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Probabilistic Precipitation Anomalies
Associated with ENSO
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ABSTRACT

Extreme phases of the El Nifio—Southern Oscillation (ENSO) phenomenon have been blamed for precipitation
anomalies in many areas of the world. In some areas the probability of above-normal precipitation may be increased
during warm or cold events, while in others below-normal precipitation may be more likely. The percentages of times
that seasonal precipitation over land areas was above, near, and below normal during the eight strongest El Nifio and
La Nifia episodes are tabulated, and the significance levels of the posterior probabilities are calculated using the hy-
pergeometric distribution. These frequencies may provide a useful starting point for probabilistic climate forecasts
during strong ENSO events. Areas with significantly high or low frequencies or above- or below-normal precipitation
are highlighted, and attempts are made to estimate the proportion of land areas with significant ENSO-related precipi-
tation signals.

There is a danger of overstating the global impact of ENSO events because only about 20%—-30% of land areas
experience significantly increased probabilities of above- or below-normal seasonal precipitation during at least some
part of the year. Since different areas are affected at different times of the year, the fraction of global land affgcted in an
particular season is only about 15%—-25%. The danger of focusing on the impact of only warm-phase events is empha-
sized also: the global impact of La Nifia seems to be at least as widespread as that of El Nifio. Furthermore, there are a
number of notable asymmetries in precipitation responses to El Nifio and La Nifia events. For many areas it should not
be assumed that the typical climate anomaly of one ENSO extreme is likely to be the opposite of the other extreme. A
high frequency of above-normal precipitation during strong El Nifio conditions, for example, does not guarantee a high
frequency of below-normal precipitation during La Nifia events, or vice versa. On a global basis El Nifio events are
predominantly associated with below-normal seasonal precipitation over land, whereas La Nifia events result in a wider
extent of above-normal precipitation.

1. Introduction Halpert and Ropelewski 1992). Because of the rela-
tively high predictability of the ENSO phenomenon

El Nifio—Southern Oscillation (ENSO) warm(Cane and Zebiak 1985; Cane et al. 1986; Latif et al.

events are associated with climate extremes over mag@8; Neelin et al. 1998; Stockdale et al. 1998a,b),

areas of the globe (Bradley et al. 1987; Ropelewski goibr knowledge of the expected state of the equato-

Halpert 1987, 1989, 1996; Kiladis and Diaz 198%al Pacific Ocean provides a significant source of pre-
dictability of seasonal climate variability over much

