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1. INTRODUCTION

Extreme climate events around the world have
received great public attention in the last decade due
to rising economic losses, coupled with an increase in
deaths as a result of these events (Karl & Easterling
1999). As population and urban centers continue to
grow in areas where landscape use and societal infra-
structure have considerably changed, the potential for
catastrophic impacts during extreme conditions has
also increased (Easterling et al. 2000). This is the case
in Tijuana, a border city (with San Diego, California)
with the most dynamic economy and largest popula-
tion growth in Mexico, mainly due to immigration
fueled by the growing maquiladora industry (Saldaña

1998). Moreover, Tijuana’s topography, characterized
by steep slopes and canyons with few measures to con-
trol erosion, promotes runoff and floods during
extreme conditions. The worst flooding in Tijuana in
the last 50 yr occurred in January 1993 during a mod-
erate El Niño episode. The event produced 87 mm of
rain in 2 d, more than one-third of the annual rainfall,
and 210 mm in half a month. Life in the city was prac-
tically paralyzed for almost 1 mo (Bocco et al. 1993).
During El Niño events, the Pacific storm track extends
much farther downstream than during ‘normal’ win-
ters; this has brought more active landfalling cyclones
to California (and NW Baja California), resulting in
flooding, landslides, and beach erosion (e.g. Chang et
al. 2002, Lizárraga Arciniega et al. 2003).
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The most studied precipitation-related climatic im-
pacts in the area are those associated with El
Niño/Southern Oscillation (ENSO); this is because the
interannual scale (2–7 yr) contributes more than 40% of
the rainfall variability, and ENSO explains about 30%
of that variance (e.g. Cayan et al. 1998). Annual rainfall
in southern California and NW Baja California is com-
monly above (below) normal during El Niño (La Niña)
events with some exceptions (e.g. Schonher & Nichol-
son 1989, Gershunov & Barnett 1998, Pavía & Badan
1998, Minnich et al. 2000, Pavía 2000). During strong El
Niño episodes, heavy precipitation is also common in
southern California (e.g. Cayan et al. 1999, Higgins et
al. 2000, Gershunov & Cayan 2003), as well as in NW
Baja California (e.g. Pavía & Badan 1998) and Tijuana
(e.g. Bocco et al. 1993). Gershunov & Cayan (2003) doc-
ument that the frequency of heavy daily precipitation in
southern California and the SW US responds to ENSO
as well as to non-ENSO interannual and interdecadal
variability in the North Pacific. Higgins et al. (2000) em-
phasize that extreme precipitation events in southern
California occur at all phases of the ENSO cycle, but
most of these events occur during neutral winters prior
to the onset of El Niño, and are linked to intraseasonal
(i.e. Madden–Julian Oscillation, MJO) and interannual
(ENSO) fluctuations (Mo & Higgins 1998). 

The purpose of this study is to investigate the interan-
nual variability of extreme precipitation (above the 90th
percentile: P90) and to diagnose the regional and large-
scale climate anomalies associated with 1 d heavy pre-
cipitation events in Tijuana, Baja California, Mexico.
This work is different from previous studies in that we
focus on the interannual change of 1 d precipitation ex-
tremes in a large urban center that is prone to runoff
and floods. We use annual precipitation and unfiltered
1 d events to obtain the frequency of precipitation ex-
tremes (P90) in Tijuana and their relationship with
ENSO and non-ENSO (neutral) conditions over the last
50 yr, and to determine whether there has been an in-
crease in the frequency of extreme events as suggested
by the storm-track results of Graham & Diaz (2001), and
by the late-1970s heavy precipitation ‘shift’ in Califor-
nia reported by Gershunov & Cayan (2003). We also di-
agnose the possible ocean–atmosphere forcings associ-
ated with 1 d extreme rainfall events through daily
large-scale mean composite and evolution anomalies of
several fields during strong El Niño and neutral years.
The meteorological station used in this analysis is
located at the city limits, thereby circumventing the
possibility of urban-induced increases in precipitation
(e.g. Karl et al. 1995). This work is organized as follows:
Section 2 describes the data used and the definition of
extreme events; Section 3 describes the interannual
rainfall variability; Section 4 discusses the variability
and impact of 1 d extreme events in Tijuana and their

modulation by the ENSO cycle; Section 5 explains the
teleconnections and possible forcing mechanisms asso-
ciated with 1 d extreme events; and Section 6 states the
conclusions of this study.

