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Abstract: In the warm season, El Nifio/Southern Oscillation (ENSO) causes periods with more rain
in Northern Mexico during its positive phase, while less rainfall is recorded in the southern regions
during the negative phase. This research study evaluates the variability of summer (July-September)
precipitation and moisture fluxes under different ENSO scenarios in the Mexican Altiplano and
coast of the state of Nayarit. The catchment of Rio San Pedro-Mezquital (SPM-RB) connects both
regions. Using the Oceanic Nifio Index (ONI), the years that signal change from El Nifio to La
Nifia (1998), neutral conditions (2005), and strong (moderate) La Nifia (1999) were selected to get an
insight of ENSO impact on summer precipitation. For anomalies in the Altiplano, two additional
contrasting years were analyzed—2006 (mostly dry) and 2010 (wet)—to determine moisture sources.
Summer rainfall conditions in 1998 and 1999 had an opposite behavior between coastal Nayarit
(wet) and the Altiplano (dry), while in 2005, rainfall deficits were observed in both regions. The
moisture fluxes showed large divergence areas over central Mexico and the Southeastern United
States in years of intense drought (1998 and 1999) caused by two high-pressure cells at middle levels
of the troposphere (500 hPa). The moisture transport mechanisms into the Altiplano were related to
atmospheric circulation at the upper level (200 hPa). The variations of the moisture fluxes from 2006
to 2010 are less strong at middle levels. The Eastern Pacific moisture convergence along the western
coast of Mexico favors above-average rainfall anomalies in the coastal region but below-average
anomalies in the Altiplano.

Keywords: Mexican Altiplano; rainfall anomalies; moisture fluxes; weather research and forecasting

model; North American monsoon

1. Introduction

Knowledge of the mechanisms that affect the climate in Mexico has increased at differ-
ent scales from interannual to decadal variability [1-4]. In particular, previous works [1,5,6]
have described distinct mechanisms that control the spatial and temporal precipitation dis-
tribution. The subtle changes in the position and strength of the subtropical, high-pressure
systems of the Eastern Pacific and North Atlantic have been related to the conditions of sea
surface temperature (SST) in the tropical Pacific, for instance, El Nifio/Southern Oscillation
(ENSO), which modifies the precipitation patterns in Mexico [6-10].

Under the positive phase of ENSO conditions, summers are rainy in Northern Mexico
and drier towards the south [6,11]. Unfortunately, the connection between ENSO and
summer precipitation is not simply linear. Many studies have failed to identify a consistent
relationship [4,11-13]. For instance, [13] summer precipitation may be enhanced following
winter/spring El Nifio events related to intense tropical storm activity and moisture flow
over Northwestern Mexico. Zolotokrylin et al. [14] examined the impact of ENSO events
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on generating wet and dry conditions in the Sonoran Desert. Cid-Serrano et al. [15] defined
an ENSO-index to measure its relationship to rainfalls in the Latin American Pacific coasts.
Other works [4,16] have found that summers are wet in Mexico during the positive phase of
ENSO (i.e., El Nifio) years and the cold phase of monthly SST in the North Pacific (i.e., the
Pacific Decadal Oscillation or PDO). More recently, Wang et al. [17] found that when ENSO
and PDO are out of phase, dry-wet variations over the global land distribution weaken
or even disappear. In general, the negative phase of ENSO (i.e., La Nifia phase) produces
opposite conditions to those observed during the El Nifio years. For instance, the droughts
of 1890 and the first half of the 1950s in northern Mexico [18] probably occurred in response
to multi-year effects of La Nifia [12].

La Nifia conditions, in combination with the cold phase of the PDO and warm phase
of the Atlantic Multidecadal Oscillation (AMO), are more effective in producing intense
droughts in the Mexican Altiplano [3,12,19]. Because this combination is associated with
moisture flows from the tropical Southeastern to Northern Mexico regions that are weaker
than normal, they also cause a reduction in the number of hurricanes in the Pacific [20].
Other combinations, such as La Nifia and similar phases in PDO and AMO or the transition
from El Nifio to La Nifia or La Nifia to El Nifio, can produce weak or moderate drought
conditions in the Altiplano [19]. However, the role of the El Nifio effect on the advection of
moisture fluxes, particularly in the region of the San Pedro-Mezquital River Basin (SPM-RB),
which connects the coast with the Altiplano, still remains unclear. The region off and along
the coast of Nayarit is very prolific in the development of mesoscale convective systems
(MCS) [21] that can move across the Gulf of California, cause heavy rainfall and lightning
activity, and are part of the region’s warm-season climatology. The scientific interest in this
research is based on the MCSs causing a lag in the warm season progression of the month
of maximum precipitation in Western Mexico [22,23].

