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ABSTRACT

A statistical approach is used to explore the variability of precipitation and meteorological drought in
Mexico’s Rio Yaqui basin on seasonal-to-decadal time scales. For this purpose, a number of custom datasets
have been developed, including a monthly 1900-2004 precipitation index for the Yaqui basin created by
merging two gridded land surface precipitation products, a 349-yr tree-ring-based proxy for Yaqui winter-
time rainfall, and a variety of large-scale climate indices derived from gridded SST records. Although
significantly more rain falls during the summer (June-September) than during the winter (November—
April), wintertime rainfall is over 3 times as variable relative to the climatological mean. Summertime
rainfall appears to be unrelated to any large-scale patterns of variability, but a strong relationship between
ENSO and Yaqui rainfall during the winter months offers the possibility of meaningful statistical prediction
for this season’s precipitation. Analysis of both historical and reconstructed rainfall data suggests that
meteorological droughts as severe as the 1994-2002 Yaqui drought occur about 2 times per century,
droughts of even greater severity have occurred in the past, and such droughts are generally associated with
wintertime anomalies. Whereas summertime reservoir inflow is larger in the Yaqui basin, wintertime inflow
is more variable (in both relative and absolute terms) and is much more strongly correlated with same-
season rainfall. Using the identified wintertime ENSO-rainfall relationship, two simple empirical forecast
models for possible use by irrigation planners are demonstrated.

1. Introduction

a. Geographic, agricultural, and social context

Covering 79 172 km? (see Yaqui watershed at http:/pdf.
wri.org/watersheds_2000/watersheds_namerica_p2_138.
pdf), the Rio Yaqui watershed lies primarily in the
Mexican state of Sonora, extending eastward into Chi-
huahua and northward into southern Arizona in the
United States (Fig. 1). The Yaqui drains the western
slopes of the Sierra Madre Occidental into the Gulf of
California near the city of Obregdn and constitutes one
of the major river systems of northwestern Mexico.

Although the Yaqui basin is characterized by a semi-
arid climate (and, in the east, mountainous terrain), it is
nonetheless an extraordinarily important agricultural
region. Three major reservoirs, completed in the 1940s
and 1960s, provide water for irrigation of fertile farm-
lands in the lower Yaqui valley. This highly productive
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agricultural region was an early home of the so-called
green revolution through which scientific management
and increased use of fertilizers, pesticides, and hybrid
cultivars led to dramatic increases in crop yields during
the latter half of the twentieth century. Durum wheat
production anchors a local agricultural economy that
also includes maize, safflower, soy, hay, hogs, cattle,
vegetable crops, and (most recent) shrimp aquaculture.
Wheat yields (in metric tons per hectare) over the past
30 years have averaged more than double the average
yield for North and Central America (McCullough
2005), and the Yaqui region is responsible for nearly
two-fifths of Mexico’s annual wheat production (Lobell
et al. 2005b). Grazing is also important in the unculti-
vated scrublands of the region.

b. Recent drought

Because of its use of stored water for irrigation, the
Yaqui agricultural economy is mostly resilient to short-
term precipitation deficits; however, this state of affairs
leaves it especially vulnerable to disruption by multi-
year drought. A recent drought, extending from 1994
into 2002, highlighted this vulnerability. Although crop
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FiG. 1. Location of the Rio Yaqui Watershed (gray shading) in northwestern Mexico.
Dashed outline boxes indicate the locations of the two Hulme et al. (1998) grid boxes from
which data were used in creating our merged precipitation index for the Yaqui region.

yields initially increased as a result of lower nighttime
minimum temperatures caused by reduced cloud cover
(Lobell et al. 2005a; Fischer 1985), the reservoirs even-
tually emptied, leading to dramatically reduced yields.
At the height of the drought, only about one-fifth of the
farmland in the normally productive Yaqui Irrigation
District was cultivated. Although 2003 brought above-
normal rainfall that helped to replenish the desiccated
reservoir system, questions of vulnerability to drought
and long-term sustainability remain as the most recent
winter (2006) has brought a return to dry conditions.

¢. Questions to be addressed in this paper

Although motivated by concerns that are agricultural
and economic, the focus of this work is on the meteo-
rological conditions and climate (in particular with re-
gard to precipitation) of the Yaqui region. As such, the
subsequent analysis and discussion is guided by the fol-
lowing six questions:

1) How does precipitation “work” in the Yaqui basin?
What is the annual cycle of precipitation? What are
the key sources of variability?

2) What is the relationship between precipitation and

reservoir storage? Does this relationship vary with
season?

Is there a particular seasonality associated with
drought? What large-scale climatic patterns, if any,
are associated with severe droughts and pluvials?
How severe was the most recent drought? How does
it compare to previous droughts?

Can this knowledge be used to make skillful and
useful predictions of seasonal rainfall for the Yaqui
basin?

What can the past tell us about what to expect in the
future?

3)

4)

5)

6)

Agricultural or hydrological droughts may be associ-
ated with anomalies in a variety of quantities, including
groundwater levels and surface evaporation. However,
we will show that, in this region, extended periods of
water deficit for agricultural applications are mainly as-
sociated with wintertime precipitation anomalies.
Hence, throughout this paper, the term “drought” is
taken to mean sustained deficits in rainfall (a more pre-
cise definition is offered in section 5a). Unless other-
wise noted, the period of record is water years 1901-
2004 (October 1900-September 2004) and we have re-
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TABLE 1. Correlation of Yaqui precipitation totals with various climate indices averaged for the interval/season indicated. “Regional
SST” is computed by averaging the Kaplan et al. (1998) SST anomalies (5° resolution) over the area bounded by 20°-30°N and
110°-120°W, which corresponds to the region of high summertime rainfall-SST correlations near Baja California, Mexico, in Fig. 4.
“Gulf of CA SST” is computed by averaging the Reynolds et al. (2002) SSTs (1° resolution) over the Gulf of California. ENSO indices
are computed from the Kaplan et al. SST anomalies. Values for the PDO index (Mantua et al. 1997) were obtained from http://
jisao.washington.edu/pdo/PDO.latest; values for the PNA pattern (Wallace and Gutzler 1981) index were obtained from http://
www.jisao.washington.edu/data_sets/pna/. All indices are based on data for water years 1901-2004 except for Gulf of California (CA)
SST (1982-2004) and the PNA index (1949-2004). Correlations that are significant at the 95% confidence level (p = 0.05) are in

boldface.