2. DATA

Daily and monthly precipitation values used in this
work are from the meteorological station at Presa
Rodríguez (Rodríguez Dam) near the city of Tijuana,
Baja California. This station has gathered data since
1929, but our analysis is based on the 1950–2000 infor-
mation, as there are fewer gaps for this period. Data
were provided by the Servicio Meteorológico Nacional
(Mexico). Data quality control consisted of comparing
the time series with monthly data from Chula Vista,
California, which is located 15 km north of Tijuana.
The Chula Vista data for the 1948–2000 period were
obtained from the Western Regional Climate Center
(WRCC) in San Diego, California. Since rainfall occurs
mostly during winter (November–April), the annual
precipitation is constructed from July to the following
June, as suggested by Pavía & Badan (1998). The cor-
relations of the monthly and annual precipitation in
Chula Vista and Tijuana were 0.88 and 0.93, respec-
tively. Mean winter precipitation was the same at both
stations (220 mm), but the SD of the annual and winter
precipitation was 9 mm larger for Tijuana than for
Chula Vista, possibly because the Rodríguez Dam sta-
tion is farther inland from the coast (about 20 km) than
Chula Vista (10 km). Since the monthly and annual
time series for both locations are highly correlated, we
used the Chula Vista data to fill in almost 5 yr of gaps
for Tijuana (1956, 1972–1975), but we did not include
this information in the calculation and diagnosis of 1 d
extreme precipitation events.

The ENSO phase is represented by the Southern
Oscillation Index (SOI), defined as the standardized
difference in sea-level pressure anomalies between
Tahiti and Darwin, Australia. Sustained negative (pos-
itive) values of the SOI indicate El Niño (La Niña)
episodes. Monthly series of the SOI were obtained
from the Climate Prediction Center’s website (http://
www.cpc.noaa.gov/data/indices). Daily large-scale
composite maps of mean and anomaly atmospheric
and oceanic conditions during extreme events were
obtained directly from the website of the NOAA-
CIRES Climate Diagnostics Center in Boulder,
Colorado (http://www.cdc.noaa.gov/Composites/Day),
which uses reanalyzed daily data from the National
Centers for Environmental Prediction (NCEP/NCAR).
Outgoing longwave radiation (OLR) has been fre-
quently used as a proxy for large-scale tropical con-
vective activity. Interpolated OLR (Liebmann & Smith
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1996) for the 1974–2000 period was also obtained from
the NOAA-CIRES website. Both the NCEP/NCAR
reanalyzed data and the interpolated OLR have a 2.5°
latitude × 2.5° longitude resolution.

We define annual and winter precipitation extremes
as those above or below 1 SD, representing approxi-
mately the top 10% (wet) and bottom 10% (dry) of the
data records for Tijuana. Higgins (2001) considers that
when SOI ≤ –0.5, there is an El Niño event, and when
SOI ≥ 0.5, there is a La Niña event. We retain thresh-
olds for strong El Niño events when SOI ≤ –1 and
strong La Niña when SOI ≥ 1; values between –1 and
–0.5 are considered to represent a moderate El Niño,
and values between –0.5 and 0.5 are considered as
neutral or non-ENSO years. One-day rainfall extremes
are defined as those above the 90th percentile (P90) of
the population of days with daily precipitation >0. The
return period of an extreme daily event is defined as
the average time in which the magnitude of a given
event could be equaled or exceeded at least once. If an
event ≥x occurs once in Tr yr, its probability of occur-
rence is P(x ≥ X) = 1/Tr. The data distribution is
described by means of a Weibull distribution function,
also known as empirical distribution function, which is
very efficient for non-specified functions (Aparicio-
Mijares 1997). The return period of an extreme event is
given by Tr = (n + 1)/i, where n is the total number of
events and i is the ranked number of the record in
ascending order. 

3. INTERANNUAL RAINFALL VARIABILITY

Tijuana is characterized by a semiarid Mediter-
ranean climate and has an annual precipitation of
231 ± 115 mm (Fig. 1). The expansion of the polar vor-
tex and the southward migration of the North Pacific
high-pressure belt during winter allow the penetration
of westerly humid air and mid-latitude storm tracks in
the region; 90% of the annual precipitation falls during
winter. From 1950 until the mid-1970s, Tijuana experi-
enced a relatively dry period (Fig. 1), as did NW Baja
California (Reyes & Troncoso 2003) and most of north-
ern Mexico and the SW US (e.g. Swetnam & Betan-
court 1998). According to the National Water Commis-
sion (CNA), Rodríguez Dam, where Tijuana’s precipi-
tation data come from, was at its lowest capacity in the
early 1960s; therefore, the local government of Baja
California built a well in La Misión (south of Tijuana),
and in 1975 the Mexican Federal Government began
the construction of the Colorado River–Tijuana Aque-
duct to supply water to the city. 

