Atmosfera (2002) 15, pp. 121-138

Pacific Decadal Oscillation and the filled capacity of dams
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RESUMEN

En este trabajo se presentan resultados acerca de la variabilidad de los volimenes mensuales de entrada a las presas
(MIV), localizadas en los rfos de la vertiente continental del Golfo de California. Para los analisis se utilizaron series
mensuales del indice de la Oscilacién Decadal del Pacifico PDO (1900 a 1999), de lluvia (1921 a 1999) y de MIV
(1939 a 1999). Aplicando el anélisis de funciones empiricas ortogonales con rotacién Varimax a las series MIV, se
separaron las regiones “Norte” y “Sur”, lo que estuvo en concordancia con las caracteristicas climdticas dentro de la
zona de estudio. En invierno, la variacién de largo periodo de la lluvia permanecié en fase con el PDO durante todo
el periodo analizado (1921-1999) en ambas regiones. En verano, esta relacién resulté fuera de fase durante 1956-1974
y en fase durante 1987-1991. Los resultados revelan una relacién estable en invierno entre las lluvias y las condiciones
ocednicas, lo que concuerda con el caricter arido de la zona de estudio. En verano, los resultados implican una mayor
influencia de factores climdticos, distintos a los locales, como son los sistemas convectivos de mesoescala, el Monzén
mexicano y las tormentas del Pacifico tropical. La relacién encontrada entre lluvias de invierno y PDO sugiere que
durante la siguiente década los inviernos podrian continuar siendo secos y los MIV permanecer por debajo de lo
normal.

Palabras clave: Sequia, variabilidad interanual, patrones de circulacién, Oscilacién Decadal del Pacifico, vertiente
continental, Golfo de California.
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ABSTRACT

In this work, several results are presented on the variability of monthly water inflow volumes (MIV) for the dams
located on the rivers of the Gulf of California continental watershed. Monthly series of the Pacific Decadal Oscillation
index PDO (1900 to 1999), rainfall (1921 to 1999), and MIV (1939 to 1999) were used for the analyses. Applying
the Varimax Rotated Empirical Orthogonal Function analysis to MIV series, “Northern” and “Southern” regions
were separated, being this result in agreement with the climatic characteristics of the study area. The rainfall-PDO
relationship was found to be in-phase in winter for both regions during the entire analyzed period (1921-1999). In
summer, the relationship was out-of-phase during 1956-1974 and in-phase in 1987-1991 for both regions. The results
show a stable relationship in winter between the rainfall and the oceanic conditions, which agrees with the arid
character of the study zone. In summer, the results imply a more remarkable influence of other than local factors
of climate variability, like the mesoscale convective systems, the Mexican Monsoon and the Pacific tropical storms,
the main sources of humidity in summer. The relationship between rainfall and PDO-index in winter suggests that
during the next decade, in which the PDO seems to change to its cool phase, winters could continue to be dry and
the inflow volumes for the dams could continue to be below normal.

Keywords: Drought, interannual variability, circulation patterns, Pacific Decadal Oscillation, continental water-
shed, Gulf of California.

1. Introduction

The Gulf of California continental watershed (GCCW) is limited by the summits of Sierra Madre Occidental,
to the east, and by the sea of Cortez, to the west. This area is an extensive region that covers the states
of Sonora, Sinaloa, northern Nayarit, western Chihuahua, Durango and northwestern Zacatecas (Fig. 1).
In the GCCW, annual precipitation decreases from south to north and from east to west, even when, in a
secondary way, precipitation increases with the elevation (Felger, 1993). Concerning the phenomena that
generate cloudiness and precipitation over the GCCW, a variety of literature exist (Reyes and Mejia-Trejo,

1991; Douglas et al., 1993; Garcia and Trejo, 1994; Reyes et al., 1994; Douglas and Englehart, 1995, 1996
and 1998a).
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Fig. 1. Location of 19 dams on rivers of the Gulf of California continental watershed.
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The first dam built in this area is La Angostura (5) (865 x 10° m? storage) on Rio Yaqui (Historia General
de Sonora, 1985 p. 297), that was finished in 1942 (Table 1). In 1948, Abelardo L. Rodriguez dam (3) (564
x 105 m3 storage) was built on Rio Sonora. The most recently constructed dam is Huites (10) (3 676 x 106
m? storage), on Rio Fuerte, that was finished in 1995. Thanks to the construction of the dams, the irrigable
land in the valleys of the GCCW increased from 90,642 ha in 1929 to 1'285,000 ha at the end of the 1960s.
38% of the irrigative land in Mexico is concentrated in Sinaloa (21%) and Sonora (17%) (Cémara-Durdn,
1994) coastal states considered among the most productive of the country.

