' 139.0 2 I I 4
12 63.7 1 l I 3
13 85.1 1 l 1 3
14 63.5 1 I I 1 4
15 103.9 l I I 3
16 77.8 ! I 1 1 4
17 114.4 2 I 3
18 151.6 I I 2
19 190.2 l 1
20 105.9 I 1 2
21 155.4 l I 2
22 ? I =1*

Total 6 10 8 8 2 4 38*

*Note: Modern sunspot observations began about sunspot maximum .during Cycle 9;
consequently, the S+ El Nifio (1844-45) near minimum has not been included in this
summary; also, Cycle 22 (Rmax = ?) is only partially complete.




when maximum amplitudes tended to be smaller (larger). Application of Spearman’s rank correlation test
(Lapin [155], p. 633) suggests that the number of El Nifo onsets per sunspot cycle may vary inversely
with the size of the sunspot cycle at =95 percent level of confidence, having a Spearman rank correlation
coefticient r, equal to about -0.58 (implying that about one-third of the variation found in the number of
El Nifio onsets per sunspot cycle may be due to the relative size differences of sunspot cycles; it should be
noted. however, that the inferred inverse correlation between number of El Nifio onsets per sunspot cycle
and the size of the sunspot cycle may be due simply to the “bimodality” of the sunspot cycle, a preferen-
tial division of the sunspot cycle into two separate groups according to period length: short-period cycles
with a period <11 years and long-period cycles with a period >11 years. with short-period cycles, on
average, being about 1.3 years shorter in duration than long-period cycles: cf. Rabin, Wilson, and Moore
[224]. Wilson [300-302, 304]). The implication of this result (i.e.. the inverse correlation) is that,
because of the long-term secular increase in sunspot number (Wilson [303]), more El Nino events may
have occurred during the Maunder minimum, a protracted period (1645 to 1715) of low sunspot number
(Eddy [60-62]), than has been experienced of late. and that fewer El Nifo events will occur in future
sunspot cycles (modulated by the 80- to 100-year period or Gleissberg cycle; Kopecky [145]) and pro-
vided that the secular trend remains upward. From Quinn et al. [221], one finds some support for an
inferred increase in El Nino activity during the Maunder minimum in that nine strong events occurred
between 1652 and 1715, this number of strong events being about 50 percent higher than found for
today’s cycles. (Moderate events were tabulated by Quinn et al. only for the post-1800 time span.) One
should also note that if the height of the tropopause really varies with the sunspot cycle, being lower near
sunspot minimum than near sunspot maximum, then volcanic eruptions, perhaps even less violent ones
of VEI =4, may more easily penetrate into the stratosphere, thereby initiating climatic change. This
would seem to be especially so during prolonged periods of low sunspot activity like the Maunder
minimum than during times of enhanced solar activity. Perhaps this may explain the greater frequency of
strong El Nifo during the Maunder minimum and of El Nifio in general during the period of sunspot
minimum that is seen.

D. Looking Ahead to the “Next” Anticipated El Nino

From a statistical point of view, El Nifo appears, on average, about once every 3 to 4 years,
having a range of 1 to 8 years. Assuming that the elapsed time between successive onsets of El Nino is
normally distributed with a mean of 4 years and a standard deviation of 2 years, one anticipates an El
Nifio to occur usually within 2 to 6 years following the last known onset of El Nino, certainly within 8
years. Thus, looking at the 1982-83 El Nino as an example, one finds that an El Nino of moderate to
stronger strength was expected about 1978 to 1982 from the 1976 last known occurrence of El Nino.
From this perspective, one views the 1982-83 El Nino as an “expected” event. Similarly, having
observed the onset of an El Nifio in 1982, one expected the next El Nifo to occur about 1984 to 1988 and,
indeed. a moderate El Nifio had its onset in 1987 (actually, in late 1986; Kousky [146]). Marking the last
known El Nifio onset as having occurred in 1987, one anticipates that another El Nino of moderate to
stronger strength should make its appearance about 1989 to 1993, certainly by 1995.

A comparison of El Nifio onsets in relation to major volcanic activity showed that about 40 per-
cent of the El Nifio events were preceded (within 1 year) by a major volcanic eruption in the tropics and
that nearly 70 percent were preceded (within 1 year) by a major volcanic eruption somewhere in the
world. If the amount of time between eruption (cause) and onset of El Nino (effect) is as long as 2 years,
the inferred association appears even stronger: about 60 percent for major tropical eruptions and about 80
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percent for any major eruption. Thus, a violent eruption of a volcano somewhere in the world often is
found to herald the occurrence of a moderate to stronger El Nifio (an exception may have been the
1972-73 EI Nifo, which followed the eruption of Fernandina by about 4 years). Such may have been the
case for both the 1982-83 and 1987 El Nifo events, in that both were preceded (within 2 years) by major
voleanic activity. It follows. then, that if in the future, a major eruption takes place somewhere in the
world. a moderate to stronger El Nifio might be expected to follow within 2 years. Because major
volcanic eruptions occur quite often, about once per 1.6 years (= 152 years/94 eruptions), in general, or
about once per 2.1 years (= 152 years/73 grouped eruptions) for “grouped” (same year) eruptions,
presuming that a major eruption occurs in 1989, one may anticipate the occurrence of the next moderate
to strong El Nino during the period 1989 to 1991. (The range of elapsed times between major eruptions,
based on Table 2, is 0 to 10 years.)

A comparison of El Nifio onsets to various aspects of the solar/geomagnetic cycle also suggests a
means whereby one might estimate the likelihood of an impending El Nifio. For example, nearly two-
thirds of the El Nifio events had their onsets when sunspot number was <54.3 (the average annual sun-
spot number, based on the 1848 to 1987 observed values). Further, of the 24 that occurred when annual
sunspot number was below 54.3, 17 were of moderate strength (or about 70 percent). Likewise, 27
(about 70 percent) El Nifo events occurred after sunspot maximum during the decline of the cycle (when
geomagnetic activity tends to be greatest) and 12 out of the 14 reported (about 85 percent) strong El Nino
occurred post sunspot maximum. Regarding the epochs of sunspot minimum and maximum (=1 year
windows), one finds that about one-third of the El Nifio events occurred near sunspot minimum (13
events, of which Il were of moderate intensity) and that about 20 percent occurred near sunspot
maximum (7 events, of which 4 were of strong intensity). The 1982-83 El Nifio occurred about 6 years
into Cycle 21, occurring during the same year as the peak of the geomagnetic activity (which, incidently,
was the highest peak ever recorded, based on the aa geomagnetic index; the record high monthly value
occurred in February 1982), and the 1987 El Nifio occurred | year after sunspot minimum for Cycle 22.
The year 1988 (2 years into the cycle) saw annual sunspot number surpass the average annual sunspot
number value of 54.3, and it should remain above the average value until about 1993 (7 years into the
cycle): peak sunspot activity is expected to occur about 1989 to 1991. Thus, the likelihood of another El
Nino is, at present, increasing and will be especially high after sunspot maximum and also after a return
to below average sunspot number. From Table 9, one recalls that, for Cycles 10 to 21, every sunspot
cycle had at least one El Nifio, with 3 to 4 events per cycle during Cycles 10 to 17 and only 1 to 2 events
per cycle since Cycle 18 (which began in 1944). Cycles of late have been among the greatest on record
(Cycles 19, 21, and 18 are the three largest sunspot cycles of the modern era, given here in descending
order). It is now evident that Cycle 22 will also be a larger than average sized cycle (Wilson {304-307]).
Therefore, one expects fewer than three El Nifio events to occur during its course, of which one has
already occurred (the 1987 event). It follows that only | to 2 events may remain to be seen during the
current sunspot cycle, projected to end about 1996 to 1998. (Also from Table 9, one sees that every cycle
during Cycles 10 to 21, except Cycle 18, had at least one strong El Nifio: hence, because fewer than three
El Nino events are expected for Cycle 22 and because one has already occurred, being of moderate
strength, the next anticipated event may be of strong intensity.)

Figure 8 provides a visual summary for much of that just discussed, plotted in the form of
histograms and plotted relative to the start of the sunspot cycle. On the bottom is a histogram of the
onsets of the 39 El Nifio events appearing in Table 1, with filled areas referring to strong El Nifo events.
Above the bottom panel is a histogram of the 94 occurrences of major volcanic eruptions (from Table 2),
where filled areas refer to major eruptions in the tropics (the asterisks serve to note that the mystery
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Figure 8.
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events of 1982 and 1983 have been included as tropical eruptions). Above this is a histogram of the 73
“grouped™ occurrences of major volcanic eruptions, where a “grouped” eruption refers to same year
multiple eruptions. Across the top are major milestones during the sunspot/geomagnetic cycles, with Fm,
Gm, and Rm referring to minimum values of the radio, geomagnetic, and sunspot indices, respectively,
and FM, GM, and RM referring to their respective maximum values. A casual comparison of El Nifio
onsets and volcanic eruptions (the bottom two panels) suggests striking similarity, especially if one incor-
porates a lag of | year between volcanic eruption (cause) and El Nifo onset (effect); in particular, peaks
of El Nifo activity usually follow by | year peaks of volcanic activity. Hence, volcanic activity may be
the dominant causative factor in climatic change, although the sunspot/geomagnetic cycles seem to play a
partial role as well. As a future activity, it would be interesting to compare monthly or seasonal values of
solar/geomagnetic data with respect to El Nifio onsets.