Mean precipitation and its variability increased after
1976 (Fig. 1), with a strong impact on the frequency of
extreme events, as will be seen later. From 1976 to 1980,

precipitation was above normal, and by 1980, the Ro-
dríguez Dam was at full capacity; the floodgates of the
dam were opened and downstream flooding destroyed
several homes (Dedina 1995). After 1980, 2 strong El
Niño episodes (1983 and 1998) and a moderate El Niño
(1993) were responsible for the wettest years of the pe-
riod, with annual rainfall >2 SD above the long-term
mean. A spectral analysis of winter rainfall (Fig. 2), based
on the Blackman–Tukey method (Chatfield 1975), shows
that 52% of the variance above the white noise spectral
line is linked to the interannual scale (2–7 yr); as already
mentioned, ENSO explains about 30% of the rainfall
variability in the region (e.g. Schonher & Nicholson 1989,
Cayan et al. 1998, Gershunov & Barnett 1998, Pavía &
Badan 1998, Minnich et al. 2000, Pavía 2000); thus, 22%
of the interannual variance is associated with non-ENSO
influences. On the other hand, 23% of the variability
comes from decadal fluctuations, consistent with the re-
sults of Reyes & Troncoso (2003) for other parts of NW
Baja California and of Cayan et al. (1998) for southern
California. Decadal changes, similar to the ones noted
from Fig. 1, have been associated with ENSO-like
ocean–atmosphere decadal fluctuations in the North
Pacific basin (e.g. Zhang et al. 1997, Cayan et al. 1998,
Dettinger et al. 1998, Gershunov & Barnett 1998, Reyes &
Troncoso 2003). 

4. VARIABILITY OF ONE-DAY PRECIPITATION
EXTREMES AND IMPACTS

The threshold for 1 d extremes (P90) for 1950–2000
was 10 mm. The annual cycle of daily extremes (Fig. 3)
exhibited a seasonal distribution similar to the annual
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Fig. 1. Annual precipitation (July–June) in Tijuana, Mexico.
Broken lines: mean ± SD = 231 ± 115 mm; 2000 corresponds to 

July–June 1999–2000
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cycle of rainfall (not shown), with maxima in January–
March. At least 1 extreme rainy event is expected each
year in Tijuana during these months. In the 50 yr period
there was a significant (100%) increase in the total fre-
quency of extremes during 1976–2000 (Fig. 4a, Table 1).
These results are consistent with Chang & Fu (2003),
who documented a significant increase in the storm-
track activity in the North Pacific over the 1979–1999 pe-
riod. In particular, Chang et al. (2002) and Chang & Fu
(2003) indicated that in the last 50 yr, storm-track activ-
ity was strongest in the 1990s and weakest in the 1960s.
The difference shows an intensified winter storm-track
activity in California and NW Baja California in the

1990s. Moreover, Graham & Diaz (2001) showed an in-
creasing trend of North Pacific winter cyclones since
1948, and Gershunov & Cayan (2003) also supported the
existence of a positive trend in the frequency of heavy
wintertime precipitation events in California. 

As with the annual rainfall (Fig. 1), the most extreme
years in the 50 yr period corresponded to 2 strong El
Niños and 3 moderate El Niños (Fig. 4b). The largest
frequency of 1 d extreme events was observed in 1998.
In February 1998, heavy rainstorms with strong winds
caused flash flooding in Tijuana, killing at least 13 peo-
ple and forcing 5000 to 8000 people from their homes;
flooding conditions were exacerbated by insufficient
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Fig. 2. Spectral analysis of winter precipitation (Novem-
ber–April) for 1950–2000. Dotted line: white-noise spectrum 

equivalent to the total variance

Fig. 3. Annual cycle (July–June) of the frequency of 1 d 
extreme precipitation events (P90) for 1950–2000

Type of year (n) Frequency Relative Mean precip- Mean Years
frequency itation (mm d−1) duration (d)

1950−−1971

Strong El Niño (1) 9 9.0 20.0 7.6 Jul–Jun 1966

Moderate El Niño (3) 24 8.0 7.5 2.6 1952, 1958, 1970 

Neutral (10) 57 5.7 18.0 7.0 1953, 1954, 1957, 1959, 1960, 
1962, 1963, 1964, 1965, 1967