Global Regional Gulf of Nifio-1+2 Nifio-3 Nifio-3.4 Nifio-4 PDO PNA
Season SST SST CA SST index index index index index index
Monthly 0.02 0.06 0.08 -0.01 0.01 0.08 0.12 0.01 0.01
Winter 0.10 0.39 0.38 0.40 0.51 0.53 0.48 0.27 0.29
Summer -0.01 0.22 0.22 -0.09 —-0.04 0.02 0.07 0.05 —0.03
Annual 0.11 0.39 0.37 0.20 0.35 0.39 0.39 0.33 0.20

quired that all statistical quantities (e.g., correlation
coefficients) exceed the 95% confidence level (p =
0.05) to be considered statistically significant.

2. Data

Because one of the goals of this study is to explore
variability in Yaqui precipitation at long time scales
(e.g., droughts that may last from several years to more
than a decade), we have sought to obtain the longest
possible precipitation record that would also encom-
pass the most recent drought. Although we have found
no single record that matches both of these criteria, by
extending a portion of the 1900-96 Hulme et al. (1998)
dataset with precipitation from the 1925-2004 dataset
of Zhu and Lettenmaier (2007), we were able to pro-
duce a single “merged” index of Yaqui precipitation for
water years 1901-2004. This index is a measure of av-
erage rainfall over the entire “Yaqui region” defined by
the two Hulme et al. (1998) grid boxes marked with
dashed lines in Fig. 1 rather than being simply an av-
erage of precipitation records within the Yaqui water-
shed itself, where the station network is sparse and local
records may contain significant gaps. Unless otherwise
noted, the terms “Yaqui rainfall,” “Yaqui precipita-
tion,” “Yaqui basin,” and “instrumental record” refer
to this outlined region, 26.25°-31.25°N and 106.875°-
110.625°W, and not to the watershed boundary. A com-
plete explanation of the merging technique is given in
appendix A. This 104-yr rainfall index meets both of
our initial criteria (length and capturing the most recent
drought) for a record of Yaqui precipitation.

A number of additional climate datasets were used in
our analysis. A yearly index of monsoon onset date,
defined as the number of days after 1 May on which
rainfall exceeds 1 mm day ! for 5 consecutive days, was
calculated for the Yaqui region using daily rainfall data

from the Zhu and Lettenmaier (2007) dataset averaged
over the same region as our merged rainfall index.
Global monthly SST anomaly fields were obtained
from the current version of the Kaplan et al. (1998)
gridded sea surface temperature anomaly (SSTA)
dataset, which extends from 1856 though 2006. A “Gulf
of California” SST index was calculated using the 1°-
resolution Reynolds et al. (2002) optimally interpolated
SST dataset. Monthly indices for the Pacific decadal
oscillation (PDO; Mantua et al. 1997) and the Pacific-
North American pattern (PNA; Wallace and Gutzler
1981) were obtained from http://jisao.washington.edu/
pdo/PDO.latest and http://jisao.washington.edu/
data_sets/pna/, respectively. Otherwise, all SST indices
used in this paper were constructed using the Kaplan et
al. SSTA product. Correlations between rainfall and a
selection of relevant climate indices are shown in Table
1 and are discussed in section 3.

Time series of inflow for each of the three large res-
ervoirs in the Yaqui basin were provided by Mexico’s
Comisién Nacional del Agua (CNA). CNA calculates
monthly inflow values as the open end of a water bal-
ance that takes into account measured reservoir re-
leases, direct precipitation onto the reservoir, calcu-
lated evaporation, and measured changes in storage.
Because known releases are included in the water bal-
ance calculations, the inflow values are believed to pro-
vide a good estimate of natural flows within the basin
(C. L. Addams 2007, personal communication). The 47-
yr index of reservoir inflow (1956-2002) used in this
study is a simple sum of the monthly inflow values from
each of the three reservoirs.

Six standardized early-wood width chronologies from
Douglas fir tree rings, which were used to create a mul-
ticentury reconstruction of wintertime rainfall for the
Yaqui basin (see section 5¢ and appendix B), are fully
documented by Diaz et al. (2002).
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F1G. 2. Annual cycle of rainfall in the Yaqui basin based on
water year 1901-2004 data. Bars indicate monthly standard devia-
tions; horizontal lines indicate standard deviations for seasonal
and annual precipitation totals.

3. “Climatology” of Yaqui precipitation

In this section, we focus on basin-scale precipitation
and the large-scale patterns of climatic variability asso-
ciated with it at monthly and longer time scales. By
averaging over space and time in this way, we minimize
the difficulties associated with a sparse station network
in which daily records at individual stations may con-
tain occasional gaps and measurement sites may change
with time.