V. SUMMARY

The major findings of this investigation can be summarized as follows: Onsets of moderate to
stronger El Nino have occurred at the rate of about one every three to four years, on average, having a
range of one to eight years. Moderate events have occurred more frequently than strong events and there
has never been a single occurrence of two strong events in succession. Elapsed times between successive
onsets may be described using the normal distribution, although a positive skew is apparent, with greater
variation since about 1917 than before. Onsets of El Nifio usually occur during southern hemispheric
summer/fall (December-May) and, as yet, none has occurred during southern winter (June-August).
Major, tropical volcanic activity (assuming that they inject large quantities of aerosols into the
stratosphere that persist up to 3 years) can only account for about 70 percent of the El Nifio events,
although major volcanic activity, in general (ignoring latitude), can “explain™ about 85 percent of the El
Nifo events. For some unknown reason, moderate El Nifio events appear to preferentially occur in the
vicinity of sunspot minimum and when annual sunspot number is low, especially when it is below 45.3
(the median value), while strong El Nifio events appear to preferentially occur during the declining por-
tion of the sunspot cycle. A possibly significant inverse correlation is inferred to exist between the
number of El Nifio events per sunspot cycle and the size of the sunspot cycle, suggesting that during the
Maunder minimum (1645 to 1715) more El Nifio events took place than take place today and that during
the next several sunspot cycles (assuming a continued increase in sunspot number with time, modulated
by the Gleissberg cycle) fewer events per sunspot cycle might be expected. Finally, one infers that 10.7-
¢m solar radio flux, the aa and Ap geomagnetic indices, and solar irradiance are all directly correlated
with sunspot number, although the geomagnetic cycle usually lags the sunspot cycle by 1 year, and the
maxima for the other indices sometimes differ markedly, with geomagnetic maximum occurring about 6
years into the cycle (or about 2 years past sunspot maximum during the declining portion of the sunspot
cycle).

32



2

1.

REFERENCES
Angell, J.K.: Comparison of Variations in Atmospheric Quantities with Sea Surface Temperature
Variations in the Equatorial Eastern Pacific. Mon. Wea. Rev., Vol. 109, 1981, pp. 230-243.

Angell, J.K.: Seasonal Differences in the Trend of Total Ozone and Contributions from Tropo-
spheric and Stratospheric Layers. Mon. Wea. Rev., Vol. 115. 1987, pp. 753-762.

Angell, J.K.: An Update Through 1985 of the Variations in Global Total Ozone and North
Temperate Layer-Mean Ozone. J. Appl. Meteor., Vol. 27, 1988, pp. 91-97.

Angell, J.K. and Korshover, J.: Global Analysis of Recent Total Ozone Fluctuations. Mon. Wea.
Rev., Vol. 104, 1976, pp. 63-75.

Angell, J.K. and Korshover, J.: Comparison of Tropospheric Temperatures Following Agung and
El Chichén Volcanic Eruptions. Mon. Wea. Rev., Vol. 112, 1984, pp. 1457-1463.

Angell, J.LK. and Korshover, J.: Surface Temperature Changes Following the Six Major Volcanic
Episodes Between 1780 and 1980. J. Clim. Appl. Meteor.. Vol. 24, 1985, pp. 937-951.

Ardanuy, P.E. and Kyle, H.L.: El Nifio and Outgoing Longwave Radiation: Observations from
Nimbus-7 ERB. Mon. Wea. Rev., Vol. 114, 1986, p. 415-533.

Arkin. P.A.: The Relationship Between Interannual Variability in the 200 mb Tropical Wind
Field and the Southern Oscillation. Mon. Wea. Rev., Vol. 110, 1982, pp. 1393-1404.

Baldwin. B.. Pollack, J.B., Summers, A., Toon, O.B., Sagan, C.. and van Camp. W.: Strato-
spheric Aerosols and Climatic Change. Nature, Vol. 263, 1976, pp. 551-555.

Bandeen, W.R. and Maran, S.P. (Eds.): Possible Relationships Between Solar Activity and
Meteorological Phenomena. NASA SP-366, National Aeronautics and Space Administration,

1975. 263 pp.

Barnett, T.P.: An Attempt to Verify Some Theories of El Nifio. J. Phys. Oceanogr.. Vol. 7,
1977, pp. 633-647.

Barnett, T.P.: Statistical Relations Between Ocean/Atmosphere Fluctuations in the Tropical
Pacific. J. Phys. Oceanogr., Vol. 11, 1981, pp. 1043-105%.

Barnett. T.P.: Prediction of the EI Nifio of 1982-83. Mon. Wea. Rev., Vol. 112, 1984, pp. 1403-
1407.

Barnett. T.P.: Variations in Near-Global Sea Level Pressure. J. Atmos. Sci., Vol. 42, 1985, pp.
478-501.

33



27.

34

Barnett, T.P.: Variations in Near-Global Sea Level Pressure: Another View. J. Climate, Vol. 1,
1988, pp. 225-230.

Barnett, T.P., Graham, N., Cane, M., Zebiak, S., Dolan, S., O’Brien, J., and Legler, D.: On the
Prediction of the El Nifo of 1986-1987. Science, Vol. 241, 1988, pp. 192-196.

Bates, J.R.: A Dynamical Mechanism Through Which Variations in Solar Ultraviolet Radiation
Can Influence Tropospheric Climate. Solar Phys., Vol. 74, 1981, pp. 399-415.

Bjerknes, J.: Atmospheric Teleconnections from the Equatorial Pacific. Mon. Wea. Rev., Vol.
97, 1969, pp. 163-172.

Bradley, R.S.: The Explosive Volcanic Eruption Signal in Northern Hemisphere Continental
Temperature Records. Clim. Change. Vol. 12, 1988, pp. 221-243.

Bradley, R.S., Diaz, H.F., Kiladis, G.N., and Eischeid, J.K.: ENSO Signal in Continental
Temperature and Precipitation Records. Nature, Vol. 327, 1987, pp. 497-501.

Brasseur, G. and Simon, P.C.: Stratospheric Chemical and Thermal Response to Long-Term
Variability in Solar UV Irradiance. J. Geophys. Res., Vol. 86(C8), 1981, pp. 7343-7362.

Bricard, J. and Vigla, D.: Stratospheric Aerosols Photochemistry. Can. J. Chem., Vol. 52, 1974,
pp. 1479-1490.

Bryson, R.A. and Goodman, B.M.: Volcanic Activity and Climatic Changes. Science, Vol. 207.
1980, pp. 1041-1044.

Bucha, V.: Causes of Climate Change. Adv. Space Res., Vol. 6(10), 1986, pp. 77-82.

Budyko, M.I.: The Eftect of Solar Radiation Variations on the Climate of the Earth. Tellus, Vol.
21, 1969, pp. 611-619.

Burns, G.B.. Bond, F.R., and Cole, K.D.: An Investigation of the Southern Hemisphere Vor-
ticity Response to Solar Sector Boundary Crossings. J. Atmos. Terr. Phys., Vol. 42, 1980, pp.
765-769.

Busalacchi, A.J. and Cane, M.A.: Hindcasts of Sea Level Variations During the 1982-83 El
Nino. J. Phys. Oceanogr., Vol. 15, 1985, pp. 213-221.

Busalacchi, A.J. and O’Brien, J.J.: Interannual Variability of the Equatorial Pacific in the
1960°s. J. Geophys. Res., Vol. 86(C11), 1981, pp. 10,901-10,907.

Busalacchi, A.J., Takeuchi, K., and O’Brien, J.J.: Interannual Variability of the Equatorial
Pacific — Revisited. J. Geophys. Res., Vol. 88(C12), 1983, pp. 7551-7562.

Cadle, R.D. and Grams, G.W.: Stratospheric Aerosol Particles and Their Optical Properties.
Rev. Geophys. Space Phys., Vol. 13, 1975, pp. 475-501.



31.

33.

34.

38.

39.

40.

41.

43.

44,

45.

Cadle, R.D., Kiang, C.S.. and Louis, J.-F.: The Global Scale Dispersion of the Eruption Clouds
from Major Volcanic Eruptions. J. Geophys. Res.. Vol. 81, 1976, pp. 3125-3132.

Cadle. R.D.. Lazrus. A.L., Huebert, B.J., Heidt, L.E., Rose, W.1., Jr., Woods, D.C., Chuan,
R.L.. Stoiber. R.E., Smith. D.B., and Zielinski, R.A.: Atmospheric Implications of Studies of
Central American Volcanic Eruption Clouds. J. Geophys. Res.. Vol. 84(C11). 1979,
pp. 6961-6968.

Callis. L.B. and Natarajan, M.: The Antarctic Ozone Minimum: Relationship to Odd Nitrogen.

Odd Chlorine. the Final Warming. and the 1 1-Year Solar Cycle J. Geophys. Res.. Vol. 91(D10).
1986, pp. 10,771-10,796.

Cane, M.A.: Modeling Sea Level During El Nino. J. Phys. Oceanogr.. Vol. 14, 1984, pp. 1864-
1874.

Cane. M.A.: El Nifio. Annu. Rev. Earth Planet. Sci., Vol. 14, 1986. pp. 43-70.

Cane. M.A. and Zebiak. S.E.: A Theory for El Nifio and the Southern Oscillation, Science, Vol.
228, 1985, p. 1085-1087.

Cane. M.A.. Zebiak. S.E., and Dolan, S.C.: Experimental Forecasts of El Nio. Nature. Vol.
321, 1986, pp. 827-832.

Cheney. R.E. and Miller, L.: Mapping the 1986-1987 El Nifio with GEOSAT Altimeter Data.
Eos. Trans. AGU., Vol. 69, 1988, pp. 754-755.

Chiu. L.S. and Newell, R.E.: Variations of Zonal Mean Sea Surface Temperature and Large-
Scale Air-Sea Interaction. Quart. J. Roy. Meteorol. Soc.. Vol. 109, 1983, pp. 153-168.

Chiu., W.-C. and Lo, A.: A Preliminary Study of the Possible Statistical Relationship Between
the Tropical Pacific Sea Surface Temperature and the Atmospheric Circulation. Mon. Wea. Rev.,

Vol. 107, 1979, pp. 18-25.

Cole. H.P.: An Investigation of a Possible Relationship Between the Height of the Low-Latitude
Tropopause and the Sunspot Number. J. Atmos. Sci., Vol. 32, 1975, pp. 998-1001.

Cortie, A.L.: Sunspots and Terrestrial Magnetic Phenomena 1898-1911. Mon. Not. Roy. Astron.
Soc.. Vol. 73, 1912, pp. 52-60.

Craig, R.A.: Atmospheric Pressure Changes and Solar Activity. Trans. NY Acad. Sci., Vol. 13,
1951, pp. 280-282.