1976−−2000

Strong El Niño (4) 52 13.0 22.0 4.5 1983, 1987, 1992, 1998

Moderate El Niño (5) 58 11.6 19.0 3.5 1978, 1988, 1993, 1994, 1995

Neutral (11) 77 7.0 21.4 4.2 1977, 1979, 1980, 1981, 1982, 
1984, 1986, 1990, 1991, 1996, 1997

Table 1. Total frequency composites of 1 d extreme events (P90 > 10 mm d−1) in Tijuana during strong El Niño, moderate El Niño,
and neutral years, based on the mean November–April SOI. Relative frequency = frequency/n yr of the composite. Last 3
columns show the mean daily precipitation of the composite events, the mean duration based on consecutive rainy days after 

onset of each extreme event, and the years of occurrence. Data for 1956 and 1971–1975 were not available



Cavazos & Rivas: Extreme precipitation events in Mexico

storm drains and buildings on hillsides (AP World-
stream 1998). Intense beach erosion was also reported
in Tijuana and Rosarito (Lizárraga Arciniega et al.
2003). Flash flooding in Tijuana has become a serious
hazard, especially for low-income families, who tend to
occupy marginal pieces of land in steep terrains.
Tijuana’s Civil Protection Office identified a number of
hazard zones after the torrential rains of El Niño 1993
(Fig. 4); some of these risk areas were affected again
by the winter storms of El Niño 1998 (Institute for
Regional Studies of the Californias, http://www-
rohan.sdsu.edu/index.html).

The correlation between annual frequency of 1 d
extreme events and SOI was –0.60 and statistically sig-
nificant (p < 0.05). Although in the last 50 yr the largest
number of heavy rainfall events occurred during
strong and moderate El Niño winters, extremes were
also common during neutral years as indicated by the
solid circles in Fig. 4b. This is further illustrated in
Table 1, which shows that the most important contri-
bution to daily extremes during 1950–1971 was from
10 neutral years with a mean duration of 7 d event−1

and a mean precipitation of 18 mm d–1. In contrast,
during 1976–2000 the largest contribution to extreme
events (58%) was from 4 strong and 5 moderate El
Niño events; a 42% contribution was from neutral
years, totalling 11 yr. The relative frequency in Table 1
also indicates that on an annual basis El Niño years
tend to exert a stronger impact on the number of
extreme events than neutral years. On average, the
mean duration of these 2 types of extreme events was
4.3 d, with a mean precipitation of 21 mm d–1. The
mean duration of extreme events during neutral and

strong El Niño conditions decreased in the second
period, but the intensity increased, possibly having an
impact on surface runoff and erosion of topsoil. The
return probability curve (Fig. 5) indicates that 1 d
extremes characterized by less than 45 mm may return
at interannual timescales. Daily extremes with more
than 60 mm depart from the theoretical logarithm
curve; one of these rare events occurred in a strong El
Niño (03/83), 2 during moderate El Niño (01/93, 02/95),
and 3 during neutral (02/91, 01/80, 01/67) years. The
CNA (1995) documented that the severe floods of
01/80, 03/83 and 01/93 produced devastating effects
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Fig. 4. (a) Annual number of 1 d extreme precipitation events (P90 > 10 mm d−1). Broken lines: mean ± SD; gaps indicate lack of
data. (b) Number of extreme events (1952–2000) as a function of the mean winter (November–April) SOI. Broken lines: ± SD; 

d: neutral years

a b

Fig. 5. Return period of 1 d precipitation extremes (P95 > 20
mm d−1) for 1950–2000. The most extreme events are iden-

tified by the month and year of occurrence
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on natural habitat, structures, personal property, and
transportation facilities in the Tijuana River Valley
(located at the western end of the US–Mexican bor-
der). Three of the 6 heaviest rainfall events and almost
half of the total frequency of extremes during
1950–2000 occurred in neutral years, evidencing the
importance of the contribution of neutral conditions to
extreme climatic variability in the region. Unfortu-
nately, awareness during neutral conditions has been
overlooked because much of the media’s attention has
focused on the impacts of strong El Niños, but also
because of the large variability of extreme events dur-
ing neutral conditions (Fig. 4). This is supported by
Gershunov & Cayan’s (2003) results, which indicate
that the prediction skill of heavy precipitation in south-
ern California and the SW US is significantly better
during extremes of ENSO than during normal years.
The same authors state that predictability during neu-
tral years appears to be associated with North Pacific
SST (sea surface temperature) interannual and de-
cadal variability uncorrelated with ENSO.