of the Tropics, and farther afield (Palmer and Ander-

*Climate Research Division, Scripps Institution of Oceanograph?Hon 1994)' Knowing what typl.ca”y has oc;cu_rreq dur-
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1987; Kiladis and van Loon 1988; Kiladis and Diaz Given the limitations of the composite and linear
1989). However, using historical ENSO-related clmeasures of ENSO influences for forecasting future
mate anomalies as simple forecasts of expected cionpacts, it is of value to estimate the probabilities of
ditions is not straightforward. Even if the magnitudelimate anomalies conditional upon the phase of
and structure of ENSO sea surface temperature anoBEldSO (Ropelewski and Halpert 1996). A simple ap-
lies were identical from one event to the next, the ggiroach is to use contingency tables. This approach can
eral problem of inherent unpredictability of therovide a measure for identifying the influence of an
atmosphere would lead to differences in the climatedependent variable on the probability of a predefined
anomalies observed during each event. The nonlinetimate event occurring. The contingency table is used
interactions with sea surface temperature anomaliesdardetermine whether the events are more or less likely
the other oceans (e.g., Goddard and Graham 1999) fanaccur given different values of the independent vari-
the existence of inter—El Nifio differences (Hoerlingble. For example, warm and cold ENSO episodes
and Kumar 1997) further compound the uncertainbave been associated with extremes in global precipi-
in expected climate anomalies associated with El Nifation eigenmodes (Lau and Sheu 1991), in regional
and La Nifa events. During the 1997-98 EI Nifio aqdecipitation (Shukla and Paolina 1983; Parthasarathy
1998-99 La Nifia a number of regions, for which clet al. 1988; Barnett et al. 1991; Lau and Sheu 1991;
mate variability is known to be well correlated télutchinson 1992; Webster et al. 1998), and in annual
ENSO events, experienced conditions that could matmbers of hurricane days in the North Atlantic (Gray
be considered typical (Goddard et al. 1998; Kamad Sheaffer 1991). The contingency table method was
1999a). For example, the widespread anomalously dsed by Ropelewski and Halpert (1987, 1989) to iden-
conditions over southern Africa associated with thi#y changes in median precipitation conditional upon
El Nifio events of 1982—-83 and 1991-92 (Mason atite phase of the Southern Oscillation.
Jury 1997) did not recur during the 1997-98 rainfall In this paper, the influence of extreme ENSO states
season (Thiaw et al. 1999). Similarly, in Ecuador ama global precipitation anomalies is investigated us-
northern Peru, where precipitation typically is above nang contingency tables. This paper extends the analy-
mal during EI Nifio and below normal during La Nifisses of Ropelewski and Halpert (1987, 1989) to
the unusually wet conditions experienced during tilsensider three categories rather than the two catego-
1997-98 El Nifio persisted through the 1998-99 La Nifiees used in their analyses of station data. Thus pre-
Correlation and regression constitute commongpitation anomalies that are only weakly positive or
used alternatives to composite analysis (sometinresgative are considered “near normal” and are not
called superposed epoch analysis). They describe ¢banted in the climate impacts. The results provide
strength and form of the linear teleconnection betweaseful indications of the global impacts of El Nifio and
ENSO variability and global or regional climatd.a Nifia events in probabilistic terms and using newly
anomalies. In some areas, however, the ENSO—climatgilable high-resolution datasets. By using gridded
relationship is asymmetric between EI Nifio anahd spatially interpolated precipitation data that pro-
La Nifia events. In many areas the relationships aldde complete coverage of global land areas, a first
have varied in strength from one epoch to the neattempt can be made to estimate the proportion of the
(Ramage 1983; Pittock 1984; Ropelewski and Halpewrth’'s land surface that has a significant ENSO-
1986; Schonher and Nicholson 1989; Halpert amélated precipitation signal.
Ropelewski 1992; Mason and Mimmack 1992; Stone
and Auliciems 1992; Nicholls et al. 1996; Hoerling et al.
1997; Livezey et al. 1997; Gershunov 1998; Gershun2v Data and methods
and Barnett 1998; Mo and Higgins 1998; Montroy
et al. 1998; Fontaine et al. 1999; Kane 1999b; Krugeer Data
1999;Kumar et al. 1999; Navarra et al. 1999; Power et al. Gridded monthly precipitation data at a resolution
1999; Rocha 1999; Torrence and Webster 1999).dh0.5°x 0.5° were obtained from New et al. (1999,
addition, correlation coefficients can be sensitive to ua©00). The almost 12 000 stations represented in this
derlying assumptions about the probability distributiomgidded dataset were expanded from the original Cli-
of the data and, so, are inappropriate for defining theate Research Unit—Department of Energy data de-
strength of ENSO—precipitation signals, for examplscribed in Eischeid et al. (1991), and developed by
in areas with highly skewed precipitation distributionglulme (1994) and the Climate Research Unit at the
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University of East Anglia. After extensive quality conpresentednly for the strongest eight events. Where
trol the station data anomalies were averaged into Orfotable differences do occur, they are mentioned.
grids and then interpolated using thin-plate splines. The numbers of times that the observed precipita-
Data are available from the beginning of the centutyon anomalies during these warm- and cold-event
but only the 45-yr period 1951-52 to 1995-96 hagsars were in each tercile were tabulated for each grid
been considered in this paper because of diministgmint. These frequencies give some indication of the
guality of both the gridded precipitation data and thikelihood of observing a climate anomaly in each of
sea surface temperature data, described below, ptigr categories during El Nifio and La Nifia events, re-
to about 1950. For each grid point seasonal precipispectively. Areas experiencing a “dry season” (defined
tion totals were calculated and assigned to the belaag-a 3-month period in which, on average, the precipi-
normal, normal, or above-normal tercile. The analystgion total is less than 15% of the annual total and less
were repeated using the lower-resolution (.3275°) than 50 mm) and areas in which the seasonal precipi-
dataset of Hulme (1994) as a quality check on the tation total was zero in at least one-third of the years
sults obtained by using the high-resolution data. were masked. Antarctica has been excluded from the
analysis because of a lack of observational data, al-
b. Identification of ENSO-related climate impacts though there probably is a detectable precipitation sig-
The historical impacts of El Nifio and La Nifiaal there (Bromwich et al. 2000).
events on climate can be illustrated effectively by cal-
culating the observed percentage of times that seasanaCalculation of significance levels
precipitation or temperature has been in the upper, The significance of the number of times that the
middle, and lower climatological terciles duringbserved precipitation or temperature anomalies dur-
ENSO extremes (Mason et al. 1999). A 3-month meeng ENSO extreme events were above or below some
Nifio-3.4 index was calculated by averaging Kaplaredefined threshold can be calculated using contin-
et al.’s (1998) sea surface temperature anomalies ayency table theory. From a totalrojears, of whiclip
the central equatorial Pacific Ocean (5°N-5°S, 170are “dry,” and from whichi years are selected at ran-
120°W), and the warmest eight El Nifio events bdem (ther strongest El Nifio years, e.g.), let the number
tween 1951-52 and 1995-96 were identified for eachdry years that are selected, denote&pye equal
season. The selected El Nifio years are indicatedarx [where 0<x <min(r,b)]. This information can be
Table 1a, which shows the warmest 11 events. By sepresented in a2 2 contingency table, as shown in
lecting the eight warmest events in each season Trable 2, or extended to a three-category problem, as
Nifio-3.4 index exceeds one standard deviation in slown in Table 3. Assuming there are a totat of
cases except for June—August 1992. Similarly, ti# Nifio years and thatof them are dry, then the sig-
eight coldest La Nifia events were selected and are listéitance is defined as the probability of selectiray
in Table 1b. Again the selection of eight events ensurasre dry years in a random sampleyégars. This prob-
that in most cases the Nifio-3.4 index exceeds one sHdility is equivalent to the right tail area of the hypergeo-
dard deviation. Although there are some differencesetric distribution (Agresti 1990, 1996) and is given by
in the sea surface temperature threshold used between
seasons and between ENSO phases, the standardized bran-bg
thresholds are reasonably similar. In addition, because min(r.b) &% kE
of the small sample sizes and highly discrete form gf (X = x) = H(x;r,b,n) = z _—
the distributions used in the significance tests, as dis- =
cussed below, the constant number of selected cases %E
facilitates comparison of results. However, to test the
robustness of the results, all analyses were repeatedihe test for significance defined by Eq. (1) is known
ing only the 5 strongest ENSO events and using @& Fisher’s exact test (Fisher 1935, 1970; Irwin 1935)
11 strongest events. The strongest 5 events corresp@pugendix A). In our case, wheme= 45,b =15, and
with a minimum Nifio-3.4 anomaly of about 0.6°C, while= 8, five selected events is a significantly high num-
the strongest 11 events correspond with a minimuear beyond the 90% level of confidence, six events is
anomaly of about 0.35°C. Changing the number of sggnificant beyond the 95% level, and seven or more
lectedENSO events between 5, 8, and 11 effected omlyents isignificant beyond the 99% level. Zero is a sig-
incidental differences in the results, and so results aiicantly low number of selected events beyond the
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TasLE 1. The 11 strongest (a) El Nifio and (b) La Nifia episodes over the period 1951-52 to 1995-96 during each 3-month season

as measured by the Nifio-3.4 index. The standard devigjiohthe index is given. The second and third columns indicate the Nifio-
3.4 sea surface temperature anomaly (SSTA) in °C, and in standardizedmpjtsAverage anomalies and standardized anomalies
are shown for the strongest 5, 8, and 11 events.

@

Dec-Jan-Feb Mar—Apr—May Jun—Jul-Aug Sep—Oct—Nov

(0=0.87°C) ©=0.54°C) ©=0.57°C) ©=0.83°C)
Year SSTA 0o, Year  SSTA oo, Year  SSTA oo, Year SSTA oo,
1982-83 1.92 2.21 1992 1.20 2.22 1987 1.15 2.02 1982 1.63 1.96
1957-58 1.49 1.71 1983 1.19 2.20 1972 1.02 1.79 1972 1.52 1.83
1972-73 1.48 1.70 1987 0.93 1.72 1991 1.02 1.79 1987 1.45 1.75
1991-92 1.44 1.66 1958 0.78 1.44 1965 0.94 1.65 1965 1.32 1.59
1965-66 1.20 1.38 1969 0.77 1.43 1982 0.88 1.54 1991 1.06 1.28
199495 1.08 1.24 1993 0.69 1.28 1957 0.70 1.23 1986 1.05 1.27
1986-87 1.06 1.22 1966 0.63 1.17 1994 0.59 1.04 1994 1.00 1.20
1968-69 1.04 1.20 1991 0.58 1.07 1992 0.55 0.96 1957 0.83 1.00
1987-88 0.83  0.95 1995 0.54 1.00 1958 0.50 0.88 1963 0.70 0.84
1990-91 0.74 0.85 1994 0.47 0.87 1963 0.47 0.82 1976 0.75 0.90
1969-70 0.71  0.82 1972 0.44 0.81 1969 0.43 0.7% 1969 0.73 0.88
Avg 5 1.51 1.73 Avg 5 0.97 1.80 Avg 5 1.00 1.76 Avg5 1.40 1.68
Avg 8 1.34 1.54 Avg 8 0.85 1.57 Avg 8 0.86 1.50 Avg8 1.23 1.48
Avg 11 1.18 1.36 Avg 11 0.75 1.38 Avg 11 0.75 1.32 Avg 11 1.09 1.32