Craig. R.A.: Surface-Pressure Variations Following Geomagnetically Disturbed and Geomag-
netically Quiet Days. J. Meteor.. Vol. 9, 1952, pp. 126-138.

35



46.

47.

48.

49.

50.

51.

53.

54.

55.

58.

59.

60.

36

Croakley, J.A., Jr. and Grams, G.W.: Relative Influence of Visible and Infrared Optical Proper-
ties of a Stratospheric Aerosol Layer on the Global Climate. J. Appl. Meteor., Vol. 15, 1976, pp.
679-691.

Cronin, J.F.: Recent Volcanism and the Stratosphere. Science, Vol. 172, 1971, pp. 847-849,

Crooker, N.U., Feynman, J., and Gosling, J.T.: On the High Correlation Between Long-Term
Averages of Solar Wind Speed and Geomagnetic Activity. J. Geophys. Res., Vol. 82(A13),
1977, pp. 1933-1937.

Crutzen, P.J., Isaksen, I.S.A., and Reid, G.C.: Solar Proton Events: Stratospheric Sources of
Nitric Oxide. Science, Vol. 189, 1975, pp. 457-459.

Damon, P.E.: The Relationship Between Terrestrial Factors and Climate. In Causes of Climatic
Change, edited by J.M. Mitchell, Jr., Meteorol. Monogr., Vol. 8(30), Am. Meteorol. Soc.,
1968, pp. 106-111.

Delmas, R.J., Legrand, M., Aristarain, A.J., and Zanolini, F.: Volcanic Depots in Antarctic
Snow and Ice. J. Geophys. Res.. Vol. 90(D7), 1985, pp. 12,901-12,920.

Deser, C. and Wallace, J.M.: El Nino Events and Their Relation to the Southern Oscillation:
1925-1986. J. Geophys. Res., Vol. 92(C13), 1987, pp- 14,189-14,196.

Devine, J.D., Sigurdsson, H., Davis, A.N., and Self, S.: Estimates of Sulfur and Chlorine Yield
to the Atmosphere from Volcanic Eruptions and Potential Climatic Effects. J. Geophys. Res.,

Vol. 89(B7), 1984, pp. 6309-6325.

Djurovi¢, D.: Solar Activity and Earth’s Rotation. Astron. Astrophys., Vol. 100, 1981, pp. 156-
158.

Donnelly, R.F.: Temporal Trends of Solar EUV and UV Full-Disk Fluxes. Solar Phys., Vol. 109,
1987, pp. 37-58.

Donnelly, R.F., Hinteregger, H.E., and Heath, D.F.: Temporal Variations of Solar EUV, UV,
and 10,830-A Radiations. J. Geophys. Res., Vol. 91(A5), 1986, pp. 5567-5578.

Ditsch, H.U.: The Search for Solar Cycle-Ozone Relationships. J. Atmos. Terr. Phys., Vol. 41,
1979, pp. 771-785.

Dyer, A.J.: The Effect of Volcanic Eruptions on Global Turbidity, and an Attempt to Detect
Long-Term Trends Due to Man. Quart. J. Roy. Meteorol. Soc., Vol. 100, 1974, pp. 563-571.

Dyer, A.J. and Hicks, B.B.: Global Spread of Volcanic Dust from the Bali Eruption of 1963.
Quart. J. Roy. Meteorol. Soc., Vol. 94, 1968, pp. 545-554.

Eddy, J.A.: The Maunder Minimum. Science, Vol. 192, 1976, pp. 1189-1202.



61.

62.

64.

65.

66.

67.

68.

69.

70.

1.

72.

73.

74,

75.

76.

Eddy, J.A.: Historical Evidence for the Existence of the Solar Cycle. In The Solar Output and Its
Variation, edited by O.R. White, Colorado Associated University Press, 1977. pp- 51-71.

Eddy, J.A.: The Maunder Minimum: A Reappraisal. Solar Phys., Vol. 89, 1983, pp. 195-207.

Elliott. W.P. and Angell, J.K.: Evidence for Changes in Southern Oscillation Relationships
During the Last 100 Years. J. Climate, Vol. 1, 1988, pp. 729-737.

Enfield. D.B.: El Nifio, Past and Present. Water Resour. Res., 1989, in press.

Everitt, B.S.: The Analysis of Contingency Tables. John Wiley & Sons, Inc., 1977, 128 pp.
Fennessy. M.J. and Shukla, J.: Numerical Simulation of the Atmospheric Response to the Time-
Varying El Nifo SST Anomalies During May 1982 Through October 1983. J. Climate, Vol. I,
1988, pp. 195-211.

Feynman, J.: Geomagnetic and Solar Wind Cycles, 1900-1975. J. Geophys. Res., Vol.87(A8),
1982, pp. 6153-6162.

Feynman, J. and Gu, X Y .: Prediction of Geomagnetic Activity on Time Scales of One to Ten
Years. Rev. Geophys., Vol. 24, 1986, pp. 650-666.

Flohn, H. and Fleer, H.: Climatic Teleconnections with the Equatorial Pacific and the Role of
Ocean/Atmosphere Coupling. Atmosphere, Vol. 13, 1975, pp. 96-107.

Eraedrich. K.: El Nifio lterations. Beitr. Phys. Atmos.. Vol. 60, 1987, pp. 22-33.

Fraedrich. K.: El Nifio/Southern Oscillation Predictability. Mon. Wea. Rev., Vol. 116, 1988, pp.
1001-1012.

Franklin. B.: Meteorological Imaginations and Conjectures. Mem. Library Phil. Soc., Manches-
ter, Vol. 2, 1784, p. 357.

Frederick. J.E.. Abrams, R.B.. Dasgupta, R.. and Guenther, B.: Natural Variability of Tropical
Upper Stratospheric Ozone Inferred from the Atmosphere Explorer Backscatter Ultraviolet
Experiment. J. Atmos. Sci.. Vol. 38, 1981, pp. 1092-1099.

Fu. C., Diaz, H.F., and Fletcher, J.O.: Characteristics of the Response of Sea Surface Tempera-
ture in the Central Pacific Associated with Warm Episodes of the Southern Oscillation. Mon.

Wea. Rev.. Vol. 114, 1986, pp. 1716-1738.

Furness, F.N., Easterlin, M., and White, E.W. (Eds.): Solar Variations, Climatic Changes, and
Related Geophysical Problems. Ann. NY Acad. Sci., Vol. 95, 1961, pp. 1-740.

Galindo, 1., Otaola, J.A., and Zenteno, G.: Atmospheric Impact of the Volcanic Eruptions of El
Chichén over Mexico. Geof. Int., Vol. 23(2), 1984, pp. 373-383.

37



77.

78.

79.

80.

81.

84.

&5.

86.

87.

88.

9.

90.

91.

38

Garcia, R.R., Solomon, §.. Roble, R.G.. and Rusch, D.W.: A Numerical Response of the
Middle Atmosphere to the 11-Year Solar Cycle. Planet. Space Sci.. Vol. 32, 1984, pp. 411-423.

Garland, G.D.: Introduction to Geophysics. W.B. Saunders Co., 1971, p. 243.
Geophysical Events: Eos, Trans. AGU, Vol. 68, 1987, pp. 1175-1177.

Gill, AE. and Rasmusson, E.M.: The 1982-83 Climate Anomaly in the Equatorial Pacific.
Nature, Vol. 306, 1983, pp. 229-234.

Gille, J.C., Smythe, C.M., and Heath, D.F.: Observed Ozone Response to Variations in Solar
Ultraviolet Radiation. Science, Vol. 225, 1984, pp. 315-317.

Gilliland, R.L.: Solar, Volcanic, and CO, Forcing of Recent Climatic Changes. Clim. Change,
Vol. 4, 1982, pp. 111-131.

Gilliland, R.L. and Schneider, S.H.- Volcanic, CO, and Solar Forcing of Northern and Southern
Hemisphere Surface Air Temperatures. Nature, Vol. 310, 1984, pp. 38-41.

Goldberg, R.A. and Herman, J.R.: Coupling Processes Related to the Sun-Weather Problem.
Solar-Terrestrial Prediction Proceedings, edited by R.F. Donnelly, Vol. 11, National Oceanic and
Atmospheric Administration, 1979, pp. 669-688.

Gordon, A.H., Byron-Scott, R.A.D., and Bye, J.A.T.: A Note on QBO-SO Interaction, the
Quasi-Triennial Oscillation and the Sunspot Cycle. J. Atmos. Sci.. Vol. 39, 1982, pp. 2083-
2087.

Graham, N.E. and White, W.B.: The EJ Nino Cycle: A Natural Oscillator of the Pacific Ocean-
Atmosphere System. Science, Vol. 240, 1988, pp. 1293-1302.

Graham, N.E., Michaelsen, J.. and Barnett, T.P.: An Investigation of the El Nifo-Southern
Oscillation Cycle with Statistical Models I. Predictor Field Characteristics. J. Geophys. Res.,
Vol. 92(C13), 1987, pp. 14,251-14,270.

Graham, N.E., Michaelsen, J., and Barnett, T.P.: An Investigation of the El Nino-Southern
Oscillation Cycle with Statistical Models 2. Model Results. J. Geophys. Res., Vol. 92(C13).
1987, pp. 14,271-14,289.

Gray, W.M.: Atlantic Seasonal Hurricane Frequency. Part I: EI Nifio and 30 mb Quasi-Biennial
Oscillation Influences. Mon. Wea. Rev.. Vol. 112, 1984, pp. 1649-1668.

Green, J.S.A.: Possible Mechanisms for Sun-Weather Relationships. J. Atmos. Terr. Phys., Vol.
41, 1979, pp. 765-770.

Hamilton, K.: A Detailed Examination of the Extratropical Response to Tropical El Nifo/
Southern Oscillation Events. J. Climatol., Vol. 8, 1988, pp. 67-86.



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Hammer., C.U.: Past Volcanism Revealed by Greenland Ice Sheet Impurities. Nature, Vol. 270,
1977, pp. 482-486.