5. TELECONNECTIONS ASSOCIATED WITH 
ONE-DAY EXTREMES

5.1. Synoptic characteristics

At synoptic timescales, extreme wet events in the
study area are associated with a western trough near
the coast of California and Baja California (Fig. 6) and,
on many occasions, with a cut-off low in the Pacific
Northwest (Fig. 6a) and a ridge (or blocking high) in the
eastern North Pacific (Fig. 6b,d). One-day extremes are
also characterized by a surface cyclone near the coast of
California, indicating a southward-displaced North Pa-
cific high (not shown). Anomalies in the Pacific, espe-
cially near the continent due to the thermal contrast
and exit region of the jet stream, generate eddies,
ridges and troughs. The midtropospheric trough and
surface cyclone typical of extreme events during strong
El Niños between 1976 and 2000 are linked to a warm
California Current, a cold North Pacific Ocean, and an
anomalous equatorial heating (Fig. 7a). In contrast, the
main SST feature linked to extreme events of neutral
years is a warm California Current off the west coast of
Baja California (Fig. 7b). Temperature gradients pro-
vide a thermal forcing for cyclones and transient ed-
dies, which may produce large meridional transport of
momentum, heat, and moisture. 

On interannual timescales, the Pacific jet stream and
the associated storm track shift equatorward and far-
ther downstream during El Niño years (e.g. Trenberth
& Hurrell 1994, Zhang & Held 1999), apparently in
response to local enhancement of the Hadley circula-

tion (e.g. Bjerknes 1969). This brings more active land-
falling winter cyclones to California (Chang et al.
2002). Graham & Diaz (2001) reported intensified
upper-tropospheric zonal winds (ZW200) in the North
Pacific between 25 and 40° N during 1980–1998, con-
sistent with the increased storm track activity docu-
mented by Chang & Fu (2003). Similarly, our results
also show an increased number of extreme events in
the same period (Table 1) characterized by enhanced
ZW200 anomalies (Fig. 8), which indicate a strong sub-
tropical jet during extreme events of strong El Niño
and neutral years. In both types of extreme events the
core of the jet has maximum wind anomalies of 12 m
s–1 near Baja California. In neutral conditions, the
Pacific jet is located downstream much farther NE of
the continental divide, as is common in neutral years. 

Composite OLR anomalies (Fig. 9) show that a major
difference between extreme events is that equatorial
convective activity during extremes of strong El Niños
is very intense and centered at 160° W (Fig. 9a), while
during neutral years the convective forcing is weaker
and located between 140 and 150° E (Fig. 9b). This is
consistent with the results of Mo & Higgins (1998) and
Higgins et al. (2000) for extreme events in southern
California. They associated the tropical forcing west of
the Dateline to intraseasonal oscillations (IO) due to
the MJO. The MJO is a westerly wave in the atmos-
phere with a 30 to 60 d period associated with en-
hanced convection originating over the Indian Ocean
(Madden & Julian 1972); it tends to be more active dur-
ing neutral years (Kousky & Kayano 1994), especially
just prior to El Niño (Higgins et al. 2000). 

Tropical teleconnections to the study area are possi-
ble through wave trains (e.g. Trenberth & Hurrell
1994) that extend from the tropical forcing to the PNA
region, as suggested by the 200 hPa streamfunction
(STR200) anomalies in Fig. 10. Teleconnections are
important because they modulate the stationary
atmospheric circulation in the midlatitudes producing
climate anomalies in faraway regions. Positive SST
anomalies characteristic of extreme events during
strong El Niño are associated with an enhanced local
Hadley cell that generates an upper-level anticyclone
(Fig. 10a) near the zone of maximum heating and con-
vective activity in the equatorial region (Fig. 9a). The
anomalous upper-level outflow in the northern branch
of the Hadley cell interacts with the background flow
of the midlatitudes, resulting in strong subtropical con-
vergence and, possibly, in a redistribution of the pre-
ferred long waves in the upper-level westerlies. The
strong upper tropospheric divergence in the tropics
and convergence in the subtropics act as a Rossby
wave source (Trenberth et al. 1998) producing a wave
train of alternating high and low streamfunction
(STR200; Fig. 10a) and geopotential anomalies. The
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STR200 anomalies indicate a pronounced negative
phase of the tropical/northern hemisphere (TNH) tele-
connection pattern (Mo & Livezey 1986), which reflects
a southward shift in the storm track associated with the
subtropical jet stream. Thus, the TNH significantly
modulates the flow of marine air into California, the
SW US, and NW Mexico. Pronounced negative phases
of the TNH pattern are often observed during winters
of strong El Niño events (Barnston et al. 1991). 