Previous works have shown evidence about the existence of teleconnection between
the SST anomalies in the Eastern Pacific and precipitation in Mexico [6,8]. Additionally,
Farfan et al. [21] identified a persistent deep convection region along and off the coast of
Nayarit, while another study [23] showed that summer rainfall behaves in a contrasting
way along coastal Nayarit to that observed on the Mexican Altiplano. It is important to note
that this region is positioned in the transition zone where the annual precipitation cycle
changes from the double precipitation peak with the midsummer drought to the south, to a
single rainfall peak characteristic of the monsoon in the north [24]. All these features are
important to understand seasonal and interannual precipitation variabilities in Western
Mexico. According to Vega-Camarena et al. [23], under certain conditions, a see-saw rainfall
pattern is observed between the coast and Altiplano, i.e., dry in the Altiplano and wet in the
coast of Nayarit, and vice versa. Since the Altiplano region is flanked by the Sierra Madre
Occidental to the west and Sierra Madre Oriental to the east, the two mountain massifs
act as barriers that prevent the entry of moisture from the Pacific and Gulf of Mexico into
this region, causing its arid conditions. Therefore, it is of great interest to understand the
moisture flow pattern that contributes to rainfall in the Altiplano.

Moreover, the study of ENSO impact over summer precipitation is crucial to elucidate
the wet—dry changes that may affect the national economy, mainly drought [19], specifically
concerning ENSQO influence over summer precipitation in the highlands and area near the
coast of Nayarit. The weather research and forecasting model (WRF) was implemented
to verify the hypothesis that the atmospheric response on the Altiplano changes under
different ENSO conditions by strengthening or weakening convective activity and rainfall
production. In the next section, the selection of ENSO years used in this study, sources of
data, and the WRF model configurations are set out. Then, the main results are described,
and the implications of ENSO in the development of wet-dry conditions over the study
region are discussed. Finally, concluding remarks are provided in the last section.
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2. Materials and Methods
2.1. Description of the Study Area

The Mexican Altiplano is a high plain area located between two mountain ranges,
the Sierra Madre Occidental (SMOc) to the west and Sierra Madre Oriental (SMOr) to
the east (Figure 1). These mountain ranges act as a barrier that prevents moisture fluxes
from the Pacific and Gulf of Mexico, which cause the predominantly arid climate in this
region, mainly towards the north and northeast. In the upper portion of the SMOc, the
climate is temperate and subhumid, and to the south, it is warm and sub-humid in coastal
Nayarit and Jalisco. The average annual temperature varies from 17 °C in the northern
states of Durango and Zacatecas to 25 °C in the southern coasts of Sinaloa and Nayarit. A
precipitation gradient is observed between the Altiplano and the coast that varies from
about 500 mm per year in the Altiplano to 800 mm in the SPM-RB and up to 1000 mm
in the coast, with summer rainfall in the whole area driven by a monsoonal circulation
system [2,5,25].

Nayarit
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Figure 1. (a) Configuration of three domains (D01, D02, and D03) used in the weather research and
forecasting (WRF) simulations; (b) topographic map showing 200 m, 1000 m, 1600 m and 2000 m
contour levels in the D03 domain. In (a) the horizontal resolutions are 45 km (D01), 15 km (D02), and
5 km (D03), which cover the Mexican Altiplano (shaded area). Dots indicate station positions whose
observations were used to validate the WRF model. The small polygon indicates the San Pedro-
Mezquital River Basin (SPM-RB) in D03. The curves crossing from Northwestern to Southwestern
Mexico show the continental divide. SMOc: Sierra Madre Occidental and SMOr: Sierra Madre
Oriental. In (b) The thin black lines are outlines of Mexican states. Numbers correspond to station
characteristics in Table 1.

Table 1. R>-YR and RMSE-YR values for observed hourly data and the WRF model for relative
humidity and temperature.

No Station Name, Year R?_RH98 RMSE98 R2Z.T98 RMSE98 R2Z RH05 RMSE05 R2.T05 RMSE05 Elevation, m
1 Tepic 0.56 11.1 0.73 2.10 0.55 11.18 0.57 2.80 963
2 Durango ND ND 0.80 2.49 0.60 16.93 0.75 2.85 1871
3 Zacatecas 0.60 6.01 0.77 2.40 0.55 14.51 0.77 2.71 2615

R? = the variance; YR = year; RMSE-YR = Mean square error-year; WRF = Weather Research and Forecasting model.