Hammer. C.U.. Clausen, H.B.. and Dansgaard, W.: Greenland Ice Sheet Evidence of Post-
Glacial Volcanism and Its Climate Impact. Nature, Vol. 288. 1980, pp. 230-235.

Handler. P.: Possible Association of Stratospheric Aerosols and El Nifo Type Events. Geophys.
Res. Lett., Vol. 11, 1984, pp. 1121-1124.

Handler. P.: Possible Association Between the Climatic Effects of Stratospheric Aerosols and Sea
Surface Temperatures in the Eastern Tropical Pacific Ocean. J. Climatol., Vol. 6, 1986,

pp. 31-41.

Handler. P.: Stratospheric Aerosols and the Indian Monsoon. J. Geophys. Res.. Vol. 91(D13).
1086, pp. 14.475-14.,490.

Hansen. J.E.. Wang. W.C.. and Lacis, A.A Mount Agung Eruption Provides Test of a Global
Climatic Perturbation. Science, Vol. 199, 1978, pp. 1065-1068.

Harrison. D.E. and Giese, B.S.: Remote Westerly Wind Forcing of the Eastern Equatorial
Pacific: Some Model Results. Geophys. Res. Lett.. Vol. 15. 1988, pp. 804-807.

Harrison, D.E. and Schopf. P.S.: Kelvin-Wave-Induced Anomalous Advection and the Onset of
Surface Warming in El Nifo Events. Mon. Wea. Rev.. Vol. 112, 1984, pp. 923-933.

Harshvardhan and Cess, R.D.: Stratospheric Aerosols: Effect Upon Atmospheric Temperature
and Global Climate. Tellus, Vol. 28, 1976, pp. 1-10.

Hastenrath, S.: On Modes of Tropical Circulation and Climate Anomalies. J. Atmos. Sci.. Vol.
35, 1978. pp. 2222-2231.

Haurwitz. B.: Relations Between Solar Activity and the Lower Atmosphere. Trans. AGU. Vol.
27, 1946, pp. 161-163.

Haurwitz. M.W. and Brier, G.W.: A Critique of the Superposed Epoch Analysis Method: Its
Application to Solar-Weather Problems. Mon. Wea. Rev.. vol. 109, 1981, pp. 2074-2079.

Hedin, A.E.: Correlations Between Thermospheric Density and Temperature, Solar EUV Flux,
and 10.7-cm Flux Variations. J. Geophys. Res.. Vol. 89(Al1l), 1984, pp. 0828-9834.

Herman. J.R. and Goldberg, R.A.: Sun, Weather, and Climate. NASA SP-426, National
Aeronautics and Space Administration, 1978, 360 pp.

Hickey, B.: The Relationship Between Fluctuations in Sea Level, Wind Stress and Sea Surface
Temperature in the Equatorial Pacific. J. Phys. Oceanogr.. Vol. 5, 1975, pp. 460-475.

39



107.

108.

109.

110.

111,

113.

i14.

I'15.

116.

117.

118.

119.

120.

40

Hilsenrath, E. and Schlesinger, B.M.: Total Ozone Seasonal and Interannual Variations Derived
from the 7 Year Nimbus-4 BUV Data Set. J. Geophys. Res., Vol. 86(C12), 1981, pp. 12,087-
12,096.

Hines, C.O. and Halevy, 1.: On the Reality and Nature of a Certain Sun-Weather Correlation. J.
Atmos. Sci., Vol. 34, 1977, pp. 382-404.

Hinteregger, H.E.: Effects of Solar XUV Radiation on the Earth’s Atmosphere. Annals of the
[QSY, edited by A.C. Strickland, Vol. 5, The MIT Press, 1969, pp. 305-321.

Hirono, M.: On the Trigger of El Nifio Southern Oscillation by the Forcing of Early EI Chichon
Volcanic Aerosols. J. Geophys. Res., Vol. 93(D3), 1988, -pp. 5365-5384.

Hirono, M., Fujiwara, M., and Shibata, T.: Lidar Observation of Sudden Increases of Aerosols in
the Stratosphere Caused by Volcanic Injections. 1. Soufriere 1979 Event. J. Atmos. Terr. Phys.,
Vol. 43, 1981, pp. 1127-1131.

Hirono, M., Shibata, T., and Fujiwara, M.: A Possible Relationship of Volcanic Aerosol Vari-
ations with El Nifio Southern Oscillations — Lidar Observations of Volcanic Aerosols in the
Atmosphere. J. Meteorol. Soc. Japan, Vol. 63, 1985, pp. 303-310.

Hofmann, D.J.: Perturbations to the Global Atmosphere Associated with the El Chichén Volcanic
Eruption of 1982. Rev. Geophys., Vol. 25, 1987, pp. 743-759.

Hofmann, D.J., Rosen, J.M., Harder, J.W., and Rolf, S.R.: Observations of the Decay of the El
Chichon Stratospheric Aerosol Cloud in Antarctica, Geophys. Res. Lett., Vol. 14, 1987,
pp. 614-617.

Holzworth, R.H. and Mozer, F.S.: Direct Evidence of Solar Flare Modification of Stratospheric
Electric Fields. J. Geophys. Res., Vol. 84(C1), 1979, pp. 363-367.

Horel, J.D.: On the Annual Cycle of the Tropical Pacific Atmosphere and Ocean. Mon. Wea.
Rev., Vol. 110, 1982, pp. 1863-1878.

Horel, J.D. and Wallace, J.M.: Planetary-Scale Atmospheric Phenomena Associated with the
Southern Oscillation. Mon. Wea. Rev., Vol. 109, 1981, pp. 813-829.

Hoyt, D.V. and Siquig, R.A.: Possible Influences of Volcanic Dust Veils or Changes in Solar
Luminosity on Long-Term Local Temperature Records. J. Atmos. Sci., Vol. 39, 1982,
pp. 680-685.

Hudson, H.S.: Observed Variability of the Solar Luminosity. Annu. Rev. Astron. Astrophys.,
Vol. 26, 1988, pp. 473-507.

Humphreys, W.J.: Solar Disturbances and Terrestrial Temperatures. Astrophys. J., Vol. 32,
1910, pp. 97-111.



121.

124.

126.

127.

128.

129.

131.

132.

134.

Humphreys, W.J.: Volcanic Dust and Other Factors in the Production of Climatic Changes, and
Their Possible Relation to the Ice Ages. J. Franklin Inst., Vol. 176, 1913, pp. 131-172.

Humphreys, W.J.: Physics of the Air. 3rd ed., Dover Publ., Inc., 1964, 676 pp.

Hunt, B.G.: A Simulation of the Possible Consequences of a Volcanic Eruption on the General
Circulation of the Atmosphere. Mon. Wea. Rev.. Vol. 105. 1977, pp. 247-260.

Hurlburt, H.E., Kindle, J.C., and O'Brien, J.J.: A Numerical Simulation of the Onset of El Nifo.
J. Phys. Oceanogr., Vol. 6, 1976, pp. 621-631.

Inoue. M. and O’Brien, J.J.: A Forecasting Model for the Onset of a Major El Nino. Mon. Wea.
Rev., Vol. 112, 1984, pp. 2326-2337.

Jacchia, L.G.: Atmospheric Density Variations During Solar Maximum and Minimum. Annals of
the 1QSY, edited by A.C. Strickland, Vol. 5, The MIT Press, 1969, pp. 323-339.

Jager, H. and Carnuth, W.: The Decay of the El Chichén Stratospheric Perturbation, Observed by
Lidar at Northern Midlatitudes. Geophys. Res. Lett., Vol. 14, 1987, pp. 696-699.

Julian, P.R. and Chervin, R.M.: A Study of the Southern Oscillation and Walker Circulation
Phenomenon. Mon. Wea. Rev., Vol. 106, 1978, pp. 1433-1451.

Junge, C.E. and Manson, J.E.: Stratospheric Aerosol Studies. J. Geophys. Res., Vol. 66, 1961,
pp. 2163-2132.

Junge, C.E., Chagnon, C.W., and Manson, J.E.: Stratospheric Aerosols. J. Meteor., Vol. 18,
1961, pp. 81-108.

Keating, G.M.: The Response of Ozone to Solar Activity Variations: A Review. Solar Phys.,
Vol. 74, 1981, pp. 321-347.

Keating, G.M. and Levine, J.S.: Response of the Neutral Upper Atmosphere to Variations in
Solar Activity. Solar Activity Observations and Predictions, edited by P.S. McIntosh and M.
Dryer, Progress in Astronautics and Aeronautics, Vol. 30, The MIT Press, 1972, pp. 313-340.

Kelly, P.M.: Volcanic Dust Veils and North Atlantic Climatic Change. Nature, Vol. 268, 1977,
pp. 616-617.

Kelly, P.M. and Sear, C.B.: Climatic Impact of Explosive Volcanic Eruptions. Nature, Vol. 311,
1984, pp. 740-743.

Keshavamurty, R.N.: Response of the Atmosphere to Sea Surface Temperature Anomalies Over
the Equatorial Pacific and the Teleconnections of the Southern Oscillation. J. Atmos. Sci., Vol.
39, 1982, pp. 1241-1259.

41



136.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

42

Khalsa, S.J.S.: The Role of Sea Surface Temperature in Large-Scale Air-Sea Interaction. Mon.
Wea. Rev., Vol. 111, 1983, pp. 954-966.

Kiepenheuer, K.O.: Solar Activity. The Sun, edited by G.P. Kuiper, The University of Chicago
Press, 1953, pp. 322-465.

Kiladis, G.N. and van Loon, H.: The Southern Oscillation. Part VII: Meteorological Anomalies
Over the Indian and Pacific Sectors with the Extremes of the Oscillation. Mon. Wea. Rev., Vol.
116, 1988, pp. 120-136.

Kimball, H.H.: Volcanic Eruptions and Solar Radiation Intensities. Mon. Wea. Rev.. Vol. 46,
1918, pp. 355-356.

Kimball, H.H.: Variation in Solar Radiation Intensities Measured at the Surface of the Earth.
Mon. Wea Rev., Vol. 52, 1924, pp. 527-529.