95% level of confidence. Further discussions on thet conducted in this paper because the aim is to iden-

significance levels used in this paper are presentediiy where the ENSO-related climate signal is locally

appendix B. significant, not to demonstrate that an ENSO signal
When calculating more than one significance testists. On the strength of considerable earlier research,

such as for different seasons or spatial grid points, thevas assumed a priori that the ENSO phenomenon

calculated significance level normally should be adoes have an impact on climate around the globe.

justed to account for multiplicity, using the bonferrorultiplicity problems do arise, however, when esti-

inequality if the tests are independent (Katz 1988iating the spatial extent of the ENSO signature. These

Brown and Katz 1991; Katz and Brown 1991). If thssues are addressed below and in appendix B.

tests are not independent, because of spatial correla-

tion for example, it would be necessary to resort tb Assumptions

Monte Carlo methods to estimate field significance The accuracy of the significance tests is dependent

(Livezey and Chen 1983). Field significance tests wega the validity of assumptions very similar to those
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TasLE 1. Continued.

(b)

Dec-Jan-Feb Mar—Apr—May Jun—Jul-Aug Sep-Oct—Nov

(o= 0.87°C) ©=0.54°C) ©=0.57°C) ©=0.83°C)
Year SSTA 0o, Year  SSTA oo, Year  SSTA oo, Year SSTA oo,
1973-74 -1.66 191 1974 0.84 156 1975 -1.07 1.88 1955 -1.71 2.06
1970-71 -1.51 1.74 1971 .83 154 1988 -1.02 1.79 1975 -1.35 1.63
1975-76 -1.44 1.66 1955 0.83 154 1973 .81 1.42 1973 -1.29 1.55
1988-89 -1.35 1.55 1989 0.73 1.35 1955 -0.75 1.32 1988 -1.21 1.46
1955-56 -1.02 1.17 1975 -0.59 1.09 1956 -0.69 1.21 1970 -1.11 1.34
1954-55 0.99 1.14 1956 .54 1.00 1964 .68 1.19 1964 -1.01 1.22
1984-85 -0.71 0.82 1976 -0.50 0.93 1954 0.67 1.18 1954 -0.85 1.02
1964-65 -0.71 0.82 1964 0.46 0.85 1970 -0.57 1.00 1971 -©.77 0.93
196263 -0.62 0.71 1985 0.43 0.80 1971 -0.60 1.05 1974 -0.69 0.83
1971-72 0.51 0.59 1968 -0.36 0.67 1974 -0.45 0.79 1956 .69 0.83
1967-68 -0.48 0.55 1967 -0.35 0.65 1959 -0.35 0.61 1962 -0.47 057
Avg 5 -1.40 1.60 Avg5 90.76 141 Avg5 -0.87 1.52 Avg5 -1.33 1.61
Avg 8 -1.17 1.35 Avg8 -0.67 1.23 Avg8 -0.78 1.37 Avg8 -1.16 1.40
Avg 11 -1.00 1.15 Avg 11 -0.59 1.09 Avg 11 0.70 1.22 Avg 11 1.01 1.22

that are required for a Monte Carlo test for signifi-
cance, in which the observational data are repeatertty
scrambled, or the selected years are repeatedly redesLe 2. Two-by-two contingency table for verification of a
fined (Livezey and Chen 1983). In both cases it is &pary forecast system.

sumed that the observation in one year is independent

of the observations in another year, which can be tested El Nifio years

using autoregressive methods (Wilks 1995). In prac-

tice this assumption of independence will be invalid®Pservatons Yes No Total
if there is a trend or significant low-frequency variabil- « bx b
ity in the data. If the selected years are reasonably well

distributed throughout the period of interest, the effet Not dry r-x nr-btx nb
of autocorrelation and trend are probably not too se..

ous, and the calculated significance levels will err orTotal r n-r n

the conservative side. If the selected years are cles
tered, the effects will be more severe, and significance
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is likely to be overestimated. By purposely clusterirthese areas an 85% confidence level has been used to
the selected years, tests for climate change can be édentify grid points with significantly high frequencies
ducted. For example, significantly high frequencies of above- or below-normal precipitation. The esti-
events in the last few years of a series may provigeted areas with ENSO impacts should therefore be

evidence for trends (Wigley and Jones 1987). considered upper limits, and may be overestimated by
10% or more, as discussed in appendix B.
e. Estimating the area of ENSO signals All area estimates were compared against the

Percentages of total land area not experiencinga@arser-resolution Hulme (1994) dataset. These results
dry season or dry conditions (as defined in section g in close agreement with those from the New et al.
and that experienced significantly high frequencies 999, 2000) dataset, but suggest that areas with ob-
precipitation in either the above- or below-normalerved above- or below-normal precipitation in more
tercile category were calculated. Grid areas wettean half of the selected El Nifio or La Nifia events may
weighted by the cosine of the latitude. In calculatifge underestimated by at most 5%. However, apart from

the smoothing of detected sig-
El Nino, December-February, above-normal nals over larger grid areas at a
- i i ; : : coarser resolution, the Hulme
(1994) dataset also provides a
disproportionate weight to the
Pacific islands and coastal areas,
since it is assumed that any grid
containing land is entirely land.
It is therefore likely that the
Hulme (1994) dataset may lead
to slight overestimates of the
5 - ; ; 5 - & - [ .| areaof ENSO signals, and sothe
0 = 9E 135€ 180E 135W soW 45W area estimates from the New
et al. (1999, 2000) dataset are
considered more realistic.

Since the areas affected by
ENSO change from season to
season, a more meaningful indi-
cation of the global extent of
ENSO teleconnections may be
obtained by calculating total ar-
eas with ENSO-related seasonal
climate anomalies at any time of
year. Area estimates were made
for all twelve 3-month seasons
and all areas with a significant
signal in at least one of the sea-
sons were identified. Because of
problems of multiplicity when
performing tests for more than
one season and for the thou-
sands of grid points (Katz 1988;
Brown and Katz 1991; Katz and

_ ~_ Brown 1991; Wilks 1995), only

I_:le. 1. Frgquencnes of (top) glgove- and (bottom) below-normal Dec—Fel_) preup_nagggas with above- or below-

during the eight strongest El Nifio events from 1951-52 to 1995-96, defined usmg}-| he . . o
Nifio-3.4 index (1957-58, 1965-66, 196869, 1072-73, 1986-87, 1982-83, 19910g9Mal rainfall in atleast 75% of
1994-95). Frequencies are shown only where they are significantly high or low at a §d8s€ight El Nifio or La Nifa

level of confidence. events were counted. The test

45N

455
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therefore considers only are: __El Nino, March-May, above-normal
that have had a significantl :? e, : ’ :
high frequency of either above [= . 7 '

or below-normal precipitation ,s| ... %

the 95% level of confidenct |
(see appendix B).