The San-Pedro Mezquital River Basin (SPM-RB), connects the Altiplano and coastal
Nayarit through its canyon system. An outstanding characteristic of the SPM-RB is that
the basin divide makes a large excursion inland (Figure 1), away from the coast and the
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bulk of the SMOc massif. As such, the elevation for the basin and continental divide
is quite a bit lower (i.e., closer to 2000 m) than it is in other regions of the SMOc. The
displacement of the divide combined with a relatively low elevation appears to permit
significant penetration of moisture into the continental interior, as it has been discussed [22]
and further explored [19,23]. Additionally, it appears that the San-Pedro Mezquital Canyon
System helps drive the anomalous increase in rainfall across latitudes limited to Nayarit.

2.2. Climate Data

Daily observations from the database of the National Meteorological Service of Mexico
with a base period from 1970 to 2018 [26] were used to calculate the summer rainfall
anomalies (July-September, JAS) of the years 1998, 1999, 2005, 2006 and 2010. In addition,
hourly data (courtesy of the National Meteorological Service, Mexico) were used to evaluate
the WRF outputs for temperature and relative humidity. The records were analyzed by
calculating the R? and RMSE. The validation consisted of contrasting the hourly values
of the observed and estimated relative humidity and temperature for the period from
July to September 1998 and 2005. The results of the WRF simulation were compared with
observations at three stations in Durango, Zacatecas, and Tepic (see Figure 1, Table 1).

2.3. The Weather Research Forecasting Model

Mesoscale meteorological models have become useful tools for short-term predic-
tion [27-29]. The weather research and forecasting (WRF) version 4 “https:/ /esrl.noaa.gov/
gsd/wrfportal/ (accessed on 10 January 2023)” is a mesoscale numerical model designed
for weather forecasting operational and atmosphere research [30]. It has two dynamic
cores, a data assimilation system and software architecture that facilitate the parallel calcu-
lation and extensibility of the system. The model serves a wide range of meteorological
applications through scales from tens of meters to thousands of kilometers.

2.4. Model Setup

The WRF was established with the North American Regional Reanalysis (NARR)
as the initial condition every 6 h https://www.esrl.noaa.gov/psd/data (accessed on 12
January 2023)”. NARR is a regional mesoscale analysis developed with a fixed boundary
model and a data assimilation system [31,32]. For all model simulations, 3 domains and
30 vertical levels (Figure 1) were established. Domain 1 is in a grid of 83 x 84 nodes with
a resolution of 45 km that covers North America, extending to the Pacific and Gulf of
Mexico. Another domain had a grid of 151 x 151 nodes and 15 km resolution that covers
the Southwestern United States and Mexico. A third, inner domain was centered in the
SPM-RB with a grid of 109 x 97 points and 5 km resolution that embraces the Altiplano
and the main Mexican region of rain-fed bean production [33]. For the WRF simulations,
we used the parameterizations of CAM 5.1 5-class Scheme and WSM 3-Class Simple Ice
Scheme in microphysics, RRTM scheme for longwave radiation, and Dudhia scheme for
shortwave radiation, surface layer, MM5 scheme, and Unified Noah scheme for the land
surface model. Other configurations were YSU for the planet’s boundary layer and physics
Kain-Fritsch (new Eta) scheme for cumulus parameterization. This configuration of the
model was the result of an experimental analysis tuning in test runs.

The Oceanic Nifio Index (ONI) was used to select years with different ENSO-related
conditions (see below). The NOAA Climate Prediction Center https://www.cpc.ncep.noaa.
gov/ (accessed on 13 February 2023) provides ONI, which is a three-month running mean
of SST anomalies in El Nifio 3.4 region (5° S-5° N, 120° W-170° W) relative to the 1971-2000
base period.