King, J.W.: Solar Radiation Changes and the Weather. Nature, Vol. 245, 1973, pp. 443-446.
King, J.W.: Sun-Weather Relationships. Astronau. Aeronau., Vol. 13(4), 1975, pp. 10-19.

Kondo, J.: Volcanic Eruptions, Cool Summers, and Famines in the Northeastern Part of Japan. J.
Climate, Vol. 1, 1988, pp. 775-788.

Kondratyev, K.Ya. Nikolsky, G.A.: The Solar Constant and Climate. Solar Phys.. Vol. 89,
1983, pp. 215-222. '

Kopecky, M.: The Periodicity of the Sunspot Groups. Adv. in Astron. and Astrophys., edited by
Z. Kopal, Vol. 5, Academic Press, 1967, pp. 189-266.

Kousky, V.E.: The Global Climate for December 1986-February 1987: El Nifio Returns to the
Tropical Pacific. Mon. Wea. Rev., Vol. 115, 1987, pp- 2822-2838.

Kovalenko, V. A.: Manifestation of Solar Activity in Solar Wind Particle Flux Density. Planet.
Space Sci.. Vol. 36, 1988, pp. 1343-1358.

Kraus, E.B. and Hanson, H.P.: Air-Sea Interaction as a Propagator of Equatorial Ocean Surface
Temperature Anomalies. J. Phys. Oceanogr., Vol. 13, 1983, pp. 130-138.

Labitzke, K.: Sunspots, the QBO, and the Stratospheric Temperature in the North Polar Region.
Geophys. Res. Lett., Vol. 14, 1987, pp. 535-537.

Labitzke, K. and Naujokat, B.: On the Effect of the Volcanic Eruptions of Mount Agung and El
Chichén on the Temperature of the Stratosphere. Geof. Int., Vol. 23(2), 1984, pp. 223-232.

Labitzke, K. and van Loon, H.: Associations Between the 11-Year Solar Cycle, the QBO and the
Atmosphere: The Troposphere and Stratosphere in the Northern Hemisphere in Winter. J. Atmos.
Terr. Phys., Vol. 50, 1988, pp. 197-206.



155.

156.

157.

158.

160.

161.

163.

164.

Labitzke, K., Naujokat, B., and McCormick, M.P.: Temperature Effects on the Stratosphere of
the April 4, 1982, Eruption of El Chichén, Mexico. Geophys. Res., Lett., Vol. 10, 1983, pp.
24-26.

Lageos. P., Mitchell, T.P., and Wallace, J.M.: Remote Forcing of Sea Surface Temperature in
the El Nino Region. J. Geophys. Res., Vol. 92(C13), 1987, pp. 14.291-14,296.

Lamb, H.H.: Volcanic Dust in the Atmosphere; With a Chronology and Assessment of Its
Meteorological Significance. Phil. Trans. Roy. A. London. Vol. 266. 1970. pp. 425-533.

Lapin, L.: Statistics for Modern Business Decisions. 2nd ed., Harcourt Brace Jovanovich, Inc.,
1978, 778 pp.

Latif, M., Biercamp, J., and von Storch, H.: The Response of a Coupled Ocean-Atmosphere
General Circulation Model to Wind Bursts. J. Atmos. Sci.. Vol. 45. 1988, pp. 964-979.

Lau, K.-M.: Oscillations in a Simple Equatorial Climate System. J. Atmos. Sci., Vol. 38, 1981,
pp. 248-261.

Lau, K.-M.: Elements of a Stochastic-Dynamical Theory of the Long-Term Variability of the El
Nino/Southern Oscillation. J. Atmos. Sci., Vol. 42, 1985, pp. 1552-1558.

Lazrus, A.L., Cadle, R.D., Gandrud, B.W., Greenberg, J.P., Huebert, B.J., and Rose. W.1.,
Jr.: Sulfur and Halogen Chemistry of the Stratosphere and of Volcanic Eruption Plumes. J.
Geophys. Res., Vol. 84(C12), 1979, pp. 7869-7875.

Legrand, M. and Delmas, R.J.: A 220-Year Continuous Record of Volcanic H-SO,; in the
Antarctic Ice Sheet. Nature, Vol. 327, 1987, pp. 671-676.

Livingston, W.C., Wallace, L., and White, O.R.: Spectrum Line Intensity as a Surrogate for
Solar Irradiance Variations. Science, Vol. 240, 1988, pp. 1765-1767.

Lough, J.M. and Fritts, H.C.: The Southern Oscillation and Tree Rings: 1600-1961. J. Clim.
Appl. Meteor., Vol. 24, 1985, pp. 952-966.

Lough, J.M. and Fritts, H.C.: An Assessment of the Possible Effects of Volcanic Eruptions on
North American Climate Using Tree-Ring Data, 1602-1900 A.D. Clim. Change, Vol. 10, 1987,
pp. 219-239.

Mass, C. and Schneider, S.H.: Statistical Evidence on the Influence of Sunspots and Volcanic
Dust on Long-Term Temperature Records. J. Atmos. Sci., Vol. 34. 1977, pp. 1995-2004.

Mavromichalaki, H., Vassilaki, A., and Marmatsouri, E.: A Catalogue of High-Speed Solar

Wind Streams: Further Evidence of Their Relationship to Ap-Index. Solar Phys., Vol. 115, 1988,
pp. 345-365.

43



166.

167.

168.

169.

170.

171.

173.

174.

175.

176.

177.

178.

179.

44

Mayaud, P.N.: A Hundred Year Series of Geomagnetic Data 1868-1967. IAGA Bull.. No. 33,
1973.

Mayaud, P.N. and Romana, A.: Supplementary Geomagnetic Data 1957-1975. IAGA Bull., No.
39, 1977.

Mayewski, P.A., Lyons, W.B., Spencer, M.J.. Twickler, M., Dansgaard, W.. Koci, B.,
Davidson, C.I., and Honrath, R.E.: Sulfate and Nitrate Concentrations from a Greenland Ice
Core. Science, Vol. 232, 1986, pp. 975-977.

McCormac, B.M. and Seliga, T.A. (Eds.): Solar-Terrestrial Influences on Weather and Climate.
D. Reidel Publ. Co., 1979, 346 pp.

McCormick, M.P. and Swissler, T.J.: Stratospheric Aerosol Mass and Latitudinal Distribution of
the El Chichén Eruption Cloud for October 1982. Geophys. Res. Lett., Vol. 10, 1983,
pp. 877-880.

McCormick, M.P.. Kent, G.S., Yue, G.K., and Cunnold, D.M.: Stratospheric Aerosol Effects
from Soufriere Volcano as Measured by the SAGE Satellite System. Science, Vol. 216, 1982, pp.
1115-1118.

McCormick, M.P., Swissler, T.J., Fuller, W.H.. Hunt, W.H., and Osborn, M.T.: Airborne and
Ground-Based Lidar Measurements of the El Chichdn Stratospheric Aerosol from 90° N to 56°S.
Geof. Int., Vol. 23(2), 1984, pp. 187-221.

McCreary. J.: Eastern Tropical Ocean Response to Changing Wind Systems: With Application to
El Nifo. J. Phys. Oceanogr., Vol. 6, 1976, pp. 632-645.

McCreary, J. and Anderson, D.L.T.: A Simple Model of El Nifio and the Southern Oscillation.
Mon. Wea. Rev., Vol. 112, 1984, pp. 934-946.

McInturff, R.M.. Miller, A.J., Angell, J.K., and Korshover, J.: Possible Effects on the Strato-
sphere of the 1963 Mt. Agung Volcanic Eruption. J. Atmos. Sci., Vol. 28, 1971, pp. 1304-1307.

McKinnon, J.A.: Sunspot Numbers: 1610-1985. Report UAG-95, World Data Center A for
Solar-Terrestrial Physics, 1987, 112 pp.

McPeters, R.D., Jackman, C.H., and Stassinopoulos, E.G.: Observations of Ozone Depletion
Associated with Solar Proton Events. J. Geophys. Res., Vol. 86(C12), 1981, pp. 12,071-12,081.

McPhaden. M.J., Freitag, H.P., Hayes. S.P., Taft, B.A., Chen, Z., and Wyrtki, K.: The
Response of the Equatorial Pacific Ocean to a Westerly Wind Burst in May 1986. J. Geophys.
Res.. Vol. 93(C9), 1988, pp. 10,589-10,603.

Mead. G.D.: Geomagnetic Response to Solar Activity. Solar Activity Observations and Predic-
tions, edited by P.S. McIntosh and M. Dryer, Progress in Astronautics and Aeronautics, Vol. 30,
The MIT Press, 1972, pp. 285-292.



180.

181.

184.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Mechoso, C.R., Kitoh, A., Moorthi, S., and Arakawa, A. Numerical Simulations of the
Atmospheric Response to a Sea Surface Temperature Anomaly Over the Equatorial Eastern
Pacific Ocean. Mon. Wea. Rev.. Vol. 115, 1987, pp. 2936-2956.

Meehl. G.A.: The Annual Cycle and Interannual Variability in the Tropical Pacific and Indian
Ocean Regions. Mon. Wea. Rev.. Vol. 115, 1987, pp. 27-50.

Mendonca, B.G.. Hanson, K.J., and Deluisi. J.J.: Volcanically Related Secular Trends 1n
Atmospheric Transmission at Mauna Loa Observatory, Hawaii. Science, Vol. 202, 1978, pp.

513-515.

Miller. L.. Cheney, R.E.. and Douglas, B.C.: GEOSAT Altimeter Observations of Kelvin Waves
and the 1986-87 El Nifo. Science, Vol. 239, 1988, pp. 52-54.

Mitchell. J.M.: The Effect of Atmospheric Aerosols on Climate with Special References 10
Temperature Near the Earth’s Surface. J. Appl. Meteor.. Vol. 10, 1971, pp. 703-714.

Mitchell. J.M.: El Chichén: Weather-Maker of the Century? Weatherwise, Vol. 35, 1982, pp.
252-259.