3. Precipitation

anomalies | O e SRR SWREa | W

asso.‘c_lated W“h 0 4‘5E Q;JE 13;5E 160E 13I5W 90w 4;.3\'\!
El Nino

Areas where there has be: -0

a significantly high or low num:

ber of years with above- an
below-normal seasonal precip 0
tation during the eight stron [
gest El Nifio episodes sinc
1951-52 are shown in Figs. 1-
Results for the near-normal ce
egory are not shown because
an absence of spatially cohere L
signals, although there are fe*"| g ¢
areas where the probability «
near-normal precipitation in
creases significantly durin
ENSO events. Areas of signif
cant decreases in the probabil | ; ,
of near-normal precipitation ar*s| e e | S
almost invariably reflected b C oS 50E Ta5E T80E 3w Sow W

significant increases in one ol _ N

h ther two cateqories. Th FIG. 2. Frgquenmes of (top) g?ove— and (bottom) below-normal _Mar—Mfiy preC|p|_t~at|on

t e_ 0 g : _%urlng the eight strongest El Nifio events from 1951 to 1995, defined using the Nifio-3.4
main features are described ifhgex (1958, 1966, 1969, 1983, 1987, 1991, 1992, 1993). Frequencies are shown only where
the following sections, and fur-they are significantly high or low at a 90% level of confidence.

ther details and references are

reserved for appendix C.

T [ 1

TasLe 3. Three-by-two contingency table for verification of a
a. December—February binary forecast system.

There are surprisingly few areas where the
frequency of above-normal December—February
precipitation has been significantly high during

El Nifio years

El Nifio events (Fig. 1a). Of all nondry land areasobservations Yes No Total
excluding Antarctica, only about 8% experienced-&
significantly high frequency (in more than half theDry X b-x b

cases) of above-normal precipitation, which is on’
slightly more than would be expected by chant
(6.8%). Despite the weak global impact, there are so
regions where El Nifio has been associated with sig-
nificantly high frequencies of above-average precif Total r n-r n
tation. The signal appears to have been most relia

Not dry, not wet r-x-y nr-b-a+x+y nb-a

y &y a
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El Nifio is associated with
areas with high probabilities
of below-normal December—
February precipitation (Fig. 1b)
rather than above-normal pre-
cipitation. Significantly high
frequencies of below-normal
precipitation occurred over about
11% of non-dry areas, which is
almost twice the area expected
by chance. Over 3% of land ar-
eas experienced below-normal
precipitation in more than 75%
of the cases, which is over three
times the area expected by chance
(1.1%). Below-normal precipita-
tion occurred during El Nifio
most frequently over central
Indonesia, the southern Philip-
pines, and parts of Micronesia
and the Marshall Islands, but was
also widespread over northern
South America, southern Africa,
and parts of northern Africa.
Below-normal precipitation over
land during EI Nifilo conditions
in December—February was there-
fore much more widespread than
above-normal precipitation. In
: : : P -] total, about 19% of nondry land
5 a5 %E Ta5E TH0E T35W Sow @ areas have experienced signifi-

ant precipitation impacts dur-
Fic. 3. Frequencies of (top) above- and (bottom) below-normal Jun—Aug precipitagon P P P
December—February.

during the eight strongest EIl Nifio events from 1951 to 1995, defined using the Nifd %k
index (1957, 1965, 1972, 1982, 1987, 1991, 1992, 1994). Frequencies are shown only where
they are significantly high or low at a 90% level of confidence. b. March—May

Although probabilities of
anomalous March—May precipi-

over southern Brazil where 75% or more of the eigtation conditions during El Nifio events (Fig. 2) weak-
strongest El Nifio episodes were accompanied éyed in most areas compared to December—February
above-average precipitation, and none of them weFgég. 1), with the notable exception of the Philippines,
accompanied by below-normal precipitation (Fig. 1bjotal land areas experiencing anomalous precipitation
Over the United States—Mexico border region, the sichanged only minimally. There was a small expansion
nal has been widespread, but exceeds 75% only indbthe area experiencing below-normal precipitation
calized areas, partly as a reflection of interdecadal more than 12%, again almost twice the area ex-
variations in the strength of the association (McCapected by chance. Below-normal precipitation at this
and Dettinger 1999). A strong signal has been evidénte of year was widespread throughout southeastern
also over some of the central near-equatorial Pacifisia, northern Australia, parts of Africa and the
islands and seems to have peaked in strength neaMiiddle East, and along the north coast of Brazil. The
Christmas Islands where above-normal precipitati@expansion of the area experiencing below-normal pre-
was experienced in seven of the eight strongest El Nifipitation was more than offset by a fairly substantial
events. contraction of areas of above-normal precipitation.
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The signal for above-norme
precipitation was reasonabl
strong over parts of centre
Russia and the former Sovit
states, but less than 6% of lai
areas experienced above-norn
precipitation in more than hal
of the cases, and less th:
1% experienced above-norm 3 :
precipitation in 75% of the [ .~ . . T~ "%
cases or more. In both instanc
these areas are less than wol
be expected by chance. Tt
March—May EI Nifio—relatec
signal therefore is predomi
nantly one of high probabilitie:
of below-normal precipitatior
over global land areas (Fig. 1l
(Bradley et al. 1987). Areas th:
have experienced below-norm
precipitation were more tha
twice as widespread as areas ¢
periencing above-normal pre
cipitation. Considering botl*" %55
above- and below-normal pre
cipitation, about 18% of nondr :
land areas are significantly a °[ %
fected by EI Nifio in March-
May.

Despite a substantial weal *s| ; : ; : : & T
ening in the average Nifio-3. 0 5E SE T35 T80 W oW W
anomaly (Table 1a) between _ -
December—February (1.34°C) FIG. 4. Frgquenmes of (top) zibove- and (bottom) below-normal_ Sep—N'ov preC|p_|Eat|0n

during the eight strongest EIl Nifio events from 1951 to 1995, defined using the Nifio-3.4

and March—May (0.85°C) thereingex (1957, 1965, 1972, 1982, 1986, 1987, 1991, 1994). Frequencies are shown only where
is no observed decrease in langhey are significantly high or low at a 90% level of confidence.

areas experiencing significantly

high frequencies of either

above- or below-normal precipitation. The differengeerienced high frequencies of above-normal precipi-
between the average standardized Nifio-3.4 anomata®on in more than half of the cases. Most of these
of December—February (1.55) and March—May (1.5@jeas are concentrated in the Americas. Again, below-
is negligible, and so the atmosphere must remaiarmal precipitation has been widespread, with over
highly sensitive to the weakening positive sea surfaté% of nondry land areas experiencing below-normal
temperature after the mature phase of an El Niionditions in more than half of the cases, which is
event, which most of the selected events represeamire than twice the area expected by chadinalarly,

45N

(Table 1a). just over 4% of areas experienced below-normal pre-
cipitation in at least 75% of the cases, four times the
c. June—August area expected by chance. Areas with strong below-