The Z500 and STR200 composite anomalies of ex-
treme events during neutral years are associated with a
southward shift in the negative Pacific/North America
(PNA) pattern (Figs 6d & 10b). Horel & Wallace (1981)
and Hoerling et al. (1997, 2001) document that most La
Niña events are associated with a negative (reverse)
PNA pattern, because intense convective activity is
found west of the Dateline. However, La Niña events
tend to be dry in the study area and are characterized
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a) Strong El Niño: Z500 b) Neutral: Z500

c) Strong El Niño: Z500an d) Neutral: Z500an

Fig. 6. (a,b) Mean daily composite of 500 hPa geopotential heights (Z500; contour interval = 60 m) characteristic of 1 d extreme
precipitation (> 10 mm) events in Tijuana during (a) strong El Niño and (b) neutral years. (c,d) Composite anomalies of Z500 

(contour interval = 30 m) for (c) strong El Niño and (d) neutral years. Period: 1976–2000
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by the lowest frequency of extreme events (Fig. 4b).
This is because the reverse PNA pattern typical of La
Niña is usually shifted northwestward (e.g. Hoerling et
al. 2001) in Fig. 10b, in such a way that the western

trough seen in Figs 6d & 10b would be centered in the
Pacific Northwest, where the Pacific jet would produce
heavy precipitation. On average, the PNA pattern that
produces heavy rainfall over the study area during neu-
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a) Strong El Niño: SSTan b) Neutral: SSTan

Fig. 7. Mean daily composite anomalies of sea-surface temperature (SST; contour interval = 0.2ºC) during 1 d extreme precipita-
tion events of (a) strong El Niño and (b) neutral years. Anomalies are based on the mean period of 1968–1998

a) Strong El Niño: ZW200an b) Neutral: ZW200an

Fig. 8. Mean daily composite anomalies of the 200 hPa zonal wind component (ZW200; contour interval = 3 m s−1) during 1 d
extreme precipitation events of (a) strong El Niño and (b) neutral years. Anomalies are based on the mean period of 1968–1998
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tral conditions is found between the positive PNA
(strong Aleutian low, high over the Rockies/Pacific
Northwest and low over Florida: L–H–L) and the re-
verse PNA (H–L–H); thus, we refer to this variant of the
PNA as ‘the neutral PNA’ (high over the Gulf of Alaska,
low over California: H–L). As documented by Hoerling
et al. (2001), the wave trains associated with the mid-
latitude teleconnections shift westward from El Niño
(+PNA, +TNH) to La Niña (–PNA, –TNH). 

Tropical heating and associated teleconnections may
be the ultimate driver behind the equatorward shift of
the jet stream during extreme events. However, diag-
nostic studies have shown that changes in the storm-
track position, through anomalous heat, moisture, and
momentum fluxes, often force a larger component of
the observed planetary-scale flow anomaly than the
imposed external (tropical) forcing (Held et al. 1989,

Hoerling & Ting 1994). The southward-displaced jet
during extreme conditions (Fig. 8) may provide access
to regional low-level moisture from the subtropical Pa-
cific. This is confirmed by the anomalously strong 850
hPa meridional wind component (Fig. 11a,b) that pro-
duces low-level moisture advection (i.e. Fig. 11c,d) and
instability in the region, possibly affecting the jet
through latent heating and positive vorticity advection
aloft. The mean January–March low-level moisture
(SH850) over southern California and northern Baja
California is 3.5 g kg–1; thus the moisture available dur-
ing extreme events of both strong El Niño and neutral
years (Fig. 11c,d) is 50% greater than in normal condi-
tions. This provides a regional thermal forcing to the
large-scale disturbance, resulting in strong convective
activity and heavy rainfall in southern California and
Baja California (Fig. 9).
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a) Strong El Niño: OLRan

b) Neutral: OLRan

Fig. 9. Mean daily composite anomalies of outgoing longwave radiation (OLR; contour interval = 5 W m−2) during 1 d extreme 
precipitation events of (a) strong El Niño and (b) neutral years. Anomalies are based on the mean period of 1974–1998
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5.2. Evolution of extreme events