Based on the knowledge already generated on the effects of ENSO in Mexico in general
(i.e., [9,12,34]) and in the Altiplano region in particular [19], some questions are still to be
answered, such as what is the moisture flow related to rainfall in the Altiplano and how
is rainfall variability in the Altiplano under different ENSO scenarios? Average anomaly
rainfall maps were plotted during ENSO-related conditions, i.e., El Nifio (1982, 1987, 1997),
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La Nina (1971, 1974, 2011), neutral (1979, 1980, 1993), a transition from La Nifia to El Nifio
(1976, 2009) and from El Nifio to La Nifa (1973, 1983) (Figure 2). According to Figure 2,
the most interesting scenario is when the Altiplano is rainy, and the coast of Nayarit is dry,
as it occurs during the transition from La Nifa to El Nifio events (Figure 2d). In the other
cases, both regions are wet, as occurs during the transition from EI Nifio to La Nifia event
(Figure 2e) or both are dry, as occurs during El Nifo years (Figure 2a), or wet in Nayarit and
dry in the Altiplano, as occurs during neutral (Figure 2b) and La Nifia (Figure 2c) years. It
is clear, then, that to elucidate the moisture flow that generates rainfall in the Altiplano, the
ENSQ years that resulted in rainy conditions in the Altiplano should be investigated and the
associated atmospheric circulation analyzed (i.e., during transition years, Figure 2d,e). For
this reason, the years 2006—a transition from La Nifia to El Nifio—and 2010—a transition
from El Nifio to La Nifia—were selected. In both cases, the contour maps resulted in years
of rainfall anomalies, characteristic of transition, i.e., with positive rainfall anomalies in
the Altiplano and negative ones in the coast of Nayarit, as occurred in 2006, or with above
rainfall anomalies in both regions, as occurred in 2010. We also selected 1999 because it
was a year of rainfall anomalies characteristic of La Nifa years, i.e., positive anomalies in
Nayarit coast and negative anomalies in the Altiplano (Figure 2c).
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Figure 2. Average contours of summer precipitation anomalies (in mm: July, August, September) for
(a) 1982, 1987, 1997—El Nifio years; (b) 1979, 1980, 1993—neutral; and (c) 1971, 1974, 2011—La Nifa
years; (d) 1976, 2009—transition years from La Nifia to El Nino; (e) 1973, 1983—transition years from
El Nifio to La Nifa La Nifa. Blue (red) contours show positive (negative) anomalies. The shaded
area represents the Mexican Altiplano.

Finally, 1998 was selected—a year of transition from El Nifio to La Nifia—and 2005,
neutral, because both years were atypical. In the former, the Altiplano is dry and the
Nayarit coast is rainy, while the average map of such a transition shows that above-average
rainfall anomalies are characteristic in both regions (Figure 2a). In 1998, a prolonged
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drought began in northern Mexico that lasted until 2001; 2005 was a transition year from
normal to dry conditions in terms of rainfall anomalies [28]. Both regions are dry, while
the average map shows that under neutral conditions, the Nayarit coast is wet and the
Altiplano dry (Figure 2b), which raises interest regarding elucidating the origin of those
deviations. It should also be noted that under certain atmospheric conditions, a see-saw
rainfall behavior can be observed between the regions, as proposed in another study [23].
The importance of this analysis resides in finding a possible mechanism of atmospheric
coupling response that connects both regions. Thus, when dry conditions on the coast of
Nayarit prevail, conditions that are more humid are expected in the Altiplano and vice
versa [23].

All simulations were initialized at 0000 UTC 01 July and ended at 1800 UTC 30
September for each year, and a six-hourly output was available. Selected fields of the WRF
simulations were compared with land observations from three weather stations located in
the 5 km resolution domain.

2.5. Satellite Imagery

To determine the distribution of cloud cover, a dataset from the Geostationary Op-
erational Environmental Satellite (GOES) was used, centered over the Pacific Ocean at
135° W. The dataset includes imagery from the infrared (10.7 pm) channel with a 4 x 8 km
spatial resolution, which is capable of measuring cloud-top temperature and thus pro-
vides an estimate of the vertical convection development as a proxy of precipitation. The
imagery is courtesy of the Unidata Program Center at the University Corporation for
Atmospheric Research and the Space Science and Engineering Center of the University of
Wisconsin-Madison. During the warm season, in the study area, cloud tops colder than
—38 °C generally delineate deep clouds in convective systems with tops above 10 km
(e.g., Farfan et al., 2021). Convection was analyzed at night (0300 UTC, 2100 LT) and
midnight (0600 UTC) since these are times during which deep convection is well-defined
over mainland Mexico in a region located between the western foothills of the Sierra Madre
Occidental and the Gulf of California coastline.

3. Results
3.1. Precipitation Anomalies

Figures 3 and 4 show contours of summer rainfall anomalies from 1998, 2005, and
1999 (Figure 3), and 2006 and 2010 (Figure 4) based on observations, and correspond to
5 km D03 WRF domain. The configuration of rainfall anomalies in 1998 and 1999 were
opposite in phase between the Nayarit coast and Altiplano, that is, above-normal rainfall in
Nayarit and a deficit in the Altiplano (Figure 3a,c). In 2005, under neutral ENSO conditions
(Figure 3b), rainfall deficits were mostly in both regions, while in central Sinaloa, a core of
positive anomalies is evident.