Areas of significantly high frequencies of aboveaormal signals include eastern Australia, Indonesia,
normal precipitation during El Nifio events in boreand parts okastern and southeisia. Thus, again,
summer (Jun—Aug) (Fig. 3) again have been constrairsggbroxmately 19% ohondry land areasbservedig-
to only a few areas. Only about 5% of land areas eficantly high probabilities of either above- loelow-
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normal precipitation during
El Nifio events in June—Augus

For this season, most of tk
selected warm events represe .,
the growth phase of an El Nif
(Table 1a). The average Nifio-3
anomaly (0.86°C) is about th
same as for March—May (0.85°C
and the standardized anomali Y e | _
are very similaralso (1.50com .| . i i N
pared with 1.57). Given that th
occurrence of below-normal pre
cipitation during these earl
stages of developing EIl Nifi
events is widespread, the in
portance of early warnings ¢
developing warm events i
highlighted.

n
w
A
(3]
(2]
-
[o4]

d. September—November
During September—Novembe
(Fig. 4), the widespread hig
frequencies of below-norms
precipitation persisted, an N
strengthened in areas such
eastern Australia and Indonesi
The total nondry land areas th °|
experienced below-normal pre
cipitation in more than half o ; : . :
the cases was over 13%, Whi( s -jr-seereeerromesemgremsrermermmenoe S im0
is little changed from the previ 0 3 %0E Ta5E T80 T35W oW oW
ous Season'. A.re"."s where beI(_)w— Fic. 5. Frequencies of (top) above- and (bottom) below-normal Dec—Feb precipitation
normal precipitation occurred Irlduring the eight strongest La Nifia events from 1951-52 to 1995-96, defined using the

all eight El Nifio years reachedifio-3.4 index (1950-51, 1954-55, 1955-56, 197071, 1973-74, 1975-76, 1984-85, 1988—
their maximum extent (just un-89). Frequencies are shown only where they are significantly high or low at a 90% level

der 0.1%) in this season, but aref confidence.
largely confined to the western
Pacific. Similarly, areas where above-normal precidieelsius) cooler than the December—February average
tation occurred in all eight years reached their maXiFable 1a), but the averaged standardized index, at
mum extent (0.06%) in September—November and ard9, is similar to that for the other three seasons. The
focused in the central Pacific. Over continental areasea where below-normal precipitation occurred in
highfrequencies of widespread abavermal precipi- more than half of the cases was slightly less than dur-
tation were confined largely to the Middle East, pariisg June—August, but areas where below-normal pre-
of east Africa, and the United States. Almost 9% oipitation was experienced in over 85% of the El Nifio
land areas experienced above-normal precipitatioases were most widespread in September—November.
during more than half of the El Nifio episodes. Similarly, the area where the frequency of above-
In September—November the extent of the El Nifisermal precipitation was significantly high reached a
related precipitation signal appears to reach a maxiaximum in this season (about 8% or 9%). This
mum, even though the EI Nifio itself typically reacheanounts to a total of about 22% of land areas during
maturity only in the following season. The averadel Nifio associated with above- or below-normal pre-
Nifio-3.4 index was 1.23°@hich is a 10th of a degreecipitation in September—November.
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4. Precipitation anomalies associated guencies of above- and below-normal precipitation
with La Niha during La Nifia events were about 10% in each case.
The total area of significant anomalous precipitation
Some symmetry exists between the precipitatiomeither direction was only marginally less than in the
anomalies associated with La Nifia and El Nifio epither seasons, even though the absolute sea surface
sodes (cf. Figs. 1-4 with 5-8). In this section, only themperature anomalies were considerably weaker than
important exceptions to the symmetry are highlighteduring September—February (Table 1b). If only the
strongest five cold events are considered, there are
a. December—February few areas outside of Australia that indicate a wide-
In the United States, La Nifia appears to have hggiread impact of La Nifia on precipitation during
a weaker influence on precipitation than El Nifio iMarch—May.
the southwest of the country, but a stronger influence
in the southeast (Fig. 5b). Similar differences between June—August
the strength of the El Nifio and La Nifia signals are The preference for above-normal precipitation to
found for southeastern South America, parts of souticcur during cold extremes of the ENSO phenomenon
ern Africa, and for southeaster~
China. As opposed to El Nific La Nina, March-May, above-normal
which was associated mainl A : : : 5 :
with below-normal precipitatior [= LA ,. . , % : :
over land areas, the areas Wiy| . “2EE2in (o 4~ LDy 5 25 ]
high frequencies of below 4. N O ’ ’ ’
normal precipitation (less tha |. i \§ : : :
8%) during La Nifia events wer | Sgb—as? 0 W 5o, %, SO SR i .
less than the areas of abov | : ' : :
normal precipitation (abou : : 2
12%). Thus approximately 209 | ... i i B
of nondry land areas exhibite
precipitation impacts during
La Nifia events in December
February. HEEE

0 45E S0E 135E 180E 135W 0w 45W

b. March—May
During March—May, there is 0

again reasonable symmet: [
between the EI Nifio (Fig. 2
and La Nifa signals (Fig. 6)
Noteworthy exceptions are Aus
tralia, where precipitation im-
pacts were more robust durir ;
La Nifia, and northeastern Br¢*" g
zil and southeastern Asia, whe
the La Nifia signal was weake
Overall, the impacts of La Nifi °
were experienced over approx
mately the same area (19%)
those of El Nifio (18%), but th¢**® i i i : ] : > 2o
preference for above-norme 0 asE S0 Ta6E T80 T3 oW W

preC|p|~tat|_on characteristic or Fic. 6. Frequencies of (top) above- and (bottom) below-normal Mar—May precipitation
La Nifia in the D_ecember_during the eight strongest La Nifia events from 1951 to 1995, defined using the Nifio-3.4
February season is no longejndex (1950, 1955, 1956, 1971, 1974, 1975, 1976, 1989). Frequencies are shown only where
evident. The areas with high frethey are significantly high or low at a 90% level of confidence.
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in December—February is ree
tablished during July—Augus
Above-normal precipitation oc
curred much more frequentl
than below normal throughot
the continental Tropics, and o
curred over more than 12% of ¢
nondry land areas, compared
about 8% for below normal.

d. September—November
Again there is reasonabl
symmetry between the El Nif
(Fig. 4) and La Nifa signal
(Fig. 8) during September
November, although there ai
some notable exceptions. Ti
most marked asymmetry i
probably that the strength o
the below-normal signal ove
soutleastern South America we
much stronger during La Nif
than the opposite signal was dt
ing El Nifio. In northeastern Ar
gentina 100% of the selecte
La Nifia events were associat
with belownormal precipitation.
The impact of El Nifio eventser
this region apparently is Bged
until the December=ebruary : : ; : : i v
season when a high frequency 0 yr 90E T35E T80E Ta5W oW yem

above-normal seasonal precipi- _ N

. . Fic. 7. Frequencies of (top) above- and (bottom) below-normal Jun—Aug precipitation
tation has been observed (Fig. 1a21’uring the eight strongest El Nifio events from 1951 to 1995, defined using the Nifio-3.4
In total about 12% of nondry ar-jngex (1950, 1954, 1955, 1956, 1964, 1973, 1975, 1988). Frequencies are shown only where
eaexperiencetlighfrequencies they are significantly high or low at a 90% level of confidence.

of above-normal precipitation.