Table 1. Information about 19 rescrvoirs located on the rivers of the Guif of California
continental watershed.

Nam year of ’ " strearmfl Period of
No e Area, [kv?} condusion 7tilude  Longitude streamflow SO €T
Cuauhtémoc (Santa fodeia
1 Teresa) 220 1950 305225 11131 0 C Gén  19M-19%
2 El Molinito 118614 1992 29 12 30 11043 30 rio Sonora 1941 - 1999
3 Abelardo L. Rodriguez 21,036 1949 29 4 15 11055 10 rio Sonora 1945 - 1999
ignacio R. Alalorre (Purta Arroyo San B
4 de Agua) 3,167 1972 282530 31024 30 Marciol 1958 - 1998
Lizaro Chrdenas (La N
5 Angostura) 18.305 1942 30 268 15 109 22 45 rio Bavispe 1942 - 1998
] Novilio) Efas + (El 57832 1964 28 58 30 109 38 30 rio Yaqui 1942 - 1999
Alvaro Obregén (El N
7 Oviachio) 69,590 1952 27 49 30 10953 30 o Yaqui 1953 - 1999
Adollo Ruiz Cortinez
8 M , 27 13 13 6 15 -
™ D 10,762 1955 109 o Mayo 1942 - 1998
Migue! Hidalgo {E1 )
9 o) 29427 1964 26 30 35 108 34 45 rio Huites 1949 - 1999
10 Huites 26,020 1996 26 60 32 10822 12 o Fuerte 1949 - 1999
Josefa Oriz de aroyo
1 Domi (E Sabino) 2250 1867 26 24 A5 10843 O A . 1949 - 1990
Guillermo Blake Aguilar aroyo
12 (E] Sabinai) 1,440 1985 26 9 0 10818 O Ocaroni 1939 .- 1998
i rio San
13 Gustavo Diaz Ordaz 7,385 1981 24 50 28 106 52 30 Larenzo 1942 - 1999
Eustaquio Bueina o Evora o
14 G dohvl) 1637 1972 25239 6 108 3 46 Mooorit 1941 - 1999
Adollo Lépez Maleos (El
15 10723 0 ro Hu 1 - 1999
Hu ) 10,762 1964 2% 5 25 maya 93g- 1
José Lipez Portilo rio San
18 (© dero) 1433 1981 24 34 54 108 45 17 Lerenzo 1944 - 1999
17  Sanalona 3,280 1848 24 48 50 107 9 30 rio Tamarula  1948- 1999
18 ';‘.“n‘o‘)“"""’e"“”'"‘e' 1795 1982 26 7 54 10641 25 cdoBlola  1955-1899
18 Peila del Aguila 261 1955 24 2 0 104 39 24 rio Saucillo 1955 - 1999

Toward the middle of 1999, 19 of the main dams located on the rivers of the GCCW (see Fig. 1) were
in a situation that could be labeled catastrophic. On average, the filled percent capacity (FPC) of the
dams was lower than 20% (Fig. 2) a deficit that reached historical proportions in the useful life of the
reservoirs. Although from 1996 the FPC of the dams reached levels lower than 40% during the dry season
(from November to June), the summer rains reduced the risk of maintaining the storage capacity of the
reservoirs lower than 50%. The situation has been unfavorable since 1997, when the FPC of the dams was
on average below 50%. The most affected dams were El Molinito (2) and Abelardo L. Rodriguez (3), both

on Rio Sonora, whose reservoirs began to empty since 1997 and were completely empty at the end of 1999
(Fig. 3). '

Periods of record breaking precipitation deficiencies can last a month, a season, a year, or a number of
years, and although some physical understanding has been achieved for droughts that last from a month to
a season (Douglas and Englehart, 1998b), spells of years characterized by drought are poorly understood
(Namias, 1978, 1980, 1983). The GCCW is particularly vulnerable to periods of water shortage, conse-
quently, a better comprehension of the climate variability and its effect over the water volume variability
for the dams results necessary. The goal of this study is to correlate the indices of the Pacific Decadal Os-
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cillation and rainfall series and to analyze simultaneously the 700 mb atmospheric flow patterns, in summer
and winter, in order to find some explanation of variability in the monthly inflow volumes for the dams of
the study zone.
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Fig. 2. Variability of the average daily values of the filled percent capacity of the dams from 1996 to 1999. Average daily
values were calculated from a series of 19 dams located in the Gulf of California continental watershed.
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Fig. 3. Variability of the average daily values of the filled percent capacity of Molinito and Abelardo L. Rodriguez dams from
1996 to 1999. Both dams are located on Rio Sonora.