a. Annual cycle of precipitation

Using our merged index, we find that the average
annual precipitation for the Yaqui region is 552 mm
with a yearly standard deviation of 102 mm. This arrives
almost exclusively as rainfall; although portions of the
watershed exceed 3000-m elevation in the Sierra Madre
Occidental, even here snowfall constitutes a negligible
fraction of the annual total precipitation. The annual
cycle of rainfall is shown in Fig. 2. “Summer” [June-
September (JJAS)] rainfall dominates the annual total
(394 mm, or 71 %) with most of the remainder (120 mm,
or 22%) falling during the “winter” [November—April
(NDJFMA)]. The choice of NDJFMA for winter and
JJAS for summer is based on the seasonal circulation
regimes outlined below, a constraint imposed by a pa-
leorainfall reconstruction discussed in section 4, and a
desire for some separation (in this case one month)
between seasons. Time series of seasonal and annual
precipitation are shown in Fig. 3. Note that, although
the average summertime total is 3.5 times the average
wintertime total, the absolute variance for each season
is approximately the same and the winter coefficient of
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FI1G. 3. (a) Summer-season, (b) winter-season, and (c) annual
precipitation totals in the Yaqui basin for water years 1901-2004
(thin black lines) overlaid on low-pass-filtered versions of the
same time series (wider gray lines); anomalies relative to the en-
tire period are indicated on the right vertical axis. Dashed lines
indicate =1 std dev for the summer (66 mm), winter (72 mm), and
annual (102 mm) totals. The filtered time series were created by
processing the unfiltered anomalies with two successive passes of
a 3-yr running mean. Note that the three plots are shown at the
same (anomaly) scale to facilitate comparison.

variation is over 3 times that for summer. As such, we
have no a priori reason to expect a particular season to
dominate in determining periods of meteorological
drought.

Figure 4 shows the relationship between Yaqui pre-
cipitation and the global SST field on monthly and sea-
sonal time scales, and Table 1 shows the correlation
between Yaqui precipitation and a variety of climate
indices of significance to the Pacific Ocean basin. Note
that there is no significant correlation between sum-
mertime and wintertime precipitation (correlation co-
efficient r = —0.11 for the correlation of summer with
the previous winter and 0.15 for the correlation of win-
ter with the previous summer), which allows us to dis-
cuss the precipitation regimes independently for each
of these seasons in separate sections below.

b. Summer (monsoon) regime

Summertime precipitation is primarily associated
with the North American monsoon, which migrates up
the Mexican west coast during the late spring, typically
reaching the southern Yaqui watershed by the end of
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FIG. 4. Correlation of Yaqui total precipitation with local average SST on (top) monthly and (middle), (bottom)
season-averaged time scales for water years 1901-2004. The contour interval is 0.1, with positive correlations shown
as thin solid lines, negative correlations shown as dashed lines, and the zero contour drawn as a thick solid line.
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June. The Yaqui basin overlaps significantly with the
area identified as “Monsoon South” through principal
component analysis by Comrie and Glenn (1998) and
with the area identified as the “core” region of the
North American monsoon system by Gutzler (2004).
Considerable effort, including an extensive recent field
campaign (Higgins et al. 2006), has been devoted to
understanding the precise mechanisms responsible for
summer rainfall in this region, but little progress has
been made toward identifying sources of seasonal pre-
dictability for summertime rainfall. In our analysis, we
found no significant correlations between Yaqui rain-
fall and large-scale patterns of SST variability on either
monthly or seasonal time scales for summer. Compos-
iting shows that rainfall tends to be slightly higher
(~6%) during ENSO-neutral summers than during
summers in which the average Niflo-3.4 index (calcu-
lated as the mean SST anomaly over the Nifio-3.4 re-
gion: 5°S-5°N and 170°-120°W) is more than 0.5°C
above or below normal, but the scatter in summertime
rainfall totals is very large relative to this difference.
Lorenz and Hartmann (2006) have suggested that, un-
der appropriate conditions, eastward propagation of
the Madden-Julian oscillation across the Pacific can
lead to surges of moisture into the Gulf of California
that result in enhanced summertime rainfall over north-
western Mexico; however, such events are not likely to
be a source of predictability on time scales of a season
or longer.

Zhu et al. (2007) have identified wintertime precipi-
tation and antecedent soil moisture over northwestern
Mexico and the southwestern United States as possible
determinants of monsoon onset date for this region;
that is, greater winter/spring precipitation should lead
to higher soil moisture, slower springtime land surface
heating, and thus a delayed onset of monsoon rainfall.
To test this hypothesis, we created indices for January—
March (JFM), January-April (JFMA), and NDJFMA
(“wintertime”) precipitation by averaging 1901-96 pre-
cipitation anomalies obtained from the Hulme et al.
(1998) dataset over the region bounded by latitudes
28.75° and 36.25°N and longitudes 106.875° and
114.375°W, which corresponds as closely as possible to
the winter/spring index region shown in Fig. 7a of Zhu
et al. (2007) given the grid spacing of the Hulme et al.
data. When calculated for the entire 1901-96 period,
there is no statistically significant correlation between
any of these regional winter/spring precipitation indices
and monsoon onset date in the Yaqui basin. We find, as
Zhu et al. did, that periods of strong positive correla-
tion between regional JFM (or JFMA) precipitation
and monsoon onset date can be identified in the 1960s,
1970s, and 1980s with sliding correlation analysis using
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a 15-yr window. However, the relationship is unstable
(the correlation is actually negative prior to 1960), and
we are unaware of any mechanism that might explain
why such a relationship would hold only during certain
periods and not others. Furthermore, the correlation
between monsoon onset date and summertime total
precipitation is not statistically significant through most
of the 1960s, 1970s, and 1980s, and there appears to be
no direct relationship between summertime (JJAS) to-
tal rainfall in the Yaqui basin and regional rainfall dur-
ing the previous winter (r =~ —0.17). Thus, although the
possible impact of regional winter/spring precipitation
on the timing and magnitude of the monsoon in north-
western Mexico is certainly an interesting subject wor-
thy of further research, we find that this mechanism
offers little help in projecting summertime rainfall to-
tals for the Yaqui basin.