In the JAS of 2006 (Figure 4a), below-average rainfall conditions dominate in Nayarit,
which contrasts with the dominance of above-average rainfall in the Altiplano. Additionally,
a core of positive rainfall anomalies is present in central Sinaloa. On the other hand, in 2010,
positive rainfall anomalies occurred in both regions, but with deficits in central Sinaloa
(Figure 4b).

3.2. Atmospheric Moisture Flux

To investigate the moisture transport mechanisms from the ocean to the Altiplano,
Figures 5 and 6 show WRF wind vectors at lower (1000 hPa), middle (500 hPa), and upper
(200 hPa) levels.
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Figure 3. Contours of rainfall anomalies (in mm) during the summer in July, August, September
(JAS) for: (a) 1998 (transition from El Nifio to La Nifia conditions); (b) 2005 (neutral); and (c) 1999
(La Nifia). Blue (red) contours show positive (negative) anomalies. The shaded area represents the
Mexican Altiplano. Thick polygons represent the states of Sinaloa and Nayarit, Mexico.
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Figure 4. Contours of rainfall anomalies (in mm) during the summer July, August, September (JAS)
for: (a) 2006 and (b) 2010. Blue (red) contours show positive (negative) anomalies. The shaded
area shows the region of the Mexican Altiplano. Thick polygons represent the states of Sinaloa and

Nayarit, Mexico.
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Figure 5. Mean summer July, August, September (JAS) wind vectors (m-s~1) and water vapor mixing
ratio (kg-kg~!) calculated via weather research and forecasting (WRF 15 km, D02) at three levels for:
1998 (a,d,g, year of transition from El Nifio to La Nifia); 2005 (b,e,h, neutral); and 1999 (c,f,i, La Nifa).
The San Pedro-Mezquital River Basin (SPM-RB) polygon is given by the thin line.
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Figure 6. Mean summer July, August, September (JAS) wind vectors (m-s~1) and water vapor mixing
ratio (kg~kg_1) calculated via weather research and forecasting (WRF 15 km, D02) at three levels for:
2006 (a,c,d, year of transition from La Nifia to El Nifio) and 2010 (b,d,f, year of transition from EIl
Nifo to La Nifia). The San Pedro-Mezquital River Basin (SPM-RB) polygon is given by the thin line.

From July to September, under transition (Figure 5g), neutral (Figure 5h) and La Nina
conditions (Figure 5i) at lower levels, the winds produce a very similar circulation pattern
in the three cases, with winds moving inland from the coast. Winds coming from the
coast converge with the continental wind on a trajectory from NW to SE just over the
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SPM-RB (see middle panels in Figure 5d—f). This circulation coincides with the mechanisms
proposed in a previous work [23] regarding moisture fluxes.

At higher levels, winds change significantly. In 1998, for example, the western branch
of a cyclonic circulation in Northern Mexico was dominated by northerly winds that
converge with southwestern winds in the region of the SPM-RB (Figure 5a). As previ-
ously mentioned, westerly winds dominate along the coast of Nayarit and converge with
northerly winds on the continent just on the Altiplano. In both trajectories, winds that cross
the basin are weak, and those coming from the north might be dry. A decreasing gradient
of water vapor mixing ratio from the land mass to the coast at 200 hPa and 500 hPa is
consistent with less rainfall in the Altiplano and above-average anomalies in the coast as
described in a previous work [23]. In this case, the see-saw pattern can be determined via
moisture fluxes, either at high levels of the troposphere or via flux displacement towards
the northwest (Sinaloa), only in the region of the monsoon core [2,5,35-37].

In 2005 (Figure 5b), two circulation patterns at 200 hPa are dominant—an anticyclonic
circulation over Northwestern Mexico and easterly winds over Mexico. Under these
conditions, the prevailing northeastern winds flow over the SPM-RB, reducing the water
vapor mixing ratio at this level. At 500 hPa, the anticyclonic circulation positioned north
of Mexico maintains easterly winds over the Altiplano and the mixing ratios are reduced,
which is consistent with rainfall deficits over the Altiplano and along the Nayarit coast
in 2005. In 1999 (Figure 5c¢), an anticyclonic circulation over the Baja California Peninsula
covered a larger area than in 2005. This circulation favored a dominant continental flow
from the north that crossed the basin of the SPM-RB, which has been described as the main
driver of exceptional drought during La Nifia over the Altiplano [7,19,34,38].