1.1. Pacific Decadal Oscillation

The Pacific Decadal Oscillation (PDO) is a long-term ocean fluctuation of the Pacific Ocean that was
discovered for the first time in 1996 in records of sea-surface temperature for the Pacific Ocean (Mantua
et al., 1997). The PDO has since been described as a long-lived El Nifio-like pattern of Pacific climate
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variability (Zhang et al., 1997). The PDO waxes and wanes approximately every 20 to 30 years (Mantua et
al., 1997). In the warm phase of the event, sea surface temperatures (SSTs) tend to be anomalously cool
in the central North Pacific coincident with unusually warm SSTs along the west coast of the Americas.
In the cool phase of the event cooler SSTs in the east and center of the Pacific are surrounded by warmer
temperatures in the north, west and south that form a horseshoe shape (Mantua et al., 1997). Tracking
PDO variations is typically done with indices constructed from observed Pacific SST and sea level pressure
patterns (see, for example, Zhang et al.,, 1997 and Mantua et al., 1997). For example, the monthly values
of the index of the PDO that can be obtained in http://tao.atmos.washington.edu/pdo/ are standardized
values derived as the leading Principal Component of monthly SST anomalies in the North Pacific Ocean,
poleward of 20N. The monthly mean global average SST anomalies are removed to separate this pattern of
variability from any “global warming” signal that may be present in the data.

2. Materials and methods

For this study, the longest series of data (monthly rainfall totals in mm) between 1921 and 1999 were
selected from climatologic stations distributed throughout the study area (Fig. 4). The consulted sources
were: the climatologic database of CIBNOR, S.C., with monthly data in the period between 1921 and 1990,
(Cesar Salinas-Zavala, personal communication); technical reports elaborated by Hastings (1964), Hastings
and Humpherey (1969), and Schmidt (1978). The ERIC (1996) database was also consulted, elaborated by
Instituto Mexicano de Tecnologia del Agua (IMTA), México, with data from 1960 to 1990. The update of
rainfall series after 1990 to April of 1999 was a courtesy of Comisién Nacional del Agua (CNA), México.
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Fig. 4. Climatologic stations located in the study zone.
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The historical records (1938-1999) of average monthly inflow volumes for the dams (MIV, in 108 m?) for
a total of 19 reservoirs located on the rivers of the GCCW (see Table 1 and Fig. 1) also were used in this
study. This information was provided by the CNA. Rainfall totals and average MIV series were transformed
to percent normal values, dividing each value of the series by their monthly average (MA), calculated by
the common period of the series, 1950 to 1985 for the rainfall series and 1958 to 1999 for MIV series. The
analysis was made for the summer, July to September, and for the winter, November to February, assigning
the year to the resulting value of the last month. The three monthly summer season was defined in such
a way because almost 70% of total annual rain fall in this period and it is coincident with the summer
monsoon (Douglas et al., 1993). To add one month more (June or October) doesn’t modify esentially the
conclusions of the work, but could introduce an additional variability, related to the start or the end of the
Mexican monsoon.