Mohanakumar, K., Devanarayanan, S., Narayanan, V., and Appu, K.S.: Middle Atmospheric

Thermal Structures in Eastern and Western Hemispheres Over a Solar Cycle. Planet. Space Sci..
Vol. 35, 1987, pp. 21-26.

Mroz. E.J.. Mason, A.S., Leifer, R., and Juzdan, 7.R.: Stratospheric Impact of El Chichén.
Geof. Int.. Vol. 23(3), 1984, pp. 321-333.

Mukherjee, K., Indira, K., and Dani. K_.K.: Low-Latitude Volcanic Eruptions and Their Effects
on Sri Lankan Rainfall During the North-East Monsoon. J. Climatol., Vol. 7, 1987, pp. 145-155.

Namias, J.: Some Statistical and Synoptic Characteristics Associated with El Nifio. J. Phys.
Oceanogr., Vol. 6, 1976, pp. 130-138.

Neumann. J. and Cohen, A.: Climatic Effects of Aerosol Layers in Relation to Solar Radiation. J.
Appl. Meteor., Vol. 11, 1972, pp. 651-657.

Newell. R.E.: Stratospheric Temperature Change from the Mt. Agung Volcanic Eruption of
1963. J. Atmos. Sci.. Vol. 27, 1970, pp. 977-978.

Newell. R.E.: Climate and the Ocean. Am. Sci.. Vol. 67, 1979, pp. 405-416.

Newell, R.E. and Weare, B.C.: Factors Governing Tropospheric Mean Temperature. Science,
Vol. 194, 1976, pp. 1413-1414.

Newhall, C.G. and Self, S.: The Volcanic Explosivity Index (VEI): An Estimate of Explosive
Magnitude for Historical Volcanism. J. Geophys. Res., Vol. 87(C2), 1982, pp. 1231-1238.

45



195.

196.

197.

198.

199.

200.

201.

]
2
[S9)

203.

204.

205.

206.

207.

209.

46

Nicholls, N.: El Nino-Southern Oscillation and Rainfall Variability. J. Climate, Vol. I, 1988, ppP-
418-421.

Nicholls, N.: Low Latitude Volcanic Eruptions and the El Nino-Southern Oscillation. J.
Climatol., Vol. 8, 1988, pp- 91-95.

Oliver, R.C.: On the Response of Hemispheric Mean Temperature to Stratospheric Dust: An
“Empirical Approach.”™ J. Appl. Meteor., Vol. 15, 1976, pp. 933-950.

Orsini, N. and Frederick, J.E.: Solar Disturbances and Mesospheric Odd Nitrogen. J. Atmos.
Terr. Phys., Vol. 44, 1982, pp. 489-497.

Paetzold, H.K.: The Influence of Solar Activity on the Stratospheric Ozone Layer. Pure Appl.
Geophys., Vol. 106-108, 1973, pp. 1308-1311.

Paetzold, H.K., Piscalar, F., and Zschorner, H.: Secular Variation of the Stratospheric Ozone
Layer Over Middle Europe During the Solar Cycles from 1951 to 1972. Nature Phys. Sci., Vol.
240, 1972, pp. 106-107.

Pan, Y.H. and Oort, A.H.: Global Climate Variations with Sea Surface Temperature Anomalies
in the Eastern Equatorial Pacific Ocean for the 1958-73 Period. Mon. Wea. Rev., Vol. 111,

1983, pp. 1244-1258,

Parker, D.E.: Stratospheric Aerosols and Sea-Surface Temperatures. J. Climatol., Vol. 8, 1988,
pp. 87-90.

Parker, D.E. and Brownscombe, J.L.: Stratospheric Warming Following the El Chichén Volcanic
Eruption. Nature, Vol. 301, 1983, pp. 406-408.

Pearson, E.W., LeBaron, B.A ., and Michalsky, J.J.: Decay of the El Chichén Perturbation to the
Stratospheric Aerosol Layer: Multispectral Ground-Based Radiometric Observations. Geophys.

Res. Lett.., Vol. 15, 1988, pp. 24-27.

Penner, J.E. and Chang, J.S.: Possible Variations in Atmospheric Ozone Related to the Eleven-
Year Solar Cycle. Geophys. Res. Lett., Vol. 5, 1978, pp. 817-820.

Philander, S.G.H.: Variability of the Tropical Oceans. Dyn. Atmos. Oceans, Vol. 3, 1979, pp.
191-208.

Philander, S.G.H.: The Response of Equatorial Oceans to a Relaxation of the Trade Winds. J.
Phys. Oceanogr., Vol. 11, 1981, pp. 176-189.

Philander, S.G.H.: El Nifio Southern Oscillation Phenomena. Nature, Vol. 302, 1983, pp. 295-
301.

Philander, S.G.H.: El Nio and La Nifa. J. Atmos. Sci., Vol. 42, 1985, pp. 2652-2662.



210.

211.

§]
o

213.

214.

o
On

216.

217.

220.

o
[S®]
!\J

Philander. S.G.H. and Rasmusson, E.M.: The Southern Oscillation and El Nino. Adv. Geophys.,

Vol. 28A, 1985, pp. 197-215.

Pintér, Zs.1.: Relationship Between Solar Constant and Upper Tropospheric Temperature Vari-
ations. Adv. Space Res., Vol. 6(10), 1986, pp. 83-87.

Pittock. A.B.: A Critical Look at Long-Term Sun-Weather Relationships. Rev. Geophys. Space
Phys., Vol. 16, 1978, pp. 400-420.

Pittock., A.B.: Solar Variability, Weather and Climate: An Update. Quart. J. Roy. Meteorol.
Soc., Vol. 109, 1983, pp. 23-55.

Pollack. J.B. and Ackerman, T.P.: Possible Effects of the El Chichén Volcanic Cloud on the
Radiation Budget of the Northern Tropics. Geophys. Res. Leti.. Vol. 10, 1983, pp. 1057-1060.

Pollack. J.B.. Toon, O.B., Sagan, C., Summers, A., Baldwin, B., and van Camp, W.: Volcanic
Explosions and Climatic Change: A Theoretical Assessment. J. Geophys. Res., Vol. 81, 1976,
pp. 1071-1083.

Ponte. R.M.: The Statistics of Extremes, with Application to EI Nino. Rev. Geophys., Vol. 24,
1986, pp. 285-297.

Priester. W. and Cattani, D.; On the Semiannual Variation of Geomagnetic Activity and Its
Relation to the Solar Corpuscular Radiation. J. Atmos. Sci.. Vol. 19, 1962, pp. 121-126.

Prolss, G.W.: Solar Wind Energy Dissipation in the Upper Atmosphere. Adv. Space Res., Vol.
3(1), 1983, pp. 55-66.

Prolss., G.W. and Roemer, M.: Seasonal and Solar Activity Dependent Variations of the
Geomagnetic Activity Effect at High Latitudes. Adv. Space Res., Vol. 3(1), 1983, pp. 99-102.

Quinn,, W.H.: Monitoring and Predicting El Nifo Invasions. J. Appl. Meteor., Vol. 13, 1974,
pp. 825-830.

Quinn, W.H., Neal. V.T., and de Mayolo, S.E.A.: El Nifio Occurrences Over the Past Four and a
Half Centuries. J. Geophys. Res.. Vol. 92(C13), 1987, pp. 14,449-14,461.

Quinn, W.H., Zopf, D.O., Short, K.S., and Kuo Yang, R.T.: Historical Trends and Statistics of
the Southern Oscillation, El Nifo, and Indonesian Droughts. Fish. Bull., Vol. 76, 1978,
pp. 663-678.

Quiroz, R.S.: Influence of the El Chich6n Eruption on the Stratosphere After Summer 1982.
Geof. Int., Vol. 23(3), 1984, pp. 363-372.

Rabin. D.. Wilson, R.M., and Moore, R.L.: Bimodality of the Solar Cycle. Geophys. Res. Lett.,
Vol. 13, 1986, pp. 352-354.

47



225.

226.

227.

228.

230.

231.

232.

233.

235.

236.

237.

238.

239.

48

Ramage, C.S.: Preliminary Discussion of the Meteorology of the 1972-73 El Nifio. Bull. Am.
Meteorol. Soc., Vol. 56, 1975, pp. 234-242.

Ramage, C.S.: El Nifo. Sci. Am., Vol. 255(6), 1986, pp.- 76-83.

Ramage, C.S. and Hori, A.M.: Meteorological Aspects of El Nifio. Mon. Wea. Rev., Vol. 109,
1981, pp. 1827-1835.

Rampino, M.R. and Self, S.: Historic Eruptions of Tambora (1815), Krakatau (1883), and Agung
(1963), Their Stratospheric Aerosols, and Climatic Impact. Quart. Res., Vol. 18, 1982, pp. 127-
143.

Rampino, M.R. and Self, S.: The Atmospheric Effects of El Chichén. Sci. Am., Vol. 250(1),
1984, pp. 48-57.

Rampino, M.R. and Self, S.: Sulphur-Rich Volcanic Eruptions and Stratospheric Aerosols.
Nature, Vol. 310, 1984, pp. 677-679.

Rasmusson, E.M.: El Nifio: The Ocean/Atmosphere Connection. Oceanus, Vol. 27, 1984, pp.
4-12.

Rasmusson, E.M.: El Nifo and Variations in Climate. Am. Sci., Vol. 73, 1985, pp. 168-177.

Rasmusson, E.M. and Carpenter, T.H.: Variations in Tropical Sea Surface Temperature and
Surface Wind Fields Associated with the Southern Oscillation/El Nifo. Mon. Wea. Rev., Vol.
110, 1982, pp. 354-384.

Rasmusson, E.M. and Wallace, J.M.: Meteorological Aspects of the El Nifio/Southern Oscilla-
tion. Science, Vol. 222, 1983, pp. 1195-1202.

Reck, R.A.: The Role of Aerosols in the Climate System: Results of Numerical Experiments in
Climate Models. Adyv. Space Res., Vol. 2(5), 1983, pp. 11-18.