In this section we summarize in 2 simple schemes the
synoptic evolution (for Days –8,–4 and 0) of the
extreme events based on the same diagnostic variables
explained in the last section. Fig. 12 shows the evolu-
tion of the composite events during strong El Niños
only for Days –8 and 0 because the (Rossby) wave train
associated with the TNH teleconnection pattern and
the enhanced equatorial convection east of the Date-
line (160–140° W) were quasi-stationary from Days –12
to +12 of the composite events (as is expected during
strong El Niño episodes). An enhanced local Hadley
circulation, characterized by intense equatorial con-
vection east of the Dateline dominates the evolution, as
exemplified by Day –8 in Fig. 12. The associated
upper-level divergence produces a strong and south-

ward-displaced Pacific jet on the convergence zone
with maximum westerly zonal winds in the eastern
North Pacific (~30° N, 140° W; Fig. 12a); a mid-latitude
disturbance (L) on the poleward side of the jet and a
tropical moisture surge to the south further intensify
the subtropical jet. From Days –8 to 0, the western
trough and tropical moisture plume grow, and they
slowly move toward the coast of California/Baja Cali-
fornia when the jet reaches maximum zonal wind
anomalies at the US–Mexico border. At this time, max-
imum convection and heavy rains are observed over
the study area (Fig. 12b). The disturbance reaches
Florida by Day +8, but continues to affect the study
area at least until Day +4 (not shown).

Fig. 13 shows the schematic evolution of extreme
events during neutral conditions. At Day –12, equator-
ial convection is located west of the Dateline (~160° E,
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a) Strong El Niño: STR200an

b) Neutral: STR200an

Fig. 10. Mean daily composite anomalies of the 200 hPa streamfunction (STR200; contour interval = 4 × 106 m2 s−1) during 1 d
extreme precipitation events of (a) strong El Niño and (b) neutral years. Anomalies are based on the mean period of 1968–1998
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not shown). By Day –8, the equatorial convection
migrates to the Dateline, where the jet splits, and a
tropical moisture plume extends further NE following
the subtropical jet. A blocking high is centered in the
Gulf of Alaska, while a weak trough is found near the
coast of California. By Day –4, the upper-tropospheric
pattern slowly intensifies and retrogrades; convection
migrates toward Hawaii, and the moisture plume
reaches Baja California. By Day 0, the upper-level cir-
culation pattern continues to retrograde; an intense
‘neutral PNA’ teleconnection pattern (H–L) is ob-

served in the PNA region, with a deep low over Cali-
fornia. At this time, the subtropical jet stream reaches
maximum zonal winds along the US–Mexican border,
where maximum tropical moisture and convection are
also observed, resulting in heavy rains and flooding in
southern California and northern Baja California. This
type of event is colloquially known as the ‘pineapple
express’ because of the transport of large amounts of
moisture from Hawaii, as documented by Higgins et al.
(2001) for extreme rainfall events on the US West
Coast.
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a) Strong El Niño: MW850an b) Neutral: MW850an

d) Neutral: SH850anc) Strong El Niño: SH850an

Fig. 11. (a,b) Mean daily composite anomalies of (a, b) the 850 hPa meridional wind component (MW850; contour interval = 1 m
s−1); (c,d) 850 hPa specific humidity (SH850; contour interval = 0.3 g kg−1) during 1 d extreme precipitation events of (c) strong 

El Niño and (d) neutral years
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A key factor in the evolution of the 2 types of extreme
events analyzed here is the exchange of energy between
the tropics and the midlatitudes through the interaction
of an anomalous equatorial forcing and a midlatitude
disturbance, which are linked by a Rossby wave in the
westerlies, leading to an intensified subtropical jet and
enhanced storm-track activity in the study area. 

6. CONCLUSIONS

Extreme precipitation events in NW Baja California
and southern California have produced devastating
effects on landscape, natural habitat, personal prop-
erty, and human life. In particular, extreme events dur-
ing El Niño have received much media attention in the
last 25 yr, not only because of the great extent of their
impacts, but also because of the improvement of El

Niño’s seasonal predictability (e.g. Gershunov &
Cayan 2003). In this study on the interannual variabil-
ity of 1 d precipitation extremes (top 10%) in Tijuana,
Baja California, we found that extreme events during
neutral (non-ENSO) conditions also play an important
role in the extreme climatic variability of the region.