Regions were derived applying the Varimax Rotated Empirical Orthogonal Function (EOF) analysis to
19 series of average MIV for the dams in the period of 1958 to 1999. The rotated loading factors (a;)
obtained were plotted on a map and isolines were produced from these values (Fig. 5). Regions were
then produced using the a = 0.80 loading contours as boundaries. Series that remained fixed in the same
factor for summer and winter were assigned to each region. This second approach, not of statistical but of
climatological nature, was imposed to compare the results of the analysis in both seasons. Series that did
not fulfill either approach (a > 0.8, and fix in the same factor for each season) were labeled as “unclassified”.
The selection of a value of a = 0.80, as the limit among the borders of each region, might be arbitrary but
allows to assign to each region only those series well correlated with a statistical significance higher than
the 99.9% level (Manly, 1992). Finally, instead of considering the series of time calculated for each factor
as the regional series, the series assigned to the corresponding factor were averaged. The resulting average
series was considered as the regional monthly inflow volumes (RMIV) for the dams. Averaging the series
in that way allowed for the study of all possible regional variability within the period of records while the
series of time for each factor only showed the variability of the common period of the series and the rest
of the information was ignored. The regional rainfall (RR) series was obtained averaging the rainfall series
from climatologic stations located inside each region.
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Figure 5. Space distribution of the loading factors in summer-and winter. The area with loading factors higher than 0.80 in
Factor 1 and Factor 2 is scratched.
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In this work, two factors for the summer and two factors for the winter were retained; the reason for this
decision was that, the few number of samples (19) and the low quantity of values used in each sample (42),
resulted in “effective degeneracy” (North et al., 1982) for more than two factors when the varimax rotated

EOF analysis was applied. In this case, the sampling error in the second eigenvalue was comparable to
the distance of the third eigenvalue, then the sampling errors in the second factor were comparable to the
third factor (North et al., 1982). When this happened, mixing of the true eigenvalues occurred making the
retention of more than two factors unjustifiable.

The historical RR, and RMIV series and the indices of the PDO (for summer and winter averaging from
monthly values in the same months as in rainfall) were smoothed using a 10-year Hamming window filter

(Blackman and Tukey, 1958; Oppenheim and Schafer, 1989). The idea of filtering the series was to identify
tendencies, of decades, as occurred in PDO.

The images of each seasonal composite map at 700 mb geopotential height and of sea surface temperatures
(NCEP Reanalysis Model) were obtained from the program of the Climate Diagnostic Center of the NOAA-
CIRES, Boulder, Colorado, at http://www.cdc.noaa.gov/Composites. Each map was graphed on a grid of
2.5 degrees latitude (between 15°N and 65°N) by 2.5 degrees longitude (between 60°W and 140°E).

3. Results

The varimax-rotated EOF analysis of the MIV series showed that the first two factors (F1 and F2) explained
56.2% of the variation in summer and 73.4% in winter (Table 2a). The space distribution of the loading
coefficients (Table 2b) is shown in Fig. 5.

a)
Variance Proportion
Factor Explained of variance
Eigenvalues explained {%]

Summer (July to September)

1 688 36.1
2 381 200
Cumulation: 10.67 56.1

Winter (November to February)

1 892 464
2 512 . 26.9
Cumulation: 13.94 733

Table 2a. Eigenvalues and Cumulative Proportion of Explained Variance corresponding to
two Varimax Rotated Factors for summer and winter. The calculations were done using the

common period of 19 series from 1958 to 1990.

b)
Summer Winter
series  pactor 1 Factor 2 Factor 1 Factor 2
1 -0.060 0.627 0.147 0.661
2 0.209 0.800 0.042 0917
3 0.187 0.836 0.089 0.838
4 0.187 0.602 -0.095 0.736
13 0.340 0.865 0.442 0.792
-] 0.744 0.448 0.626 0.655
7 0.454 0.358 0.643 0.401%
8 0.635 0.288 0.819 0.458
9 0.847 0.129 0.8633 0.364
10 0.898 0.054 0.795 0.427
11 0.327 0.128 0.084 0.584
12 0.428 0.489 0.776 0.480
13 0.808 0.253 0.938 0.260
14 -0.042 0.574 0.490 0.071
18 0.887 0.208 [+ X 7g] 0.068
16 0.838 0.219 0874 -0.0389
17?7 0.802 0.259 0.938 0.045
18 0.501 0.325 0.921 -0.080
19 0.789 -0.086 0.782 -0.140

Table 2b. Varimax Rotated Factor Loadings for summer and winter using data of 19 series
of monthly inflow volumes for the dams.
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The F1 highest loading coefficients (a; > 0.80) cover an area that extends along the western Sierra Madre,
increasing in the NW-SE direction and covering the central and southeast parts of the study zone. Here, this
area is called arbitrarily “Southern region”, a mountainous area composed of coniferous and with abrupt
slopes and precipitation higher than 800 mm/year, with an increment in the NW-SE direction. The MIV
series associated with F1 were (see Table 2b and Fig. 5): Miguel Hidalgo(9), Huites(10), Gustavo Diaz

Ordaz(13), Adolfo Lépez Mateos(15), José Lépez Portillo(16), Sanalona(17) and Peiia del Aguila(19).