Zhu et al. (2007) also found that land-sea tempera-
ture contrast plays a role in determining monsoon onset
date and have suggested that variability in Gulf of Cali-
fornia SSTs may play an important part in this relation-
ship. If this were true, we would expect to find lower
late spring SSTs during years of early monsoon onset;
however, we find no significant correlation between
May-June SSTs (either in the near-Pacific region or the
Gulf of California itself) and monsoon onset in the
Yaqui basin. In fact, for the period 1925-2004, summer-
time total precipitation has a weak positive correlation
(r = 0.22) with mean summertime SST in the near-
Pacific region (20°-30°N, 110°-120°W). Analysis of
cloud data from the International Satellite Cloud Cli-
matology Project for 1984-2000 shows that above-
normal summertime SSTs are associated with below-
normal total cloud amount in this region. As such, we
speculate that a more vigorous monsoon circulation
during rainier summers causes the sea surface in the
near-Pacific region to warm by forcing subsidence and
clearing offshore.

c. Winter (storm track) regime

Wintertime precipitation typically arrives in the
Yaqui basin when the North Pacific storm track moves
southward into the U.S. Southwest and northwestern
Mexico, producing peak precipitation in December.
Aside from variations on synoptic time scales, which
will not be discussed here, we suggest that the most
important source of variability is that associated with
sea surface temperature and winds in the equatorial
Pacific. Other investigators have noted that ENSO
serves to modulate the position and intensity of the
North Pacific storm track (Trenberth et al. 1998; Seager
et al. 2005). In particular, during the warm phase of
ENSO (i.e., El Nifio years), the subtropical wintertime
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TABLE 2. Average total inflow for the three major reservoirs in
the Yaqui basin, 1956-2002.

Avg total inflow (X10° m®)  Variance (X10'® m°%)

Summer 1.816 0.524
Winter 1.108 0.940
Annual 3.142 1.573

jet intensifies and extends farther eastward (Chang et
al. 2002), bringing wet conditions to southern Califor-
nia, Arizona, New Mexico, and the northwestern Mexi-
can states. Cleaveland et al. (2003) have documented
the relationship between ENSO and rainfall for Du-
rango, Mexico, located southeast of the Yaqui basin,
using both instrumental and reconstructed indices of
precipitation.

We have found the total wintertime rainfall in the
Yaqui region and a variety of wintertime-averaged in-
dices of ENSO to be significantly correlated; the stron-
gest relationship that we have identified is with the
Nifo-3.4 index (r = 0.53). Indeed, during El Nifio win-
ters (NDJFMA-average Nifio-3.4 index more than
0.5°C above normal) Yaqui rainfall averages 174 mm,
wheres it averages only 81 mm during La Nifia winters
(NDJFMA -average Nifio-3.4 index more than 0.5°C be-
low normal). Although Table 1 shows several other in-
dices of variability that appear to be significantly cor-
related with Yaqui wintertime rainfall (regional SST,
PDO, and PNA), the statistical significance vanishes
once any embedded ENSO-related signal is removed
by linear regression from the index.

4. Rainfall and reservoir storage

a. Seasonal rainfall and reservoir inflow

To avoid the complexities and limitations associated
with hydrological modeling, we take a simplistic ap-
proach and look for direct relationships between re-
gional rainfall and reservoir inflow using a 47-yr record
of streamflow into the reservoir system provided by
CNA. Throughout the year, rainfall is correlated well
with inflow on a monthly basis (r = 0.73), but there are
large seasonal differences: wintertime total rainfall is
strongly correlated with wintertime total reservoir in-
flow (r = 0.87) whereas the correlation between sum-
mertime total rainfall and summertime total reservoir
inflow is considerably weaker (r = 0.59). Furthermore,
despite the fact that mean summertime total inflow ex-
ceeds mean wintertime total inflow (see Table 2), the
variance in wintertime inflow is larger in both relative
and absolute terms. A scatterplot of these data is shown
in Fig. 5. Note that the high wintertime correlation sug-
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FIG. 5. Seasonal precipitation and reservoir inflow in the Yaqui
basin for the period of 1956-2002. Dashed lines indicate the best-
fit linear relationship between rainfall and inflow.

gests that the impacts of evaporation (from tempera-
ture and winds), changing land surface characteristics,
vegetation, antecedent soil moisture, and any upstream
withdrawals from the watershed (all of which may play
a significant role in determining summertime stream-
flow totals) are small for this season. Wintertime total
inflow is highly correlated with annual total inflow (r =
0.80), whereas summertime total inflow explains much
less of the variance in the annual total (r = 0.58). The
relationship between rainfall and reservoir inflow ap-
pears to be a stable one for the Yaqui basin: double-
mass curve analysis of cumulative monthly reservoir
inflow and cumulative monthly rainfall demonstrates a
high level of stationarity, further suggesting that
changes in upstream withdrawals, land use, and vegeta-
tion are relatively unimportant during the 1956-2002
period of record.

b. Wintertime focus

Given that one of the goals of this study is the cre-
ation of a forecasting product that is useful for irriga-
tion planning (to be discussed below), it makes sense to
assess what types of forecasts might be possible. Given
the relationship with ENSO via modulation of the
storm track, the strong connection between precipita-
tion and reservoir inflow, and the strong variability in
wintertime precipitation (as a fraction of the seasonal
total), seasonal forecasts of wintertime reservoir inflow
look like a promising possibility. However, prospects
for summer are much less encouraging: variance in
summertime reservoir inflow is much less (by a factor
of 3/5) than it is for winter, we have been unable to
identify any connections between summertime rainfall
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large inflow values (1968 and 1985, plotted with times signs) are
excluded from the analysis.

and large-scale patterns of variability, and summertime
rainfall only explains one-third of the variability in sum-
mertime reservoir inflow, which, in turn, explains only
one-third of the variance in the annual total inflow.
Other investigators have also found the summertime
problem to be a vexing one for this region (e.g., Zhu et
al. 2007). As such, we shall devote most of the remain-
der of this paper to the discussion of wintertime pro-
cesses.