Reid, G.C.: Influence of Solar Variability on Global Sea Surface Temperatures. Nature, Vol.
329, 1987, pp. 142-143.

Reinsel, G.C., Tiao, G.C., Miller, A.J., Wuebbles, D.J., Connell, P.S., Mateer, C.L., and
DeLuisi, J.J.: Statistical Analysis of Total Ozone and Stratospheric Umkehr Data for Trends and
Solar Cycle Relationship. J. Geophys. Res., Vol. 92(D2), 1987, pp- 2201-2209.

Reiter, E.R.: The Interannual Variability of the Ocean-Atmosphere System. J. Atmos. Sci., Vol.
35, 1978, pp. 349-370.

Robock, A.: Internally and Externally Caused Climate Change. J. Atmos. Sci., Vol. 35, 1978,
pp. H11-1122.



4240,

241.

245.

[
n
&)

253.

254.

Robock, A.: The “Little Ice Age™: Northern Hemisphere Average Observations and Model Calcu-
lations. Science, Vol. 206, 1979, pp. 1402-1404.

Robock, A.: The Mount St. Helens Volcanic Eruption of 18 May 1980: Minimal Climatic Effect.
Science, Vol. 212, 1981, pp. 1383-1384.

Robock, A.: The Dust Cloud of the Century. Nature, Vol. 301, 1983, pp. 373-374.

Robock, A.: Climate Model Simulations of the Effects of the El Chichén Eruption. Geof. Int.,
Vol. 23(3), 1984, pp. 403-414.

Robock, A.: Detection of Volcanic, CO,, and ENSO Signals in Surface Air Temperatures. Adv.
Space Res., Vol. 5(6), 1985, pp. 53-56.

Robock, A. and Matson, M.: Circumglobal Transport of the El Chichén Volcanic Dust Cloud.
Science, Vol. 221, 1983, pp. 195-197.

Ropelewski. C.F. and Halpert, M.S.: Global and Regional Scale Precipitation Patterns Asso-
ciated with the El Nifo/Southern Oscillation. Mon. Wea. Rev.. Vol. 115, 1987, pp. 1606-1626.

Ropelewski, C.F. and Jones, P.D.: An Extension of the Tahiti-Darwin Southern Oscillation
Index. Mon. Wea. Rev., Vol. 115, 1987, pp. 2161-2165.

Rowntree, P.R.: The Influence of Tropical East Pacific Ocean Temperatures on the Aumosphere.
Quart. J. Roy. Meteorol. Soc., Vol. 98, 1972, pp. 290-321.

Rowntree, P.R.: The Effects of Changes in Ocean Temperature on the Atmosphere. Dyn. Atmos.
Oceans, Vol. 3, 1979, pp. 373-390.

Ruderman, M.A. and Chamberlain, J.W.: Origin of the Sunspot Modulation of Ozone: Its
Implications for Stratospheric NO Injection. Planet. Space Sci., Vol. 23, 1975, pp. 247-268.

Schatten, K., Goldberg, R., Mitchell, J.M., Olson, R., Schafer, J.. Silverman. S.. Wilcox. J..
and Williams, G.: Solar Weather/Climate Predictions. Solar-Terrestrial Predictions Proceedings.
edited by R.F. Donnelly, Vol. II, National Oceanic and Atmospheric Administration, 1979, pp-
655-668.

Schatten, K., Mayr, H.G., Harris, I.. and Taylor, H.A., Jr.: A Zonally Symmetric Model for
Volcanic Influence Upon Atmospheric Circulation. Geophys. Res. Lett., Vol. 11, 1984,
pp. 303-306.

Scherrer, P.H.: Solar Variability and Terrestrial Weather. Rev. Geophys. Space Phys.. Vol. 17,
1979, pp. 724-731.

Schneider, S.H.: Volcanic Dust Veils and Climate: How Clear is the Connection? — An Editorial.
Clim. Change, Vol. 5, 1983, pp. 111-113.

49



260.

263.

264.

265.

267.

50

Schneider, S.H. and Mass, C.: Volcanic Dust, Sunspots, and Temperature Trends. Science, Vol.
190, 1975, pp. 741-746.

Schonwiese, C.D.: Solar Activity, Volcanic Dust and Temperature: Statistical Relationships
Since 1160 A.D. Arch. Met. Geoph. Biokl., Ser. A, Vol. 30, 1981, pp. 1-22.

Sear, C.B. and Kelly, P.M.: The Climatic Significance of El Chichén. Clim. Monitor, Vol. 11,
1982, pp. 134-139.

Self, S.. Rampino, M.R., and Barbera, J.J.: The Possible Effects of Large 19th and 20th Century
Eruptions on Zonal and Hemispheric Surface Temperatures. J. Volcanol. Geotherm., Vol. 11,
1981, pp. 41-60.

Shapiro, R.: An Examination of Certain Proposed Sun-Weather Connections. J. Atmos. Sci..
Vol. 36, 1979, pp. 1105-1116.

Shukla, J. and Wallace, J.M.: Numerical Simulation of the Atmospheric Response to Equatorial
Pacific Sea Surface Temperature Anomalies. J. Atmos. Sci., Vol. 40, 1983, pp. 1613-1630.

Sigurdsson, H.: Volcanic Pollution and Climate: The 1783 Laki Eruption. Eos, Trans. AGU, Vol.
63. 1982, pp. 601-602.

Simkin., T.. Seibert, L., McClelland, L., Bridge, D., Newhall, C., and Latter, J.H.: Volcanoes
of the World. Hutchinson Ross, 1981.

Siscoe, G.L.: Solar-Terrestrial Influences on Weather and Climate. Nature, Vol. 276, 1978, pp.
348-352.

Sofia. S. (Ed.): Variations of the Solar Constant. NASA CP-2191, National Aecronautics and
Space Administration, 1981, 297 pp.

Sofia, S., Demarque. P., and Endal, A.: From Solar Dynamo to Terrestrial Climate. Am. Sci.,
Vol. 73, 1985, pp. 326-333.

Spinhirne, J.D. and King, M.D.: Latitudinal Variation of Spectral Optical Thickness and
Columnar Size Distribution of the El Chichon Stratospheric Aerosol Layer. J. Geophys. Res..
Vol. 90(D6), 1985, pp. 10.607-10,619.

Stothers, R.B.: The Great Tambora Eruption in 1815 and Its Aftermath. Science, Vol. 224, 1984,
pp. 1191-1198.

Stranz. D.: Solar Activity and the Altitude of the Tropopause Near the Equator. J. Atmos. Terr.
Phys., Vol. 16, 1959, pp. 180-182.

Taylor, B.L., Gal-Chen, T., and Schneider, S.H.: Volcanic Eruptions and Long-Term Tempera-
ture Records: An Empirical Search for Cause and Effect. Quart. J. Roy. Meteorol. Soc., Vol.
106, 1980, pp. 175-199.



270.

280.

b2
o<
9]

Taylor, H.A., Jr.: Selective Factors in Sun-Weather Research. Rev. Geophys., Vol. 24, 1986,
pp. 329-348.

Tinsley. B.A.: The Solar Cycle and the QBO Influences on the Latitudes of Storm Tracks in the
North Atlantic. Geophys. Res. Lett., Vol. 15, 1988, pp. 409-412.

Toon. O.B. and Pollack, J.B.: Atmospheric Aerosols and Climate. Am. Sci., Vol. 68, 1980, pp.
268-278.

Trenberth. K.E. and Shea, D.J.: On the Evolution of the Southern Oscillation. Mon. Wea. Rev.,
Vol. 115, 1987, pp. 3078-3096.

Trenberth, K.E.. Branstator, G.W., and Arkin, P.A.: Origins of the 1988 North American
Drought. Science. Vol. 242, 198%, pp. 1640-1645.

Vallis. G.K.: El Nifo: A Chaotic Dynamical System? Science, Vol. 232, 1986, pp. 243-245.
van Loon. H. and Labitzke. K.: The Southern Oscillation. Part V: The Anomalies in the Lower
Stratosphere of the Northern Hemisphere in Winter and a Comparison with the Quasi-Biennial
Oscillation. Mon. Wea. Rev., Vol. 115, 1987, p. 357-369.

van Loon. H. and Labitzke, K.: When the Wind Blows. New Sci.. Vol. 119, 1988, pp. 58-60.

van Loon, H. and Shea. D.J.: The Southern Oscillation. Part IV: The Precursors South of 15° S to
the Extremes of the Oscillation. Mon. Wea. Rev.. Vol. 113, 1985, pp. 2063-2074.

van Loon. H. and Shea, D.J.: The Southern Oscillation. Part VI: Anomalies of Sea Level Pressure
on the Southern Hemisphere and of Pacific Sea Surface Temperature During the Development of a

Warm Event. Mon. Wea. Rev., Vol. 115, 1987, pp. 370-379.

Vardavas, I.M.: Atmospheric Temperature Response to Solar Cycle UV Flux Variations. Solar
Phys.. Vol. 108, 1987, pp. 403-410.

Viggiano, A.A. and Arnold, F.: Stratospheric Sulfuric Acid Vapor: New and Updated Meas-
urements. J. Geophys. Res., Vol. 88(C2). 1983, pp. 1457-1462.

Volz, F.E.: Atmospheric Turbidity After the Agung Eruption of 1963 and Size Distribution of the
Volcanic Aerosol. J. Geophys. Res., Vol. 75. 1970, pp. 5185-5194.

Volz. F.E.: Distribution of Turbidity After the 1912 Katmai Eruption in Alaska. J. Geophys.
Res.. Vol. 80, 1975, pp. 2643-2648.

Vupputuri, R.K.R. and Blanchet, J.P.: The Possible Effects of El Chichén Eruption on
Atmospheric Thermal and Chemical Structure and Surface Climate. Geof. Int., Vol. 23(3). 1984,
pp. 433-447.

Waldmeier, M.: The Sunspot-Activity in the Years 1610-1960. Schulthess & Co., 1961, 171 pp.

51



290.

299.

300.

301.

52

Weare, B.C.: EI Nino and Tropical Pacific Ocean Surface Temperatures. J. Phys. Oceanogr.,
Vol. 12, 1982, pp. 17-27.