The F2 highest loading coefficients (a; > 0.80) cover a small area in the northwest part of the study zone,
decreasing southeastward. In this area, called here “Northern region”, compounded by two series in the basin
of Rio Sonora, the aridity is more intense than in the Southern region, being the predominant vegetation
cactaceous plants, grazing and small thorny shrubs. In summer, maximum temperature of the air is higher
than 40°C under shadow, precipitation rarely surpasses 400 mm/year, while annual evaporation is higher
than 1200 mm. The MIV series associatted with F2 were The Molinito(2) and Abelardo L. Rodriguez(3).

The dams considered as “unclassified” were, in the north, Cuauhtémoc(1), Ignacio R. Alatorre(4), with
less than 100 x 10% m3 storage capacity each and consequently more affected by local factors. The Angos-
tura(5), Plutarco Elfas Calles(6), and El Oviachic(7), are dams located along the main stream of the Rio
Yaqui and they are closed to belong to a specific cluster. Finally, in the south, Adolfo Ruiz Cortinez(8),
Josefa Ortiz de Dominguez(11), Guillermo Blake Aguilar(12), Eustaquio Buelna(14), and Aurelio Be-
nassini(18) are dams, each of them with specific characteristics in both storage capacity and operation.

8.1. Historical fluctuations in the Northern region

Data suggest that, since 1992, summer regional rainfall (RR) series in the Northern region began a period
of low precipitation whose percent normal departures in 1998 were the lowest in 70 years of observations
(Fig. 6). The corresponding departure in 1998 surpassed in magnitude the three previous dry periods. In
the same way, regional monthly inflow volumes (RMIV) for the dams reached the lowest values on record,
with negative percent normal departures of -50%, that surpassed the two previous dry periods. Negative
percent departures in RMIV began one year after than in RR series. However, the last two decades of
common data show a positive correlation among both variables. The period of 1982 to 1991 was extremely
wet, surpassing two previous wet periods. Starting from the present, the discrepancies among both variables
become more evident, and delays in the occurrence of wet and dry periods are observed (Fig. 6).

In winter, data suggest a delay from 1 to 2 years in the RMIV series relative to the RR series. Since
1996 winter RR series show negative percent departures that reached values of -60% in 1998, comparable
with the negative percent departures of 1955, equal to -58%. The RR period of 1942 to 1975 was a period
of negative percent departures while from 1976 to 1995, a RR period of positive percent departures was
recorded, except for a short period between 1986 and 1989 in that near normal negative percent departures
were observed. In a similar way, in RMIV series the winter period of 1941 to 1976 was a period of negative
percent departures while the 1977 to 1999 was a period of positive percent departures, except for a short
period between 1988 and 1990 in that near normal negative percent departures were also observed. The
historical fluctuation of both variables shows a positive tendency (with values in increment) since the 1950s.
Previous to this decade, the tendency in the rains was negative. The fluctuation of the index of the PDO
(Zhang et al., 1997; Mantua et al., 1997) also shows these tendencies. The correlation between the index of
the PDO and the winter RR series was statistically significant at the 95% level (r = 0.53) (Fig. 6).
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Fig. 6. Smoothed regional rainfall (RR) and regional monthly inflow volumes (RMIV) for the dams series and the index of
the PDO in summer and winter for the Northern region.

3.2. Historical fluctuations in the Southern region

In the Southern region, although the correlation between RR and RMIV series was higher than correlation

between these two variables in the Northern region, some delays between both variables were observed (Fig.
7).

Since 1993, the summer RR series showed close to -5% negative percent departures. In the previous dry
period, departures were smaller and in the precedent, around 1950, they had almost the same value. In
the RMIV series, summer negative percent departures also began in 1993, but in this case the value they
reached (-35%) was the lowest in 70 years of observation. Like in the rains, 1987 to 1992 was a period of
positive percent departures in RMIV series. However, this period was not as wet nor prolongued as the
extremely wet period of 1956 to 1979 in rains, and of 1963 to 1976 in RMIV series. The rains during this
period showed departures of 10% while in the RMIV departures were > 30%.