High frequencies of below-
normal precipitation are evident over western Saudi The total area experiencing high frequencies of
Arabia, the Kyrgyzstan area, and the central neabove- or below-normal precipitation in September—
equatorial Pacific islands so that 0.28% of all nondiyovember is about 25% of nondry land areas. As for
land areas had below-normal precipitation in all tHg Nifio, this area is at a maximum during September—
selected La Nifia events. The area that experiendéaember, even though ENSO events typically reach
equally high frequencies of above-normal rainfall alsoaturity only in the following season. However, the
reached a maximum extent (0.32%) at this time a¥erage Nifio-3.4 index during the eight strongest
year. These areas were concentrated mainly in thee Nifia events wasl.16°C, which is indistin-
Indonesia—northern Australia region. As was shovguishable from the December—February average of
for El Nifo, therefore, the global impact of La Nifid.17°C (Table 1b), and the averaged standardized
on seasonal precipitation appears to reach a maximimaiex, at1.40, is slightly stronger than in the other
in September—November. The area with high frequeseasons.
cies of below-normal precipitation during La Nifa
events reached a maximum (almost 13%)imseason.

o

455
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5. Discussion and conclusions sponse rather than focusing on a posite response
to past ENS@vents (Ropelewski and Halpert 1996).

Previous analyses of precipitation anomalies asso- The areas affected by ENSO change from season
ciated with EI Nifio and La Nifia events have indicated season. The total area experiencing ENSO-related
the global nature of ENSO-related teleconnectionbmate anomalies in at least one of the twelve 3-month
(Bradley et al. 1987; Ropelewski and Halpert 1983easons gives a more meaningful indication of the glo-
1989, 1996; Kiladis and Diaz 1989). In this paperkml extent of ENSO teleconnections, but the exact sig-
newly available high-resolution dataset (New et alificance levels of this are difficult to determine
1999, 2000) was used to extend the results of earlecause of multiplicity problems. However, areas with
analyses. Areas with significantly high frequencies bfgh frequencies of anomalous seasonal precipitation
either below- or above- normal precipitation duringt some time of year that are locally significant beyond
ENSO events were identified, and were indicated the 95% level of confidence constitute only about 20—
Figs. 1-8. Only data after 1951 were considered 30% of total land areas. Results using the 11 strongest
ensure that data quality is maximized, and only ti# Nifio or La Nifia events suggest that seasonal pre-
strongest ENSO events were in-
vestigated. An attempt has been
made to obtain estimates of t
percentage of global land are
with a strong ENSO-related pr
cipitation signal.

The results confirm that cli
mate anomalies associated w
El Nifio and La Nifia events ¢
occur on a global basis, b
suggest that caution should
exercized to not exaggerate t
local significance or the globi
coverage of the ENSO influenc
During the eight strongest EI Nif
and eight strongest La Nifia g|
sodes over the period 1951
to 199596, precipitation anom
lies beyond either the above-
below-normal terciles occurre
in more than half of the select
ENSO events over no more th
about 15%—-25% of land areas ;
any 3-month season. The spa :'7 |
coverage decreases to about = a
when considering precipitatic
anomalies that occurred in
least two-thirds of the cases, a < { 1S : , ; s
to an average of only about 0.1 0| & @ @a‘ T M- S e e o
for anomalies in all eight case X : L NS e : ’
The limited extent of these are | ; ; : : - ;
highlights the event-to-ever #s| i A P o
variability in observed precipite : — o e T = oW r—
t|o_n anoma“e.s qu“ng ENSL.) Fic. 8. Frequencies of (top) above- and (bottom) below-normal Sep—Nov precipitation
episodes, and indicates a deflnltﬁuring the eight strongest El Nifio events from 1951 to 1995, defined using the Nifio-3.4

need to emphasize the probabingex (1950, 1954, 1955, 1964, 1970, 1973, 1975, 1988). Frequencies are shown only where
listic nature of the climate re-they are significantly high or low at a 90% level of confidence.

La Nina, September-November, below-normal

——— [ 1 ' : e
1 - : = i

.

Y ; B 1 e H S
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cipitation over as much as 30%—45% of land areas mayWhere ENSO events do have a significant impact
be affected at some time in the year. It should be eom precipitation anomalies, it seems reasonable to use
phasized that the difference in these estimates is bistorical relative frequencies, such as those shown in
cause of a sensitivity to unavoidable changes in thigs. 1-8, to derive probabilistic estimates of a pre-
significance level used, and not because of a sensitijgitation anomaly for a season in which an ENSO
ity to the number of selected ENSO events per swent is anticipated. During the 1997-98 EIl Nifio and
Estimates of the spatial extent of ENSO impacts ate 1998—-99 La Nifia, for example, the composite fre-
therefore sensitive to the strength of the signal thatjgencies of ENSO impacts were often used to suggest
considered, but what can be concluded is that arélas likely outcomes for the following months, and
with strong ENSO-related seasonal precipitation sigrere an important input to the International Research
nals are restricted in extent, but areas with a weak digstitute for Climate Prediction “net assessments”
nal are much more widespread (see appendix B faiMason et al. 1999). However, obtaining a forecast
more detailed discussion). from contingency tables of historical impacts is com-

The danger of overemphasizing the climate rplicated. If the probabilities obtained using a contin-
sponse to strong ENSO events is particularly appgency table approach are to be used in a forecasting
ent in the case of El Nifio, which is usually the ENSé@nvironment, the table should be constructed so that
extreme that receives greatest attention. The restiits probabilities are contingent upon forecasts of
presented in this paper and supported elsewhere (£SO events rather than on observed events. Given
Hoerling et al. 1997; Vega et al. 1998) suggest that tihat there is still much uncertainty involved in fore-
impact of La Nifia is at least as widespread as thatcaisting ENSO events operationally (Barnston et al.
El Nifio. Itis estimated that La Nifia affects precipitat999; Landsea and Knaff 2000), probability estimates
tion over about 5%—15% more of the land surface thabtained from Figs. 1-8 are likely to be overconfident.
El Nifio. Given that the magnitude of the SST anomakere is additional uncertainty arising from the modu-
lies defining the La Nifia events considered here wlasing influence of sea surface temperatures in other
weaker than those of El Nifio, the extent of thecean areas. Providing reliable estimates of forecast
La Nifia—related climate impacts is probably a resytobabilities therefore has to consider uncertainties in
of the more localized anomalous tropical convectidhe evolution of global sea temperatures, as well as
relative to that during El Nifio events. errors in estimating the historical ENSO impacts.