¢. Modeling reservoir inflow

The direct correlation between wintertime-average
Nifio-3.4 index and wintertime total reservoir inflow
(r = 0.32) is lower than, but not statistically distinct
from, what would be expected given the individual
ENSO-to-rainfall and rainfall-to-inflow correlations
(estimated as the product of these correlations for the
1956-2002 period: r =~ 0.47 X 0.87 =~ 0.41). Inflow totals
for two winters (1968 and 1985) stand out as unusually
large, and if data from these two years are withheld
then the ENSO-to-inflow correlation rises to 0.59.
However, given that rainfall was especially heavy dur-
ing both of these winters (in particular in December),
we cannot justify flagging these inflow values as statis-
tical outliers. We find that a simple linear regression
model provides an adequate description of the relation-
ship between wintertime total reservoir inflow and win-
tertime-average Nifio-3.4 index, as shown in Fig. 6, al-
though the model is sensitive to the particular subset of
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the data used for training. Including rainfall during the
previous summer (a simple estimate of antecedent soil
moisture) as a predictor variable provides no additional
skill to the model. Using a logarithmic transform of
reservoir inflow data also provides no additional skill.

5. Drought in the Yaqui basin
a. Defining drought

It appears that the term drought has no universally
accepted definition in the scientific literature (Wilhite
and Glantz 1985). Rather, it is described according to
the quantity in deficit, a time scale (from weeks to cen-
turies), and a particular assessment metric (e.g., the
widely used Palmer drought severity index). In this
study, we limit our attention to seasonal and annual
meteorological drought on time scales of years to de-
cades. For our purposes, a winter-season, summer-
season, or annual drought is said to occur anytime the
deficit in wintertime, summertime, or annual total pre-
cipitation, respectively, averaged over two or more suc-
cessive years, exceeds a particular threshold. Other
widely discussed types of drought include agricultural
(deficits in soil moisture) and hydrological (deficits in
runoff and streamflow). However, to the extent that
Yaqui drought is caused primarily by wintertime cli-
mate anomalies, meteorological drought maps directly
to hydrological drought because of the high correlation
(r = 0.87) between precipitation and streamflow in win-
ter.

b. Drought in the historical (instrumental) record

Figure 3 shows seasonal and annual precipitation
anomalies that have been treated with a 6-yr low-pass
filter consisting of two successive passes of a 3-yr run-
ning mean. Prominent twentieth-century droughts are
easily seen—in particular, in the annual total precipita-
tion (Fig. 3c). Most apparent are the recent late-1990s/
early-2000s drought and an especially severe drought
that lasted through much of the 1950s. Less severe
droughts also occurred in the early 1920s, mid-to-late
1930s, mid-1940s, and mid-1970s. It appears that Yaqui
droughts can be associated with rainfall deficits in ei-
ther season, although none of these droughts occurred
in the absence of wintertime deficits and winter clearly
dominates the annual precipitation signal (the season-
ality of these droughts will be discussed in further detail
below). Note also that 1980 through the early 1990s
stands out as an anomalously wet period in this record.

Figure 3 indicates that most of the annual droughts
during the twentieth century were associated with win-
tertime deficits. On interannual time scales, which are
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F1G. 7. Seasonal drought recurrence frequency in the instru-
mental record and from our tree-ring-based reconstruction. A
drought of length 7 years is said to occur when the average deficit
for the n years exceeds 41 mm yr~ ', which was the average win-
tertime deficit during the recent 1994-2002 drought and repre-
sents a 34% (10%) reduction in the climatologically averaged
wintertime (summertime) total rainfall.

the most important for drought as it is treated in this
paper, wintertime precipitation is much more strongly
correlated with the annual total than is summertime
precipitation on interannual time scales (e.g., r = 0.82
vs r = 0.58 for data treated with a 6-yr low-pass filter),
despite the fact that the correlations are indistinguish-
able (r = 0.68 vs r = 0.60) for the unfiltered data. The
most significant influence of large summertime deficits
seems to have occurred in the 1950s, during which pe-
riod they, when combined with large wintertime defi-
cits, gave rise to an especially long and severe drought.
The sustained wintertime deficits for the periods 1950—
57 and 1994-2002 are roughly the same, at ~41 mm
yr ! (34% of the mean wintertime total, or 7% of the
mean annual total), though the summertime deficits
during the most recent drought were negligible.

If one takes the instrumental period as typical, the
recurrence frequency for summer and winter drought
may be estimated and plotted, as in Fig. 7. In the in-
strumental record, wintertime droughts appear to be
more frequent and longer in duration than those result-
ing from summertime deficits, as suggested previously
in Fig. 3.

¢. Rainfall reconstruction from tree rings

Although our merged index of Yaqui rainfall has
proven useful for identifying the relationship between
Yaqui rainfall and large-scale sources of variability, 104
yr constitutes a relatively short record for obtaining
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good statistics on droughts that may last from several
years to a decade or more. Given the scarcity of station
data prior to the early twentieth century, the only al-
ternative source of objective precipitation information
would be a paleoclimate proxy for regional rainfall.
Using early-wood widths in Douglas fir cores ob-
tained from sites in Chihuahua, Durango, and Texas,
Diaz et al. (2002) have developed a long record of Chi-
huahua wintertime (NDJFMA) precipitation for the
period 1647-1992. Although this record covers an area
2 times the size of that used for our merged Yaqui
rainfall index [they use the two Hulme et al. (1998) grid
boxes that cover the Yaqui basin and the two grid boxes
immediately to the east], it is correlated well (r = 0.70)
with our wintertime total rainfall index (described in
section 2 and appendix A) during the 1901-92 overlap
period. Diaz et al. produced their reconstruction by re-
gressing the leading PC of standardized early-wood
widths from six sites against wintertime rainfall totals
obtained from the Hulme et al. dataset. As expected,
this wintertime reconstruction is correlated well with
ENSO. However, as a simple linear reconstruction, it
fails to capture extreme events (especially the wettest
winters) well during the overlap period and underesti-
mates Yaqui region rainfall because it also encom-
passes the drier region to the east of the Yaqui basin.
In an effort to capture extreme events better and also
to provide a long time series that is more closely tied to
precipitation in the Yaqui basin, we have produced a
new wintertime rainfall reconstruction based on the
same tree-ring data but using a slightly different
method. For our reconstruction, the leading principal
component of standardized early-wood width and the
square of this principal component were regressed onto
our merged Yaqui precipitation index. Our recon-
structed precipitation index (1644-1992) is correlated
well with our merged Yaqui basin precipitation index
(r = 0.71) and with the Nifio-3.4 index (r = 0.57). Cross-
validation studies have demonstrated the stability of
this reconstruction throughout the 1901-92 overlap pe-
riod. Although the increase in linear correlation with
observed precipitation is not statistically significant, our
reconstruction does a slightly better job of capturing
extreme Yaqui precipitation events than does the Diaz
et al. reconstruction. See appendix B for a further ex-
planation of this reconstructed precipitation index.