In winter, the most recent negative percent departures began in 1996 in RR series, and in 1995 in RMIV
series. In 1998 negative percent departures reached the lowest value in 70 years of observation in both
variables. In rains, this value was -33% while in RMIV it was -53%. These departures were only comparable
with those that occurred in 1951 (-29%) in rains, and in 1955 (-52%) in RMIV series. Since the 1950s,
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a positive tendency is observed in both variables until 1996, when an opposite tendency occurred. The
correlation between the index of the PDO and the winter rains of the southern region was significant at the
95% level (r = 0.57).
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Fig. 7. The same as Figure 6, but here, for the southern region.

4. Discussion

According to the previous section, 1992-1999 was a dry summer period in the Northern region, 1993-1999
was a dry summer period in the Southern region, and 1996-1999 was a dry winter period in both regions.
In this section, we discuss the conditions of the atmospheric flow patterns, phenomena of scale greater than
regional, leading up to drought during each of these periods and associated with moisture transport toward
the both regions. The association between the winter and summer PDO indices and the dry periods is also

discussed.

4.1. Dry and wet periods in summer rains

Causes of drought from 1992 to 1999 (Figs. 6 and 7), in the Northern and Southern regions, were associ-
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ated with a recurrent pattern of anticyclonic atmospheric flow centered over the Gulf of California (Fig. 8a).
The flow from the northwest blocked the entrance of moisture from the Atlantic and the Pacific (Garcia and
Trejo, 1994) causing below normal precipitations over the GCCW. The MIV for the dams were also affected
by these conditions causing the low filled percent capacity of the dams during this period. Associations
between episodes of El Nifio conditions and dry summers are reported in literature (Reyes et al., 1994; Dou-
glas y Englehart, 1998a). During the summer dry period of 1992 to 1998, episodes of El Nifio conditions (in
accordance with the classification of the Climate Prediction Center at http://www.cpc.ncep.noaa.gov/) were
common (i.e. 1992, 1993, 1994, and 1997). Along the western coast of North America, positive departures
of sea surface temperatures dominated, while in the subtropical, central Pacific waters remained cool (Fig.
8b). This thermal behavior of the ocean corresponded to an extended pattern of El Nifio conditions with the
warm phase of the PDO (Figs. 6 and 7). These conditions also might have contributed to the intensification
of the 1992 to 1998 summer dry period since El Nifio conditions in summer mean weak monsoons (Douglas
and Englehart, 1998a).

Summer
dry period: 1992 to 1998

100w

Surface SST (°C). Composite Anomaly

A > . M
0 160% 140W 120% 100w BOW sON

Fig. 8. Composite anomaly maps in the 1992 to 1998 summer dry period. a) The 700 mb Geopotential Heights (m), b). Sea
surface temperatures (NCEP Reanalysis Model, °C).

Long-term summer fluctuation was out-of-phase between the index of the PDO and rainfall in 1956 to
1974 for the northern region, and in 1956 to 1976 for the southern region, and was in-phase in 1982 to
1991 and 1987 to 1992 for the northern and southern regions, respectively. Long-term anomaly summer
fluctuation between rainfall and the index of the PDO in 1921 to 1999 resulted in near-zero correlation
(r = 0.03) for the northern region and negative correlation (r = —0.35) for the southern region. Possible
causes of these correlations could be related to the combined effect of variability of monsoons (Douglas et
al., 1993), Mesoscale Convective Systems (Reyes, et al., 1994), and the penetration of tropical storms (Reyes
and Mejia-Trejo, 1991), which are important sources of summer rainfall in the study area. Consequently, it
results difficult to use just the knowledge of the PDO phases to suggest what kind of period, either below or
more than normal will happen in summer. Moreover, summer rainfall variability could also be modulated
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by other factors in summer. For example, the study carried out by Douglas and Englehart (1998b), showed
evidence that the stratrospheric Quasibiennial Oscillation (QBO) can modulate the summer rains in Mexico:
during the East phase of the QBO drought dominates Mexico.