Spectral analysis of winter precipitation indicated
that 52% of the variability is linked to the interannual
scale (2–7 yr), with ENSO explaining 30% of the rain-
fall variance. ENSO explains even more (36%) of the
variability of 1 d precipitation extremes in the study
area. Spectral analysis showed a decadal peak, which
explained 23% of the precipitation variance. Mean pre-
cipitation and its variability increased after 1976, with a
strong impact on the frequency of extreme events in
Tijuana. From 1950–1971 to 1976–2000 the total fre-
quency of extreme events increased by almost 100%
due to a higher frequency of strong and moderate El

Niño episodes as well as to a much
stronger influence of neutral conditions on
extreme events in the second period. Con-
sistent with our results, Chang & Fu (2003)
documented a significant increase in the
storm-track activity in the North Pacific
over 1979–1999, and Gershunov & Cayan
(2003) reported an increase in the fre-
quency of heavy wintertime precipitation
events in southern California and the SW
US since the late 1970s, apparently in
response to the climate ‘shift’ (Graham
1994) in the North Pacific SST. 

We found that extreme events that
occur in neutral (strong El Niño) condi-
tions are associated with a ‘neutral PNA’
(negative TNH) teleconnection pattern
that links an anomalous tropical convec-
tive forcing west (east) of the Dateline
with the southward-displaced Pacific jet
over the study area. The neutral PNA is a
variant of the typical ±PNA pattern; it is
shifted NW of the +PNA (typical of El
Niño) and SE of the –PNA (typical of La
Niña) and is characterized by a strong
ridge over the Gulf of Alaska and a deep
low over California. 

On average, heavy rainfall during neu-
tral conditions occurred when strong
moisture surges from Hawaii, the ‘pine-
apple express’, interacted with the sub-
tropical jet and a midlatitude disturbance.
Diagnostic studies suggest a nonlinear
interaction between tropical heating and
the position of the jet through anomalous
heat, moisture, and momentum fluxes in
the exit region of the jet, which often force
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Fig. 12. Schematic evolution of extreme rainfall events in southern Califor-
nia/northern Baja California influenced by strong El Niño conditions for
(a) Day –8 and (b) Day 0 (the onset). Clouds represent enhanced convec-
tion/precipitation; shaded areas indicate moisture plumes; arrows show the
position of the Pacific jet; and highs (H) and lows (L) indicate ridges and 
troughs based on streamfunction and geopotential height anomalies
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a stronger anomaly than the external forcing (Held et
al. 1989, Hoerling & Ting 1994). Accordingly, it is possi-
ble that the western trough in the jet, typical of extreme

events during 1976–2000, was further intensified by
thermal interaction with regional anomalies of a warm
California Current off Baja California, low-level mois-

ture advection from the subtropical warm
sea-surface region, and intense convective
activity in the study area. Several authors
(Mo & Higgins 1998, Higgins et al. 2000,
Jones 2000) have associated the tropical
forcing west of the Dateline (i.e. during
neutral conditions) to intra-seasonal fluctu-
ations due to the MJO. Our composite evo-
lution of extreme events during neutral
conditions also showed a coherent wave
train in the North Pacific tied to the equato-
rial convective anomaly west of the Date-
line from Day –12 to the onset of the event.
Convection and tropical moisture mi-
grated from west of the Dateline to Hawaii
and to the study area in 12 d, while the
upper-tropospheric circulation slowly re-
trograded and intensified in the North Pa-
cific. Thus, it is possible that the well-de-
fined evolution during neutral extreme
events is partially modulated by intrasea-
sonal oscillations, which could have some
predictability. Furthermore, Gershunov &
Cayan (2003) indicated that predictability
of heavy precipitation due to neutral influ-
ences is lower than that due to ENSO and
that it appears to be associated with North
Pacific SST interannual and interdecadal
variability uncorrelated with ENSO. Ac-
cording to these results, the high variability
of extreme events during neutral condi-
tions is due to the interaction of a wide
range of scales—from intraseasonal to in-
terdecadal—which explains the difficulty
in predicting these extreme conditions.
The fact that half of the most catastrophic
rainfall events in Tijuana and more than
half of the total frequency of 1 d extremes
in the 1950–2000 period occurred during
neutral conditions shows that it is highly
important to gain a better understanding of
the forcing mechanisms and predictability
associated with non-ENSO conditions.
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Fig. 13. Schematic evolution of extreme rainfall events in southern Cali-
fornia/northern Baja California influenced by neutral conditions for 

(a) Day –8, (b) Day –4, and (c) Day 0. Details as in Fig. 12
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