d. Wintertime drought in the paleorecord

A time series of our wintertime rainfall reconstruc-
tion is plotted in Fig. 8. Notable periods of wintertime
drought include 1662-78 (mean departure = —45 mm
yr 1), 1702-09 (—42 mm yr~'), 1728-33 (—60 mm
yr~ 1), 1772-82 (—48 mm yr~'), 1785-90 (—64 mm
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Fi1G. 8. Time series of our tree-ring-based reconstruction of wintertime total precipitation for the Yaqui region for
the period of 1644-1992 (thin black) overlaid on a low-pass-filtered version of this reconstruction (thick gray).

yr 1), 1857-81 (—41 mm yr ') encompassing the par-
ticularly dry period of 1859-66 (—68 mm yr '), and
1950-57 (—67 mm yr~ '), with all departures calculated
relative to a 1901-92 climatological mean that corre-
sponds to the period of overlap with the instrumental
record. This analysis suggests that severe droughts have
occurred somewhat more frequently than was esti-
mated by the objective drought recurrence approach
shown in Fig. 7. Although trees may respond to mois-
ture stress in a nonlinear fashion and other variables
may come into play, our reconstruction suggests that
wintertime droughts at least as severe as the most re-
cent one (1994-2002; 41 mm yr~ ! winter mean deficit in
our merged precipitation index) can be expected to re-
cur about once every 50 yr (seven severe droughts in
349 yr). Thus, the fact that wintertime droughts of such
severity have actually occurred twice in the past century
is not surprising. The lack of a suitable, long, summer-
time reconstruction makes it difficult to estimate recur-
rence times for summertime or annual droughts as se-
vere as the 1950-57 drought.

Some investigators have found paleoclimatic evi-
dence for severe drought occurring synchronously over
broad regions of the western United States and north-
ern Mexico (Cook et al. 2004). Our rainfall reconstruc-
tion suggests that some wintertime droughts in the
Yaqui basin may also occur independent of larger-scale
droughts that cover the western United States. All
three of the nineteenth-century North American
droughts identified by Herweijer et al. (2006), includ-
ing the so-called Civil War drought of 185665, corre-
spond to dry periods in our reconstruction. It appears
that these events, as well as the widely documented
drought of the 1950s (e.g., Schubert et al. 2004), were
associated with persistent La Nifia-like conditions.
However, fewer than one-half of the severe southwest-
ern droughts identified in a reconstruction of Colorado
River flow at Lee’s Ferry, Arizona, by Woodhouse et

al. (2006) correspond to periods of dryness in our Yaqui
rainfall reconstruction during the 1644-1992 overlap in-
terval, and the overall correlation between these two
time series is very weak ( = 0.21). This is unsurprising
given that the correlation between wintertime precipi-
tation in the region upstream of Lee’s Ferry [as ob-
tained from the Hulme et al. (1998) dataset] and win-
tertime rainfall in the Yaqui basin is r < 0.4. Further-
more, although the first two decades of the twentieth
century stand out as the wettest period for the western
United States during the past 1200 yr (Woodhouse et al.
2005), the early twentieth century is merely one of sev-
eral similarly wet periods in our reconstruction. Further
analysis, and perhaps new paleoclimatic proxies, will be
required to understand more fully how the causes of
Yaqui drought (beyond modulation of wintertime pre-
cipitation by ENSO) relate to causes of large-scale
drought in the western United States.

6. Predictability and forecasting

Next, we describe how the predictability of ENSO
can be used along with the relationship between ENSO
and Yaqui rainfall to generate seasonal projections of
wintertime total rainfall in the Yaqui region. Although
direct ENSO-to-reservoir forecasts might be more de-
sirable from an end-user perspective, given the short
reservoir record currently available and lack of stability
demonstrated in our attempt to construct a simple lin-
ear model (see section 4c), the confidence in such fore-
casts would be relatively low.

a. ENSO forecasting

Over the past two decades, a variety of models have
been developed for the prediction of SSTs in the tropi-
cal Pacific and, to be more specific, for the time evolu-
tion of the ENSO system. These range in complexity
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FiG. 9. Linear regression model for projection of wintertime
total rainfall from a known or predicted wintertime average Nifio-
3.4 index. Wintertime total rainfall is considered to be “normal” if
it falls within 20% (21 mm) of the median value (107 mm).

from simple persistence models to statistical/empirical
models to fully coupled ocean—-atmosphere GCMs. Be-
cause tropical SSTs vary relatively slowly, the skill of
persistence forecasts for monthly mean ENSO indices
is relatively good up to several months out. For longer
lead times, the best empirical/statistical forecasts are as
skillful as, but much less computationally expensive
than, the best GCM-based forecasts. One category of
empirical model, known as linear inverse models
(LIM), uses the time evolution of the leading modes of
variability (EOFs) in tropical Pacific SSTs to project
the future SST state (Penland and Magorian 1993). For
our work, we used the results from a simple ensemble
(i.e., unweighted average) of seven ENSO models de-
veloped by Kirtman et al. (2001). Forecast skill is esti-
mated as the correlation between the projected winter-
time average Nifio-3.4 and the actual wintertime aver-
age Nifo-3.4 index as derived from the Kaplan et al.
(1998) SSTA dataset. For forecasts made up to 2
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months in advance (i.e., based on June SST data), both
persistence forecasts and the ensemble projection
maintain high levels of skill (» > 0.8); however, for
forecasts made more than 2 months in advance, the
ensemble forecasts do significantly better than persis-
tence (e.g., r =~ 0.83 vs r =~ 0.32 for April forecasts).