The long-term fluctuations of RR series show that dry periods have appeared with an approximate ratio
of 1:1 in relation to wet periods (Table 3). However, the most recent dry period reached proportions of
concern due to its magnitude. Although the RMIV series also show these periods, their characteristics are
different in both magnitude and duration in relation to the rains. When analyzing the complete periods,
summer RR series showed a 21-year cycle in the Northern region, and a 19-year cycle in the Southern region
(Table 3) with wet and dry periods of 12 and 8 years, and of 10 and 7 years in the Northern and Southern
regions, respectively. The duration of summer rainfall cycles is well coincident with the average duration of
the double solar cycle (of ~ 22 years) for the Northern region, and of the nodal tides cycle (of ~ 19 years)
for the Southern region. In the Northern region, the average duration of the cycles in the RMIV was 16 to
17 years while in the Southern region, the duration was 22 to 25 years, approximately. Several authors have
analyzed the relationships between the solar activity and the fluctuations of the rains, particularly during
extended dry periods (Padmanabhan and Rao, 1990; Mazzarella and Palumbo, 1992; Cook et al., 1997),
however, the mechanisms involved in these relationships have not been completely established.

Tab. 3. Average length [years] of whole periods and cycles, observed in regional rainfall

and regional monthly inflow volumes for the dams series, in summer and winter.

Number of whole

. Average length of cycle Average length of
Type of studied periods i
series wet dry [years] whole periods [years]
over normal__ below normal wet + dry dry + wet wet dry
Summer
North region
Rainfall 3 3 210 210 120 17
RVIW 3 2 156 175 87 85
South region
Rainfalt 4 3 180 18.0 100 87
RVIW 3 4 215 245 87 130
. L3
Winter
North region
Rainfall 2 2 140 270 8.0 19.0
RVIW 1 1 14.0 10 30
South region
Rainfall 4 3 190 200 98 10.7
RVIW 1 1 43.0 120 31.0

Wet conditions that occurred during the 1982 to 1991 summer wet period in the Northern region (Fig.
6), were favored by a recurrent atmospheric pattern of anomalous cyclonic flow over the southwest of the
United States (Fig. 9). The subtropical high was displaced to the north, allowing the displacement of the
tropical Pacific storms toward the Northern region producing the rains observed during this period. In the
1982 to 1991 summer wet period, episodes of La Nifia conditions were common (i.e. in 1984, 1985, 1988 and
1989). The association in summer between a warm sea along the western North America (corresponding
to the warm phase of the PDO) and La Nifia conditions in the equatorial Pacific, favored the displacement
northward of the tropical convective activity producing the rains over the Northern region (Higgins et al.,
1998; Douglas and Englehart, 1998a).

The 1956 to 1975 period was an extensive summer wet period observed in the Southern region (Fig.
7). During this period a recurrent atmospheric pattern of negative 700 mb geopotential heights anomalies
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prevailed over the entire Mexican territory, allowing the displacement of moisture from the Gulf of Mexico
toward the Southern region (Fig. 10). The trough at southeast of Mexico resulted from the increment in
the activity of the hurricanes.

Summer
wet period: 1982 to 1991
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Fig. 9. Composite anomlay map of the 700 mb Geopotential Heights (m) in the 1982 to 1991 summer wet period.

Summer
wet period: 1956 to 1975
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Fig. 10. The same as Figure 9, but for the 1956 to 1975 summer wet period.

4.2. Dry and wet periods in the winter rains

During the winter dry period of 1996 to 1999, observed in the Northern and Southern regions (Figs. 6
and 7), the composite map of 700 mb geopotential height anomalies (Fig. 11) identifies a wave-like pattern
of mid tropospheric pressure anomalies over the North Pacific with anomalous anti-cyclonic systems along
the subtropical North Pacific (below 30N) and northeastern Canada, and a cyclonic system in the Gulf of
Alaska. The polar jet stream followed a meridional track and was displaced well to the north along the
Pacific coasts of Canada and through the Alaska Peninsula. The deflection of the polar jet stream causes
the displacement of extratropical storm-tracks to the north (Namias, 1983) causing below normal rainfall
during the 1996 to 1999 winter period affecting both regions. The index of the PDO (Zhang et al., 1997;
Mantua et al., 1997), in winter, for the 1921 to 1999 period explained 28% of the variance (r=1053,P >
95%) of the rains for the Northern region, and 32% of the variance (r = 0.57, P > 95%) of the rains for the
Southern region. This means that the long-term rainfall fluctuations in both regions can be explained by
the fluctuation of this index. With the warm phase of the PDO wet winter periods are common, while with
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the cool phase of the PDO winter periods are generally dry (Figs. 6 and 7). Changes in Pacific climate
observed from late 1998 through February 2000 suggest that the post-1977 era of unusually warm coastal
ocean sea surface temperatures may have ended (Hare and Mantua, 2000). This means that the PDO is
entering its cold phase. Consequently, it is possible that after 1999 and in the next decade, the winters in
the Northern and Southern regions of the study area will continue to be dry as a response to the change
of phase of the PDO. Possible causes of the mechanisms involved could be related to changes in location of
the cold and warm water masses over the north Pacific that alters the path of the jet stream. When the
jet stream is steered further north over the Western United States, as it seems to occur during the cold

phase of the PDO, the extratropical storms are displaced in the same direction leading to dry high-pressure
conditions in the study area.