Relative to 2006 (a mostly dry season) and 2010 (wet), the position of the anticyclonic
circulation at the middle and upper levels of the troposphere was further north in 2010
than in 2006. This situation allowed more moisture transport into the Altiplano and the
coast of Nayarit from the Gulf of Mexico, which resulted in positive anomalies in both
regions in 2010. In 2006, the anticyclone—whose center was positioned to the south of
the Gulf of California—reduced the water vapor mixing ratio at 200 hPa over the coast of
Nayarit. Low values of water vapor mixing ratio are also observed at 500 hPa. The reduced
water vapor at the middle and upper levels implies that moisture is not enough for rainfall
generation, causing negative rainfall anomalies in Nayarit in 2006. However, enhanced
water vapor along the coasts of Nayarit and Sinaloa and the inland southwestern flow at
1000 hPa enable moisture advection from the coast into the mainland. These conditions, in
combination with the southeastern flow at 500 hPa, result in increased convection in the
Altiplano and explain the above-average precipitation in 2006.

The core of positive (negative) rainfall anomalies in 2006 (2010) in central Sinaloa
deserves attention because it is a region of intense agricultural activity and wet-dry changes
can significantly affect food production. Figure 6a shows that the wind field from the coast
into the mainland at low levels and with the anticyclone positioned in Southcentral GC
at upper levels of the troposphere are related to enhanced water vapor mixing ratio (in
2006) in central Sinaloa. This configuration is consistent with the above-average rainfall
anomalies. Unlike in 2006, the center of upper-level anticyclonic circulation is positioned
further north in 2010 (Figure 6b). In particular, when the wind flow crosses the SMOc, it
loses some moisture over the Altiplano, resulting in rainfall deficit over central Sinaloa.

Table 2 summarizes the results found between the atmospheric flow pattern and
precipitation conditions for different ENSO conditions between the coast and the Altiplano.

Table 2. Oceanic-atmospheric conditions of the different years of study.

Year

ENSO-Conditions Weather Pattern Rainfall-Conditions

1998

Transition from El Cyclonic circulation in Northern Mexico at 200 hPa. Coast: wet

Nifio to La Nifia

Westerly inland flow at 1000 hPa. Altiplano: dry
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Table 2. Cont.
Year ENSO-Conditions Weather Pattern Rainfall-Conditions
1999 La Nif Anticyclonic circulation in Northwestern Mexico at 200 hPa. Coast: wet
aiNna Westerly flow at 1000 hPa. Altiplano: dry
Two anticyclone circulations, one centered in Northwest
2005 N 1 Mexico and the other one in the Northern Gulf of Mexico at Coast: dry
eutra upper levels. Westerly flow at 1000 hPa with higher Altiplano: dry
humidity on the Sinaloa Coast.
2006 Transition from La Anticyclone centered south of the Gulf of California at Coast: dry
Nifia to El Nifio 200 hPa. Southeast flow at 500 hPa. Altiplano: wet
2010 Transition from Fl Anticyclonic circulation positioned further to the north at Coast: wet
Nifio to La Nifia upper and middle level. Westerly inland flow at 1000 hPa. Altiplano: wet

(a) Jul-Sep,1998

3.3. Vertically Integrated Moisture Flux

The moisture flux variations determine the precipitation anomalies in the Altiplano
that yield periods of drought or abundant rainfall [19]. To understand more about at-
mospheric conditions related to dry-wet changes, the vertically integrated moisture flux
convergence (VIMFC) was calculated for all the cases. Figure 7 shows the sequence of the
VIMEC for the transition from El Nifio to La Nifia (Figure 7a), neutral conditions (Figure 7b),
and La Nina (Figure 7c).

(b) Jul—‘Sep,ZOIOS

Latitude

(c) JuI—ISep,1 999

0.08
0.06
0.04
0.02

0.02
-0.04
-0.06
0.08

10
-130

420 -110  -100
Longitude

; . . ; ; : : ‘ . 4 0.1
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Figure 7. Vertically integrated moisture flux convergence (g‘kg_1 -s~1) from 1000 to 300 hPa based on
NARR data for: (a) El Nifio to La Nifia Transition; (b) Neutral conditions; and (c) La Nifia conditions.
The polygon with shading area represents the basin of the San Pedro-Mezquital River (SPM-RB).

In the sequence of the years with El Nifio/La Nifia effect, i.e., in the transition phases
from positive (Nifio) to negative (La Nifia) (Figure 7a,c), the moisture convergence zones
extend towards Northwestern Mexico, decreasing in coverage over the Gulf of California
for the cold phase. This result agrees with previous works, where ENSO is related to
years of dry or wet summers [2,39]. On the other hand, under neutral conditions, the
maximum convergence was located forward to the northwest of the SPM-RB (Figure 7b), a
configuration that is also observed in 2006 (Figure 8a). In this case, a decreasing gradient in
humidity was observed toward the Nayarit region, which contrasted with a slight increase
in the Altiplano region. During the conditions of high moisture convergence just off coastal
Nayarit (Figure 8b), an increasing gradient toward the Altiplano can be observed.

