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ABSTRACT

This study shows that the North American monsoon system’s (NAMS) strength, onset, and retreat over

northwestern Mexico exhibit multidecadal variations during the period 1948–2009. Two dry regimes, associated

with late onsets, early retreats, and weaker rainfall rates, occurred in 1948–70 and 1991–2005, whereas a strong

regime, associated with early onsets, late retreats, and stronger rainfall rates, occurred in 1971–90. A recovery of

the monsoon strength was observed after 2005. This multidecadal variation is linked to the sea surface tem-

perature anomalies’ (SSTAs) variability, which is a combination of the Atlantic multidecadal oscillation (AMO)

and the warming SST trends. These SST modes appear to cause an anomalous cyclonic circulation and enhanced

rainfall over the southeastern United States and the Gulf of Mexico, which in turn increases the atmospheric

stability over the monsoon region. However, these SST modes cannot fully explain the circulation and rainfall

anomalies observed during the early-retreat monsoons. An expansion of the North Atlantic surface high

(NASH) in recent decades also contributes to the anomalous circulation associated with the early retreats of the

NAMS. A northwestward expansion of the NASH further enhances the anomalous cyclonic circulation and

rainfall over the southeastern United States and the Gulf of Mexico. Its associated northwestward shift of the

subtropical jets over the western United States enhances subsidence over the NAMS region. The combined

effects of the AMO, the warming trends, and the NASH expansion on atmospheric circulation contribute to

a stronger and more persistent earlier retreat during the recent dry regime (1991–2005), while the earlier dry

regime (1948–70) appears to be only influenced by the positive phase of the AMO.

1. Introduction

The summer monsoon over the southwestern United

States and Mexico, also known as the North American

monsoon system (NAMS; Douglas et al. 1993; Stensrud

et al. 1995), produces most of the annual rainfall in that

region, where the population is growing rapidly.

Precipitation during the summer NAMS has a char-

acteristic pattern: a precipitation maximum occurs over

southwestern Mexico, although a significant area of intense

precipitation is centered over northwestern Mexico; the

lowest values are observed over the southwestern United

States (Douglas et al. 1993; Barlow et al. 1998). The

monsoon onset occurs first over southwestern Mexico by

early to mid-June and rapidly progresses northward until

it reaches the southwestern United States by early July

(Douglas et al. 1993; Higgins et al. 1997, 1999), where

rainfall is more directly influenced by midlatitude weather

systems (Higgins et al. 1999). Onset of the monsoon causes

a rapid change from a hot and dry weather regime to

a relatively cool and rainy weather regime (Higgins et al.

1999). Observations also show that the onset of NAMS

rainfall coincides with a decrease of rainfall over the Great

Plains and an increase of rainfall over the eastern coast of

Corresponding author address: Paola A. Arias, Facultad de In-

genieria, Universidad de Antioquia, Medellin A.A 1226 Colombia.

E-mail: paoariasg@gmail.com

4258 J O U R N A L O F C L I M A T E VOLUME 25

DOI: 10.1175/JCLI-D-11-00140.1

� 2012 American Meteorological Society
Unauthenticated | Downloaded 01/24/23 04:41 AM UTC



the United States (Douglas et al. 1993; Douglas and

Englehart 1995; Higgins et al. 1997; Mo et al. 1997; Barlow

et al. 1998).

Summer monsoon onset is a result of increasing at-

mospheric thermodynamic instability and moisture

transport from the adjacent oceans. Higgins et al. (1997)

and Adams and Comrie (1997) indicate that two main

sources of moisture feed the monsoon: the northern

Gulf of California provides most of the moisture below

850 hPa, while the Gulf of Mexico provides moisture

at and above 850 hPa. During the monsoon period,

occurrence of convection is mainly controlled by the con-

vective inhibition (CIN) energy (Myoung and Nielsen-

Gammon 2009). Evapotranspiration at land surface,

local water recycling (Anderson et al. 2004; Zhu et al.

2007), and synoptic-scale transient systems (Douglas

and Englehart 2007; Vera et al. 2006) also have signifi-

cant influences on monsoon rainfall.

Previous studies have shown the influence of the Pa-

cific and Atlantic SSTs on the NAMS onset and strength

(e.g., Carleton et al. 1990; Harrington et al. 1992;

Higgins et al. 1998, 1999; Higgins and Shi 2000, 2001;

Castro et al. 2001; Zhu et al. 2007; Hu and Feng 2008,

2010; Turrent and Cavazos 2009). On the interannual

scale, El Niño–Southern Oscillation (ENSO) has a

strong influence on NAMS onset and rainfall amount.

Wet (dry) monsoons in southwestern Mexico tend to

occur during La Niña (El Niño) due to the impact of

eastern Pacific sea surface temperature anomalies

(SSTAs) on the land–sea thermal contrast (Higgins et al.

1999), whereas above-average July precipitation in

northeastern Mexico (west-central Arizona) occurs with

El Niño (La Niña) (Harrington et al. 1992). Early (late)

monsoon onsets are linked to a positive (negative)

thermal gradient from the Pacific to the southwestern

United States during a cold (warm) phase of ENSO

(Higgins and Shi 2001; Zhu et al. 2007; Turrent and

Cavazos 2009). The seasonality of the Pacific SSTAs also

influences NAMS. For example, Mo and Paegle (2000)

have shown that warm SSTAs over the equatorial cen-

tral Pacific in winter are associated with wet conditions

in the southwestern United States, whereas positive

SSTAs over the tropical eastern Pacific in summer lead

to a drier anomaly in the same region.