It is difficult to identify a clear seasonal cycle in _
the proportion of land areas that have experienced a”cknowledgmentsthis paper was funded by a grant/

S . cooperative agreement from the National Oceanic andgthawic

strong ENSO'reIateq pre(:lplta_tlon S|g_nal. The Mag Ny ministration (NOAA). The views expressed herein are those
tude of SST anomalies associated with ENSO eVveptghe authors and do not necessarily reflect the views of NOAA
does differ between seasons, but the differences indhany of its subagencies. Discussions with C. F. Ropelewski, S. E.
standardized anomalies are small. This suggests #gdiak, and N. E. Graham are gratefully acknowledged.
the relative magnitude of the anomalous SST is what
matters for the seasonal climate. There are, however,
some indications that the spatial extent of the preciﬁp
tation signal is greatest in the September—November

season. For El Nifio, the precipitation signal is pre- \yih only a slight loss of accuracy because of float-
dominantly below-normal precipitation over land a:

“ing point errors, hypergeometric probabilities can be
eas year-round (Bradley et al. 1987). For La Nm@e?lc%lated using yperg P

some seasonality exists in the precipitation signal with

more regions experiencing above-normal precipitation

during June-August and December—February. I{x;r,b, n) = expDi Ini + nilni N ilni
should be emphasized that these results apply only to HZ LEe. Ll

land areas, and do not imply a global increase or de- . . . (A1)
crease in precipitation in either ENSO extreme. The - z Ini - z Ini - Z |nD

impact of ENSO events on precipitation over much of = i=n-r+1 B

the central Pacific is sampled by only a few islands and

so the spatial extent of precipitation anomalies in thighereb is the number of cases wfwvith the charac-
region are vastly underrepresented. teristics of interest andis the number of selected

endix A: Calculation of the
ypergeometric equation
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cases with the characteristic. The right-tail areaght strongest El Nifio or La Nifia years are indicated,

[EqQ. (1)] can then be calculated using and thus an 85% level of confidence has been used.
Since an 85% confidence level is liberal, the percent-
min(r b) age areas with significant ENSO impacts in any of the

p, (X =X)=H(x;r,b,n) = z h(k;r,b,n). (A2) four seasons should be considered upper limits. An
= approximately 95% level of confidence can be used if
the 11 strongest El Nifio or La Nifia events are con-
Further rounding errors may be minimized by reversidered. The areas with significant ENSO impacts are
ing the summation in Eq. (A2) so that min(r,b) is then estimated to be about 11% or 12% less than the
calculated first, ankl= xis calculated last. For greatequoted areas.
accuracy, the problem can be reformulated using prime These significance tests make no correction for
number factorizations to minimize the number of corproblems of multiplicity, which should be considered
putations (Wu 1993), but for most climatological agcute given the thousands of grid points over which
plications, Egs. (A1) and (A2) should be sufficientlyhe test is conducted. The problem of multiplicity be-
accurate. comes even more serious when estimating the total
area with an ENSO-related precipitation signal at
some time of the year. For this reason, the 85% con-
Appendix B: Confidence levels fidence level used to mask areas in Figs. 1-8 was con-
sidered too liberal for identifying areas with ENSO
Because of the discrete form of the hypergeomstgnals in each of the 12 seasons. As discussed above,
ric distribution, the values qd, become highly dis- the next step is to count only those areas with six or
crete with small samples. Significance tests for thesmre of the eight selected events having below-nor-
distributions therefore can become conservative. Foal or above-normal precipitation, which is equiva-
example, given the parameters used in this paper lfmt to having a confidence level of about 98%. This
the hypergeometric distribution € 45,b = 15, and level of confidence has been used. The results are
r = 8), at least five below-normal cases have to be sempared with those obtained by counting those ar-
lected for below-normal precipitation to be signifieas with 7 or more of the 11 selected events having
cantly frequent at the 90% level of confidencebove- or below-normal precipitation. There is a 4.0%
However, there is only a 6.8% probability of selecprobability of selecting seven or more cases. The con-
ing five or more cases (in a one-tailed test). Similarligdence level is then reduced from about 98% to about
at least six cases have to be selected at the 95% |®&8k, and indicates an increase in the area affected by
of confidence, but there is only a 1.1% probability about 10%—15%. Conversely, the estimated area de-
selecting six or more cases. The probability of selecteases dramatically if a slightly stricter confidence
ing seven or more cases is less than 0.1%. Significatglyel is selected. The implication is that areas with
low frequencies are indicated in addition, but mainktrong ENSO-related seasonal precipitation signals are
for ease of comparing the El Nifio and La Nifia sigestricted in extent, but areas with a weak signal are
nals. There is a 2.7% probability of selecting no casesdespread.
Since there is interest in high frequencies of both
above- and below-normal precipitation, a two-tailed
test is more appropriate. A test conducted with a 90&ppendix C: Areas with significant
level of confidence then becomes highly conservative. ENSO-related precipitation anomalies
At least six or more below-normal or above-normal
cases would have to be selected to be significant at aBrief descriptions are provided of the extent of
90% level of confidence, even though there is onyEINSO-related precipitation anomalies in each of the
2.2% probability of selecting six or more of one of thimur seasons considered. The interested reader is re-
two cases. The next step is to adopt an approximatidgred to the cited references for more details.
85% level of confidence and to count areas with at least
five below-normal or five above-normal cases; theee December—February
is a 13.6% probability of selecting five or more of one Noteworthy areas where there has been a signifi-
of the two cases. In Figs. 1-8, areas with above-amntly high frequency of above-normal seasonal pre-
below-normal precipitation in more than half of theipitation for December—February during El Nifio
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events and that do not typically experience a dry seguator weakened considerably (Xavier et al. 1995)
son at this time of year include the following: Kiribatbut redeveloped over northeastern Brazil (Fig. 2b),
and the northern parts of French Polynesia and #ithough the influence of the tropical Atlantic or rain-
Cook Islands (He and Barnston 1996); the southwefstl here may be more important (Ward and Folland
ern and southeastern United States (Livezey et H091; Moron et al. 1995; Enfield 1996; Kane 1997,
1997; Montroy 1997; Mo and Higgins 1998; Montroyt999b; Uvo et al. 1998; Fontaine et al. 1999; Nobre
et al. 1998; Masutani and Leetmaa 1999; Minnich etahd Cavalcanti 1999). An equally strong change oc-
2000); southern Brazil and neighboring parts of Pam@irred over southeastern Asia, the Philippines, and
guay and Argentina (Wagner 1987; Grimm et al. 1998Jands farther east. During December—February, a
2000; Lucero 1998; Montecinos et al. 2000); soutktrong signal of below-normal precipitation was evi-
eastern China (Gong and Wang 1999; Wang et éént over the Philippines, Palau, and Micronesia
2000); and parts of central Russia. Over Europe afidg. 1b), but appeared to shift westward in March—
the Middle East changes in storm tracks are thoudhay while weakening over Micronesia and develop-
to effect small changes in the probability of abovéag over southeastern Asia. Signhals over Australia
normal winter precipitation in some areas (Fraedristrengthened a little, but remained weak.
1994; Rodo et al. 1997; Price et al. 1998; Kadioglu In other areas, the signal was little changed in
et al. 1999). Below-normal precipitation was prevadarch—May compared to December—February. Over
lent over much of northern South America; central Isouthern Africa, high frequencies of below-normal
donesia, the southern Philippines, parts of Austral@gecipitation persisted, but with some weakening over
Micronesia, and the Marshall Islands, extending soutambia and Zimbabwe (Fig. 2b), suggesting that an
eastward to the southern Cook Islands (Fig. 1a) (Quiearly end to the southern African rainfall seasons is
etal. 1978; Allan 1991; Alory and Delcroix 1999); antikely during El Nifio events (Waylen and Henworth
parts of southern Africa (Mason and Jury 1997). 1996; Mason and Tyson 1999). Elsewhere in Africa,
There are some notable asymmetries in the precigiier than normal conditions persisted in the Mediter-
tation signals between warm and cold ENSO phasemean states, but a below-normal similar signal is
In the United States, below-normal precipitation wavident for La Nifia (Fig. 6b) and so may be spurious.
more frequent in the southeast during La Nifia than wasortheastern Europe areas of significantly high fre-
above-normal precipitation during El Nifio (Livezeyjuencies of above-normal precipitation remained
etal. 1997). Other areas in which December—Februagtchy (Fraedrich 1994; Rodo et al. 1999; van
precipitation appears to have been more strongly @tdenborgh et al. 2000). The stronger signal in the
fected during La Nifia episodes than during El Nifibazakhstan area shifted southward reaching into
episodes include central eastern Brazil, southararthern India.
Africa, eastern Australia, and parts of Europe Changes in the areas with significant La Nifia—
(Fraedrich 1994; Davies et al. 1997). Over southeralated climate anomalies between December—
Africa, the asymmetry was notably strong when onBebruary and March—May are broadly consistent with
the strongest five events were selected: above-noritiadse of El Nifio. Only the most noteworthy features
precipitation occurred during all five La Nifia eventare highlighted here. The most notable change is the
over large areas of South Africa and Namibia, wheredsyelopment of high probabilities of above-normal
a signal in the five strongest El Nifio events was barglsecipitation over a large part of northern and eastern-
detectable. In some places, such as the southwestamiral Australia (Fig. 6a), which developed more
United States (Livezey et al. 1997; Gershunov 1998)yongly than the signal for below-normal conditions
and southeastern South America, the signal duridgring El Nifio. In contrast, above-normal precipita-