Winter
dry period: 1996 to 1999
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Figure 11. The same as Figure 9, but for the 1996 to 1999 winter dry period.

Winter
wet period: 1983 to 1984
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Figure 12. The same as Figure 8, but for the 1983 to 1994 winter dry period.
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During the winter period of 1990 to 1995 in the Northern region (Fig. 6) and during the more extended
period of 1983 to 1994 in the Southern region (Fig. 7), wet conditions prevailed. The average flow pattern
of 1983 to 1994 shows the recurrence of anomalous High over the Gulf of Alaska and a cyclonic flow in
the periphery between the southwest of the United States and the northwest of Mexico (Fig. 12a). This
recurrent mid-tropospheric flow pattern allowed the path of cold fronts from the Pacific toward the northern
and southern regions causing the increment of cloudiness and precipitation over both regions. A warm sea
along the Pacific coasts (Fig. 12b) favored the increment of cloudiness.

During the extended wet period of winter for the Southern region episodes of El Nifio years were common
(i.e. 1987, 1988, 1991, 1992, 1993 and 1995). The El Nifio years are related to an increment of winter
precipitation over the northwest of Mexico (Cavazos and Hastenrath, 1990). Although the magnitude of
precipitation during the 1983 to 1994 period for the Southern region, and the 1990 to 1995 period for the
Northern region was not as high as that of previous wet periods (Figs. 6 and 7), winters like those of
1991 and 1992 were so rainy that floods in the rivers were observed and the full-filled of the reservoirs was
common in several parts of Mexico (Reyes et al., 1994).

5. Conclusions

The 1990s, on the whole, were below normal rainfall years in the GCCW. In the summers of this decade,
the drought began in 1992 in the Northern region and in 1993 in the Southern region of the study zone. In
the winters, the drought began in 1996 for both regions. Long-term winter fluctuation in 1921 to 1999 was
characterized by an in-phase relationship between rainfall and the PDO index for the Northern (r = 0.53,
P > 95%) and Southern (r = 0.57, P > 95%) regions. Though the relationship between the PDO index
and rainfall in winter is not perfect some indications do exist to suggest that the correlation between these
two variables is real since the change in location of the cold and warm water masses over the North Pacific
alters the path of the jet stream. When the jet stream is steered further north over the Western United
States, as it seems to occur during the cold phase of the PDO, the extratropical storms are displaced in
the same direction leading to dry high-pressure conditions in the study area. On the other hand, a warm
sea along the eastern Pacific coasts, as occurred in the warm phase of the PDO, favored the increment of
cloudiness and the path of the extratropical storm-tracks into the study area, leading to wet low-pressure
conditions. Changes in Pacific climate observed from late 1998 through February 2000 suggest that the

Pacific is entering its cold phase. Consequently, it is possible that in'the next decade the winters in the
Northern and Southern regions will continue to be dry.

Long-term summer fluctuation was out-of-phase between rainfall and the index of the PDO in 1956 to
1974 for the Northern region and 1956 to 1976 for the Southern region, and it was in-phase in 1982 to 1991
and 1987 to 1992 for the Northern and Southern regions, respectively. Long-term summer fluctuations of
rainfall and PDO index in 1921 to 1999 resulted in practically zero correlation (r = 0.03) for the Northern
region and negative correlation (r = —0.35) for the Southern region. Possible causes of these results could be
related to the combined effect of monsoons, Mesoscale Convective Systems and tropical storms variability,
which are the most important sources of summer rainfall in the study area, on one hand but, on the other
hand, being an area located in an intrinsically (of planetary significance) arid zone. Because of that, it
results unreliable to use just the knowledge on the PDO phases to infere what kind of period, either below
or higher than normal humidity will happen in summer.
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