b. ENSO-to-precipitation forecasts

Using the significant correlation between the winter-
time average Nino-3.4 index (or other ENSO indices)
and wintertime total Yaqui rainfall, we develop a
simple linear regression model for prediction of rain-
fall. We find rainfall (in millimeters) is related to the
Nifio-3.4 index (in degrees Celsius) by the expression

P(t) = 45.3156N(r) + 121.6073,

which is plotted in Fig. 9 along with training data for the
period 1901-2004. Given a projected wintertime aver-
age Nifo-3.4 value, a prediction for wintertime total
rainfall for the Yaqui region (indicated by the dashed
boxes in Fig. 1) can be read directly from the plot.
Cross-validation using randomly chosen subsets of the
available data shows our model to be stable throughout
the training period. In forecast mode, the Nifio-3.4 val-
ues used as input would either be derived from a single
ENSO model (e.g., a Penland and Magorian—style
LIM) or from an ensemble of ENSO models, and the
expected skill would be estimated as the product of the
ENSO forecast skill score and the skill of the ENSO-
to-rainfall forecast, both of which are correlation coef-
ficients. Table 3 shows estimated skill for ENSO fore-
casts based on persistence and the Kirtman et al. (2001)
ensemble for a variety of lead times; also shown is the
forecast skill for precipitation based on the best esti-
mate of ENSO forecast skill (as a function of lead
time). Although a forecast made 6 months out (at the
end of April) can only be expected to explain 19% of
the variance in wintertime Yaqui rainfall, such forecasts
could provide a starting point for long-range contin-
gency planning in the Yaqui region.

TABLE 3. Skill (in a correlation sense) for forecasts of wintertime-average (NDJFMA) Nifio-3.4 index and wintertime-total rainfall
in the Yaqui basin. “Ensemble mean” skill scores are estimated based on Fig. 3 of Kirtman et al. (2001).

Lead time Forecast made ENSO forecast skill ENSO forecast skill Best-estimate Yaqui
(months) at the end of using persistence using ensemble mean rainfall forecast skill

0 Oct 0.91 0.86 0.48

1 Sep 0.86 0.88 0.47

2 Aug 0.83 0.88 0.47

3 Jul 0.75 0.88 0.47

4 Jun 0.69 0.90 0.48

5 May 0.51 0.88 0.47

6 Apr 0.32 0.83 0.44
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Fi1G. 10. Probability of wet (light gray at top), normal (dark gray
in middle), and dry (medium gray at bottom) winters for four
different ranges of the wintertime average Nifio-3.4 index. Rain-
fall is considered to be normal if it falls within 20% (21 mm) of the
median value (107 mm). Each bar represents 26 yr of data.

In practical terms, a “deterministic” forecast such as
that described above may be of limited utility given the
relatively low skill level. Rather than a singular predic-
tion of seasonal rainfall, it might be more useful to
know the probability of the seasonal rainfall total lying
within a particular range. Using 1901-2004 records of
Yaqui wintertime total rainfall and the Nifio-3.4 index,
we calculate the frequency with which wet, normal, and
dry conditions occurred for several ranges of the Nifio-
3.4 index. We defined “wet” as at least 20% above
median wintertime rainfall (107 mm for the NDJFMA
total) and “dry” as at least 20% below median winter-
time rainfall, although these thresholds are arbitrary
and precipitation terciles could be chosen to match the
needs of agricultural planners; this £20% threshold
corresponds to a variation in wintertime total reservoir
inflow of +210 X 10° m* (30% of the wintertime me-
dian) by the regression relationship developed in sec-
tion 4c. Nifio-3.4 categories were then automatically
chosen such that equal numbers of realizations fell into
each of the four categories. Represented graphically, as
in Fig. 10, the likelihood of wet, normal, or dry condi-
tions can quickly be estimated given a projection of the
wintertime average Nifio-3.4 index. This forecasting ap-
proach could be readily adapted to a reservoir opera-
tions plan based on triggers: for each Nifio-3.4 category
(i.e., vertical bar), a particular reservoir operations rule
would be applied. Both methods could also be ex-
tended to give direct forecasts of wintertime total res-
ervoir inflow for a given Nifo-3.4 projection, although
it would be difficult to validate the models given the
relatively short reservoir record.
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7. Summary and conclusions

Mexico’s Rio Yaqui basin is a highly productive but
climatologically vulnerable center of irrigation-depen-
dent agriculture. Although over two-thirds of the rain-
fall in this semiarid region falls during the summer,
wintertime rainfall is just as variable. Wintertime rain-
fall is correlated well with wintertime reservoir inflow
which is, in turn, correlated well with annual total res-
ervoir inflow. The corresponding relationships are
much weaker during the summer, and the overall vari-
ance in summertime inflow is also smaller than it is for
winter.

No sources of seasonal predictability have been iden-
tified for summertime rainfall, but there is a strong
positive correlation between wintertime rainfall and
ENSO, which can be predicted with considerable skill
many months in advance. Using these relationships we
develop two simple statistical modeling approaches to
leverage forecasts of ENSO indices for the projection
of wintertime total rainfall and reservoir inflow.