El Nifio events was stronger. tion over southeastern Asia during the selected La Nifia
cases was not as frequent as below-normal during the
b. March—May eight strongest EI Nifio years. Apart from the persis-

The strong signals of above-normal Decembetence of strong signals over many of the tropical
February precipitation over the United States—Mexi&acific islands, signals elsewhere were relatively weak.
border region and over southern Brazil during El Nifio
events weakened considerably during March—-May June—August
(Fig. 2a). Similarly, in northern South America, high In the central equatorial Pacific over Nauru and
frequencies of below-normal precipitation north of thi€iribati, above-normal precipitation conditions oc-

634 Vol. 82, No. 4, April 2001



curred frequently during El Nifio events, but were ndblew Guinea, the Solomon Islands, Vanuatu, New
experienced at all over parts of Indonesia and Papt@edonia, Fiji, and much of eastern Australia. During
New Guines, Fiji, Tonga, and the southern Codkeptember—November, the strength of both the
Islands (Fig. 3a). The frequent occurrence of belo®! Nifio— and La Nifia—related precipitation anomalies
normal conditions extended also over eastern Austegepear to reach a maximum, even though the associ-
lia, suggesting that the impact of El Nifio in this arested sea surface temperature anomalies typically con-
is strongest during the developing stages rather thame to develop well into the December—February
mature stages of a warm event (Fig. 3b). The straeason.
gest widespread El Nifio—related signal over continen- Over continental areas, the Middle East had high
tal areas occurred over Pakistan and northern Indi@guencies of above-normal precipitation during the
and extending eastward over Tibet. Here belowelected El Nifio events, indicating a high probability
normal conditions occurred frequently. The impact af a good start to the rainfall season (Nazemosadat and
the Asian monsoon was strong, despite the importat@erdery 2000). The signal seems to be displaced dur-
of land surface characteristics in determininigg the La Nifia events, where high frequencies of be-
interannual rainfall variability (Hahn and Shukla 1978ow-normal precipitation occurred in the vicinity of the
Kawamura 1998; Webster et al. 1998; Ferranti aieéd Sea, and also over Kyrgyzstan and surrounding
Molteni 1999; Kumar et al. 1999; Corti et al. 2000pareas.
There were no strong coherent signals over Africa Farther southeast, there is evidence that the late
during June—August: important rainfall does occur mains of the Indian monsoon were frequently poor
the Sahelian belt, but the influence of the tropical Atgood) (Fig. 4b) during El Nifio (La Nifia). In Africa,
lantic Ocean modulates the ENSO signal here signifie Short Rains of Kenya and neighboring areas were
cantly (Semazzi et al. 1988; Lamb and Peppler 1992 quently above normal during El Nifio events
Moron et al. 1995; Janicot et al. 1998; Ward 199@armer 1988; Beltrando and Camberlin 1993; Mutai
Fontaine et al. 1999). et al. 1998), but the signal changes sign over western

There were weak, but significant, tendencies fand central Ethiopia and the southern half of Sudan,
above-normal precipitation to occur over the centrahere the September—November season can contrib-
parts of the United States (Bunkers et al. 1996; Livezete late-season rainfall. The opposite signals are evi-
et al. 1997; Montroy et al. 1998), which results froment for La Nifia (Fig. 8). Over South America
variability in the strength and position of the uppekl Nifio—related signals for September—November pre-
tropospheric monsoon anticyclone, and may involegpitation were not strong, but below-normal precipi-
local sea surface temperature and precipitation fe¢ation occurred very frequently over northeastern
back processes (Higgins et al. 1998). Above-nornfatgentina and neighboring areas during La Nifia
precipitation likewise was evident over Quebec, arflig. 8b). In North America the El Nifio impact seems
in parts of South America south of the equator. North have been stronger than that of La Nifia: over much
of the equator, and over the Caribbean and partsobfthe central and western United States, including
central America (Waylen et al. 1996), the widespreddaska (Livezey et al. 1997), above-normal rainfall
occurrence of below-normal precipitation at this timeas fairly widespread, and below-normal rainfall was
of year are evident. not observed in many of these areas (Fig. 4b).

The impact of La Nifia events (Fig. 7) showed clear
symmetry with that of El Nifio during June—August
and so is not discussed further. References
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