Figure 9 shows the average frequency of cloud tops from July to September for 2006
and 2010; their difference is based on a threshold of brightness temperature of —38 °C
(10.5 km above sea level). Note that compared to 2010, an elongated area with a higher
frequency of cloud tops from central Sinaloa to southern Sonora was evident in 2006. This
result is reinforced by the negative anomalies observed and is consistent with the core
of above- (below-) average rainfall anomalies observed in central Sinaloa in 2006 (2010).
Likewise, in coastal Nayarit a lower frequency of cloud tops was observed in 2006 compared
to 2010, which is consistent with below- (above-) average precipitation (see Figure 4) and
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positive anomalies. Finally, anomaly contours and near-zero frequency of cloud tops in the
Altiplano indicate that 2006 and 2010 were both years of above-average rainfall anomalies,

as shown in Figure 4.

0 (a) Jul-Sep,2006 . (b) Jul-Sep,2010 ] .
0.1
__________ 6.08
0.06
o 301 | . 0.04
'g 0.02
£ | 4 0
@ -0.02
—1 20 F . -0.04
-0.06
-0.08
1 0 ) E'; i -0.1
-130 -120 -110 -100 -90 -80 -130 -120 -110 -100 -90 -80
Longitude Longitude

Figure 8. Vertically integrated moisture flux convergence (g-kg~!-s1) from 1000 to 300 hPa base on
NARR data for: (a) the dry summer of 2006 and (b) the wet summer of 2010 in Nayarit, Mexico. The
polygon with shading area represents the basin of the San Pedro-Mezquital River (SPM-RB).

(a) Cloud top frequency
Jul-Aug-Sep 2006, 0600 UTC

(c) Cloud top anomaly

Jul-Aug-Sep 2010, 0600 UTC

(b) Cloud top frequency ., Jul-Aug-Sep 2006, 0600 UTC : ey 5
3
Jul-Aug-Sep 2010, 0600 UTC & Jl Black=0, Red<0, Blue>0 n LA

Figure 9. Frequency (%) of cloud tops that reached at least —38 °C in the infrared imagery from the
geostationary operational environmental satellite (GOES) infrared imagery at 0600 UTC. Average
conditions from July to September 2006 are in the (a) upper left panel, while the same period from
2010 is in the (b) lower left panel. Anomalies (difference from 2010 minus 2006) are in the (c) right
panel; positive (negative) contours are displayed in blue (red) with 20% intervals.
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4. Discussion

The analyses of years with intense drought and those with positive rainfall anomalies
show how consistently moisture fluxes display large areas of divergence over central Mexico
into the Southeastern United States. This situation occurs in response to the high pressure in
the Southwestern United States and the contrast between the sea and the continent [40,41].
During periods of more intense drought, two high-pressure cells are observed, generating
an anticyclonic circulation in the middle levels (500 hPa) towards the Northeastern Pacific
and cold and dry flows on the western coast of North America and Mexico [19,40]. These
features have been related to variations in the Eastern Pacific SST [34,39,41], although little
has been studied about the effects of the continental contribution on water recycling [40,42].

On the other hand, variations of the moisture fluxes between the opposite, in phase
years 2006 (mostly dry) and 2010 (wet), are less strong at the middle and high levels than
at lower levels (Figure 6). In Western Mexico, a moisture transport mechanism from the
Eastern Pacific region has been previously described [35]. In fact, part of the moisture
sources for this region are controlled by the extension of the ITCZ from the tropical Pacific
toward the monsoon zone in the Gulf of California [11,39,42-45].

In humid years, such as 2006, an anticyclonic circulation at middle and high levels
favors moisture transport to central Mexico (Figure 6a). At low levels, the flows into the
continent are mainly from the Eastern Pacific and the Gulf of California. Recently, the
possibility of moisture transport from the Gulf of Mexico at high levels occurs mainly at the
beginning of summer [42]. Additionally, an important contribution of continental water
recycling through evaporation has been identified, which can be a more important source
of rainfall in years where large-scale moisture advection is reduced [35].

The analyses of 2006 and 2010 are interesting because the moisture fluxes are expected
to move through the basin lowlands, just over the coast of Nayarit towards the Altiplano,
explaining the mechanism of humidity transport at middle and low levels. Specifically,
under the conditions of positive rainfall anomalies in Nayarit, a rainfall increase in the
Altiplano would be expected, as in the case in 2010. That is, when moisture flux patterns
dominate from the Nayarit coastal region to the Altiplano, the anomaly is mostly positive
in both regions. In 2006, an orographic rain effect determined less precipitation in Nayarit
and more in the Altiplano [23]. These conditions are related to a decrease in precipitation
over the monsoon core [39].