Analysis of our 349-yr tree-ring-based reconstruction
of wintertime rainfall shows that wintertime droughts
as severe as the most recent drought occur, on average,
about 2 times per century, which is consistent with the
twentieth-century instrumental record. Such droughts
are not always associated with broader regional
droughts. Yaqui droughts of even greater severity than
the most recent drought have occurred in the past and
should be expected to occur in the future.
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APPENDIX A

Construction of the Merged Yaqui
Precipitation Index

To create a monthly precipitation index representa-
tive of rainfall averaged over the Yaqui basin for the
maximum possible duration, we chose to combine two
gridded datasets of shorter duration, each ultimately
based on station data. The Hulme et al. (1998) dataset,
which contains monthly values at 3.75° X 2.5° grid spac-
ing for the period of January 1900-December 1996, was
originally chosen because it had been used by Diaz et
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FiG. B1. Two tree-ring-based reconstructions of rainfall are compared with observed Yaqui
wintertime (NDJFMA) rainfall for the period of 1901-92. Both reconstructions are derived
from the same standardized Douglas fir early-wood widths. (a) The Diaz et al. reconstruction
(black) and observed precipitation (gray). (b) Our reconstruction (black) and observed pre-
cipitation (gray). (c) Scattergram comparison of the two reconstructions with observed pre-
cipitation; a dashed line of slope 1 has been added for reference.

al. (2002) to train their tree-ring reconstruction of Chi- needed to extend the Hulme et al. dataset with more
huahua precipitation. Two of Hulme et al.’s grid boxes recent precipitation data. For this purpose we chose the
serve to cover most of the Yaqui watershed (see Fig. 1).  all-Mexico dataset of Zhu and Lettenmaier (2007),
To capture the most recent drought, however, we which provides daily precipitation totals at 1/8° X 1/8°
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spacing for the period of 1 January 1925-31 October
2004 and was originally developed for use with a hy-
drological model.

The merged precipitation index was created as fol-
lows. First, a monthly index based on Hulme et al.
(1998) for the period of October 1900-September 1996
(water years 1901-96) was created by averaging the two
Hulme et al. grid boxes that cover the Yaqui basin.
Next, the daily data in the Zhu-Lettenmaier (2007)
dataset was averaged over the area corresponding to
the two Hulme et al. grid boxes into a monthly index for
the period of October 1939-September 2004 (water
years 1940-2004); data prior to water year 1940 were
rejected based on the recommendation of C. Zhu (2006,
personal communication) that the earlier data in the
record were somewhat less reliable. It was found that
these two indices were nearly identical during the Oc-
tober 1939-September 1996 overlap period, with a cor-
relation coefficient of r = 0.97, although the variance
(about the climatological annual cycle) in the Zhu-
Lettenmaier index was somewhat smaller than that of
the Hulme et al. index during the overlap period. Next,
the annual cycle as calculated from the Zhu-Letten-
maier-based index during the overlap period was sub-
tracted from the October 1995-September 2004 data
from the same index. This anomaly time series was then
scaled by the ratio of the standard deviations of the two
time series during the overlap period and added to the
annual cycle during the overlap period as calculated
from the Hulme et al.-based index. Last, this 9-yr ex-
tension was appended to the Hulme et al.-based index,
creating a monthly index of Yaqui precipitation for wa-
ter years 1901-2004.

APPENDIX B

Creation and Validation of the Tree-Ring-Based
Rainfall Index

In recent years, there has been an impressive and
successful effort to reconstruct precipitation in north-
western Mexico using tree rings; Villanueva-Diaz et al.
(2006) provide a good overview of much of this work.
Of particular interest for the current study is a 1647-
1992 tree-ring-based reconstruction of Chihuahua win-
tertime rainfall by Diaz et al. (2002) that is well corre-
lated with Yaqui rainfall during the 1901-92 instrumen-
tal period and with indices of ENSO. However, this
reconstruction is valid for a region that is both larger
[encompassing two additional Hulme et al. (1998) grid
boxes to the east of the Yaqui basin] and, on average,
drier than the Yaqui basin. Furthermore, the recon-
struction captures only 34% of the variance seen in our
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Yaqui wintertime precipitation index during the period
of overlap and misses a number of extreme precipita-
tion events. As such, this reconstruction was not en-
tirely appropriate for the purposes of our study.

Still, given that the individual tree-ring chronologies
produced by Diaz et al. (2002) are better correlated
with Yaqui wintertime rainfall than are any others lo-
cated in this region, their work serves as a useful start-
ing point. To customize these data, we chose to calcu-
late our own tree-ring-based rainfall reconstruction
with a modified version of the Diaz et al. method, which
used a linear least squares fit of the principal compo-
nent associated with the first EOF of standardized
Douglas fir early-wood ring width from the six mea-
surement sites with precipitation averaged over all of
Chihuahua [as represented by the average of four
Hulme et al. (1998) grid boxes that approximately
cover this area]. Instead, we used multiple linear re-
gression of the first principal component and its square
with the wintertime total (NDJFMA) precipitation ob-
tained from our merged Yaqui precipitation index (i.e.,
the instrumental record). Von Storch et al. (2004) have
noted that significant loss of variance is an endemic
problem with regression-based reconstructions; in par-
ticular, it would complicate the threshold-based ap-
proach to drought identification we have employed in
this study. To avoid this difficulty, the resulting 349-yr
time series was scaled to the variance of the instrumen-
tal record by multiplying it by the ratio of the standard
deviations of the two time series during the 1901-92
overlap period, following the method of Cook et al.
(2004). Cross-validation was performed by repeatedly
withholding a randomly chosen one-fourth (23 yr) of
the rainfall data, training the reconstruction on the re-
maining data, and then verifying the reconstruction
model on the withheld data. Using this method, the
model was found to be stable. The overall correlation
between our merged Yaqui precipitation index and our
quadratic tree-ring reconstruction (the final version of
which was produced using data from the entire 1901-92
period) is r = 0.71. Although this correlation represents
no statistically significant improvement over the Diaz et
al. (2002) dataset, Fig. B1 shows that our reconstruction
does offer some improvement in the capture of extreme
events.
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