Webster, F.: Studying El Nifio on a Global Scale. Oceanus, Vol. 27, 1984, pp. 58-62.

Webster, P.J.: Mechanisms Determining the Atmospheric Response to Sea Surface Temperature
Anomalies. J. Atmos. Sci., Vol. 38, 1981, pp. 554-571.

Wells, N.C.: The Effect of a Tropical Sea Surface Temperature Anomaly in a Coupled Ocean-
Atmosphere Model. J. Geophys. Res., Vol. 84(C8), 1979, pp. 4985-4997.

Wexler, H.: Spread of the Krakatoa Volcanic Dust Cloud as Related to the High-Level Circula-
tion. Bull. Am. Meteorol. Soc., Vol. 32, 1951, pp. 48-51.

Wexler, H.: Volcanoes and World Climate. Sci. Am., Vol. 186(4), 1952, pp. 74-76, 78, 80.

White, W.B., Pazan, S.E., and Inoue, M.: Hindcast/Forecast of ENSO Events Based Upon the
Redistribution of Observed and Model Heat Content in the Western Tropical Pacific, 1964-86. J.
Phys. Oceanogr., Vol. 17, 1987, pp. 264-280.

Wilcox, J.M.: Solar Activity and Changes in Atmospheric Circulation. J. Atmos. Terr. Phys.,
Vol. 41, 1979, pp. 753-763.

Willett, H.C.: Long-Period Fluctuations of the General Circulation of the Atmosphere. J.
Meteor., Vol. 6, 1949, pp. 34-50.

Willett, H.C.: The Relationship of Total Atmospheric Ozone to the Sunspot Cycle. J. Geophys.
Res.. Vol. 67, 1962, pp. 661-670.

Williams, G.L.: Cyclicity in the Late Precambrian Elatina Formation, South Australia: Solar or
Tidal Signature? Clim. Change, Vol. 13, 1988, pp. 117-128.

Williams, R.G. and Gerety, E.J.: Does the Troposphere Respond to Day-to-Day Changes in Solar
Magnetic Field? Nature, Vol. 275, 1978, pp. 200-201.

Willson, R.C. and Hudson, H.S.: Solar Luminosity Variations in Solar Cycle 21. Nature, Vol.
332, 1988, pp. 810-812.

Wilson, R.M.: A Comparative Look at Sunspot Cycles. NASA TP-2325, National Aeronautics
and Space Administration, 1984, 167 pp.

Wilson, R.M.: On “Bimodality of the Solar Cycle” and the Duration of Cycle 21. Solar Phys.,
Vol. 108, 1987, pp. 195-200.

Wilson, R.M.: On the Distribution of Sunspot Cycle Periods. J. Geophys. Res., Vol. 92(A9),
1987, pp. 10,101-10,104.



303.

304.

305.

306.

307.

308.

309.

310.

311.

314.

"
O

316.

317.

Wilson, R.M.: On the Prospect of Using Butterfly Diagrams to Predict Cycle Minimum. Solar
Phys., Vol. 111, 1987, pp. 255-265.

Wilson. R.M.: On the Long-Term Secular Increase in Sunspot Number. Solar Phys., Vol. 115,
1988, pp. 397-408.

Wilson. R.M.: Bimodality and the Hale Cycle. Solar Phys.. Vol. 117, 1988, pp. 269-278.

Wilson. R.M.: A Prediction for the Size of Sunspot Cycle 22. Geophys. Res. Lett., Vol. 15,
1988, pp. 125-128.

Wilson, R.M.: A Prediction for the Maximum Phase and Duration of Sunspot Cycle 22. J.
Geophys. Res., Vol. 93(A9), 1988, pp. 10,011-10,015.

Wilson, R.M.: An Alternative View of the Size of Solar Cycle 22. Nature, Vol. 335, 1988, p.
773.

Wilson, R.M., Rabin, D., and Moore, R.L.: 10.7-cm Solar Radio Flux and the Magnetic
Complexity of Active Regions. Solar Phys.. Vol. 111, 1987, pp. 279-285.

Wooster. W.S. and Guillen. O.: Characteristics of El Nino in 1972. J. Mar. Res., Vol. 32, 1974,
pp- 387-404.

Wright, P.B.: The Southern Oscillation: An Ocean-Atmosphere Feedback System? Bull. Am.
Meteorol. Soc.. Vol. 66, 1985, pp. 398-412.

Wright, P.B., Wallace, J.M., Mitchell, T.P., and Deser, C.: Correlation Structure of the EI Nino/
Southern Oscillation Phenomenon. J. Climate, Vol. 1, 1988, pp. 609-625.

Wuebbles, D.J.: Natural and Anthropogenic Perturbations to the Stratosphere. Rev. Geophys.,
Vol. 25, 1987, pp. 487-493.

Wyrtki, K.: Teleconnections in the Equatorial Pacific Ocean. Science, Vol. 180, 1973,
pp. 66-68.

Wyrtki, K.: El Nifio — The Dynamic Response of the Equatorial Pacific Ocean to Atmospheric
Forcing. J. Phys. Oceanogr.. Vol. 5, 1975, pp. 572-584.

Wyrtki, K.: The Southern Oscillation, Ocean-Atmosphere Interaction and El Nino. J. Mar.
Technol. Soc., Vol. 16, 1982, pp. 3-10.

Wyrtki, K.: Water Displacements in the Pacific and the Genesis of El Nifio Cycles. J. Geophys.
Res., Vol. 90(C4), 1985, pp. 7129-7132.

Wyrtki, E., Stroup. E., Patzert, W., Williams, R., and Quinn, W.: Predicting and Observing El
Nino. Science, Vol. 191, 1976, pp. 343-346.

23



318.

319.

320.

321.

323.

324.

54

Yarnal, B.: Extratropical Teleconnections with El Nifio/Southern Oscillation (ENSO) Events.
Progr. Phys. Geogr., Vol. 9, 1985, pp. 315-352,

Yasunari, T.: Global Structure of the EI Nifio/Southern Oscillation. Part I: El Nifio Composites. J.
Meteorol. Soc. Japan, Vol. 65, 1987, pp. 67-80.

Yasunari, T.: Global Structure of the El Nifo/Southern Oscillation. Part II: Time Evolution. J.
Meteorol. Soc. Japan, Vol. 65, 1987, pp. 81-102.

Zebiak, S.E.: A Simple Atmospheric Model of Relevance to El Nifo. J. Atmos. Sci., Vol. 39,
1982, 2017-2027.

Zebiak, S.E.: Atmospheric Convergence Feedback in a Simple Model for El Nifio. Mon. Wea.
Rev., Vol. 114, 1986, pp. 1263-1271.

Zebiak, S.E. and Cane, M.A.: A Model El Nino-Southern Oscillation. Mon. Wea. Rev., Vol.
115, 1987, pp. 2262-2278.

Zeretos, C.S. and Crutzen, P.J.: Stratospheric Thickness Variations Over the Northern
Hemisphere and Their Possible Relation to Solar Activity. J. Geophys. Res., Vol. 80, 1975, pp.
5041-5043.

Zirker, J.B.: Coronal Holes and High-Speed Wind Streams. Rev. Geophys. Space Phys., Vol.
15, 1977, pp. 257-269.



Report Documentation Page

1. Report No 2. Government Accession No. ] 3. Recipient’s Catalog No.

NASA TP-2948

4. Title and Subtitle

122}

. Report Date

On the Statistics of El Nino Occurrences and the Relationship October 1989

of El Nifio to Volcanic and Solar’Geomagnetic Activity 6. Performing Organization Code

7. Authorls) 8. Performing Organization Report No

Robert M. Wilson

10. Work Unit No.
— M-618

'_9—.‘F>’erforming' nganizatlon—Name and Address

s
—

. Contract or Grant No

George C. Marshall Space Flight Center
Marshall Space Flight Center. Alabama 35812

13. Type of Report and Period Co-v;r;.d

12. Spor;o};g Zggncy—ﬁme and Address B ] Technical p
chnica aper

National Aeronautics and Space Administration 1a. Sponsoring Agency Code
Washington, D.C. 20546

15. Supplementary Notes

Prepared by Space Science Laboratory. Science and Engineering Directorate.

16. Abstract

El Nifio is conventionally defined as an anomalous and persistent warming of the waters off the coasts of
Ecuador and Peru in the eastern equatorial Pacific. having onset usually in southern hemispheric summer Tall.
Examined here are some of the statistical aspects of EI Nifto occurrences. especially as they relate to the normal
distribution and to possible associations with voleanic. solar. and geomagnetic activity.

With regard to the “very strong” El Nifio of 1982-83 . it is noted that. although it may very well be related
to the 1982 eruptions of El Chichon. the event ocecurred essentially “on time™ (with respect to the past behavior of
elapsed times between successive El Nifio events: a moderate-to-stronger EI Nifo was expected during the
interval 1978 to 1982, assuming that EI Nifo occurrences are normally distributed. having a meun elapsed i
between successive onsets of 4 years and a standard deviation of 2 years and a last known occurrence in 1976).
Also. although not widely recognized. the whole of 1982 was a record veur for geomagnetic activity thased on the
aa geomagnetic index. with the aa index registering an all-time high in February 1982y, perhaps. important for
determining a possible “trigger” for this and other El Nino events.

A major feature of this study is an extensive bibliography (325 entries) on El Nino and voleanic-solar-
geomagnetic effects on climate. Also. included is a tabular listing of the 94 major voleanic eruptions of 1¥33 10
1986.

17. Key Words {Suggested by Author(s)) 18. Distribution Statement

El Nifo. air-sea interaction, volcanoes, Unclassitied — Unlimited
solar cycle, geomagnetic activity
Subject Category: 92

19. Security Classif. {of this report} 20. Security Classif. (of this page) 21. No. of pages 122 Prce

Unclassified Unclassitied 64 A04

NASA FORM 1626 OCT 8
For sale by the National Technical Information Service, Springfield, VA 22161-2171

NASA-Langley, 1989