In general terms, the periods July—September 2005 (Figure 7b) and 2006 (Figure 8a) were
under ENSO neutral conditions when the convergence peak towards North-Northwestern
Mexico favored the Altiplano region with above-normal rainfall in 2006 but affected both
the coast of Nayarit and the Altiplano regions with below-normal rainfall in 2005. These
results agree with those of other authors with respect to moisture flux convergence [35,42].
The Eastern Pacific Ocean (including the Gulf of California) is the main source of humidity
for the continental regions of Northern Mexico and Southwestern United States [34,44]. The
moisture transport is controlled by circulation at surface levels that intensify El Nifio in the
positive phases [2,34,45] but decrease in the negative ones [2,3,12], which, in turn, favors
fluxes from the regions, such as the Gulf of Mexico or at medium and high levels [38]. As
discussed by Bracken et al. [39], a greater effect of ENSO is observed on the pathway of
moisture rather than on the source; consequently, ENSO could increase middle-level fluxes
under such conditions.

5. Conclusions

In the Altiplano of Central Mexico, an important region for the national economy,
rainfall is the main input for agricultural activities. Persistent or severe droughts cause
a high impact at the local and national level. Different scenarios were studied using the
Oceanic Nifio Index and precipitation anomaly. In transition phases (El Nifio to La Nifia
or from La Nifia to El Nifio), a greater impact is observed on summer precipitation in the
Altiplano, which increases when the transition occurs under constructive (destructive) PDO
and AMO signals [4].
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Moisture generated in the Eastern Pacific enters the continent, affecting the states of
Nayarit, Durango, and Zacatecas. Between the coast of Nayarit and the Mexican Altiplano,
a see-saw pattern can be observed in summer rainfall anomalies [23]. In other words,
drought conditions in the Altiplano tend to occur with humid conditions on the coast of
Nayarit and vice versa, although an increase or decrease in summer precipitation in central
Sinaloa is evident to the south of the monsoon core. This connection mechanism between
Nayarit and the Altiplano is partly explained by moisture fluxes at lower levels. Circulation
towards the Altiplano is controlled by the SST conditions of the Eastern Pacific and also
by an anticyclonic circulation at upper levels in the Northern United States. Additionally,
this circulation yields a dry flow towards the highlands from the north-northeastern areas,
causing droughts. Moisture convergence at lower levels in the Eastern Pacific on the
western coast of Mexico—in combination with the divergence at upper levels—favors
moisture transport near the coast, which generates a positive precipitation anomaly in the
coastal region.

Although the Gulf of Mexico is a source of moisture for the Altiplano [42], the present
study has revealed that the main source of moisture is the Eastern Pacific, including the
Gulf of California. The correspondence between these two regions, connected by the San
Pedro-Mezquital River Basin, indicates that precipitation is favored by the occurrence of a
southernly flow that drags the low-level humidity from the Pacific inland mainly through
the canyons of the San Pedro-Mezquital River system. The WRF simulations confirmed
that the atmospheric response on the Altiplano changes under different ENSO conditions
by strengthening or weakening convective activity. The most favorable scenario for rainfall
production in the Altiplano occurred during the transition years from El Nifio to La Nifia
and vice versa. This result was unexpected since Vega-Camarena et al. [19] reported that the
transition from an El Nifio to La Nifia combined with a positive PDO phase and negative
AMO phase resulted in moderate drought in the Altiplano. However, if such a transition
occurs when the PDO and AMO are both in negative phase (as in 1973) or PDO is neutral
and AMO is in positive phase (as in 2010), the conditions in the Altiplano are found to be
above-average rainfall. Similarly, according to Vega-Camarena et al. [19], the transition
from La Nifia to El Nifio, in combination with negative phases of PDO and AMO, resulted
in moderate drought in the Altiplano. However, if such a transition occurs when the PDO
is in the negative phase and the AMO is in the positive phase (as in 2009) or PDO is neutral
and AMO is in positive phase (as in 2006), the conditions in the Altiplano are found to
be above-average rainfall. These results indicate that rainfall production in the Altiplano
depends not only on the ENSO phase but also on the phase combination between the
PDO and AMO. Nevertheless, further studies are necessary to elucidate the link observed
between central Sinaloa, coastal Nayarit and the Altiplano.
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