On the decadal scale, several studies suggest that the

variability of the NAMS is modulated by the Pacific

decadal oscillation (PDO) (Higgins and Shi 2000; Castro

et al. 2001, 2007), the Atlantic multidecadal oscillation

(AMO), and the Arctic Oscillation (AO). For example,

Hu and Feng (2008) have shown that the AMO warm

phase boosts strong moisture transport from the regions

near the Gulf of Mexico into the central United States,

causing more rainfall over that region and less rainfall to

the west and a drier monsoon. However, their study

focused on the multidecadal variability of the monsoon

strength but not on the associated changes in the mon-

soon timing. Hu and Feng (2010) have also found that

the AO positive phase induces a northward displace-

ment of the subtropical jet stream, which in turn leads to

an anomalous downward motion and surface moisture

divergence over the central United States, reducing

precipitation in that region.

The intensity and western edge of the North Atlantic

subtropical high (NASH) play an important role in de-

termining the location and intensity of the moisture

transport to the southeastern United States, and the

southern and Great Plains. A recent study by Li et al.

(2011) showed a westward expansion of the NASH

during the summer season (June–August) since the late

1970s. This change has increased moisture transport to

the Great Plains along the western edge of the NASH

and rainfall variability over the southeastern and the

south-central United States. However, whether these

changes influence the decadal variation of the NAMS

has not been investigated.

Variability of the NAMS onset and rainfall amount

has been widely documented; however, variability of its

retreat has received little attention. This study aims to

identify whether the seasonality and strength of the

NAMS have changed during the period 1948–2009 and if

so, what caused such a change. This paper is organized

into five sections: Section 2 describes the data and the

methodology. Section 3 identifies the changes in mon-

soon regime and their possible causes. Finally, section 4

concludes with the main findings from this study and

presents a short discussion about the main causes of the

NAMS changes.

2. Data and methodology

Changes in the timing and the strength of the NAMS

during the period 1948–2009 were analyzed using both

daily observational and reanalysis data over the north-

western Mexico region (Fig. 1a), selected on the basis of

previous studies (e.g., Barlow et al. 1998; Comrie and

Glenn 1998; Higgins et al. 1999; Gutzler 2004; Gochis

et al. 2006). The daily rain rate was averaged over the

region and converted to mean pentad values (i.e., 5-day

averages) before obtaining the onset/retreat dates.

Different definitions have been previously suggested

to determine the North American monsoon onset/

retreat. For example, Douglas et al. (1993) and Stensrud

et al. (1995) have characterized the onset of the Mexican

monsoon by analyzing heavy rainfall over southern

Mexico. Douglas et al. (1993) and Barlow et al. (1998)

studied the precipitation change during the Mexican
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monsoon onset using the June–July change. These

approaches allow the main features of the onset phase

to be characterized but do not identify the specific

onset date. Higgins et al. (1997) used a precipitation

index (i.e., the area-average daily precipitation over

Arizona and western Mexico) to define the monsoon

onset using a threshold-crossing procedure (with thresh-

olds of 10.5 mm day21 for rainfall and 3 days for dura-

tion). Although Higgins et al. (1997) carefully selected

the grid points to be included in the area-average pre-

cipitation, their procedure considers a duration criterion

of only 3 days; thus, the persistence of rainfall changes

necessary for the monsoon onset may not be captured by

this methodology. Zeng and Lu (2004) proposed a unified

method to estimate the monsoon onset and retreat dates

based on precipitable water data. Even though their re-

sults appear to be reasonable over the NAMS region,

precipitable water data are available mainly from rean-

alysis instead of rain gauge measurements. However,

monsoon retreat identification has not received as much

attention as monsoon onset. Thus, the aforementioned

definitions of the monsoon onset/retreat dates may have

issues related to the objectivity of the rain threshold

considered, the persistence in time of the rainfall changes,

and/or the reliability of the required data.

Li and Fu (2004) proposed a procedure that considers

both an objectively defined rain-rate threshold and the

persistence in time to define the wet-season onset. Their

results over South America showed consistency with

previous studies. Therefore, our definition of the NAMS

onset and retreat dates follows Li and Fu’s methodol-

ogy. The onset (retreat) date is defined as the pentad

before which the rain rate is less (more) than the cli-

matological annual mean rain rate during six out of eight

preceding pentads and after which the rain rate is greater

(lower) than the climatological annual mean rain rate

during six out of eight subsequent pentads. When these

thresholds do not allow for identifying the monsoon onset

(or retreat) date for a specific year, the duration threshold

is relaxed from six to five consecutive pentads. One

FIG. 1. (a) Monsoon region [northwestern Mexico (NWMEX)] considered for onset and retreat computations. (b)

Monsoon onset (bottom line) and retreat dates (top line) over northwestern Mexico during 1948–2009 obtained from

the CPC rain-rate data. Solid black lines represent periods with early onset and late retreat, whereas solid gray lines

represent periods with late onset and late retreat. (c) Total rainfall (solid black line) and daily average rain rate

(dashed gray line) during the entire monsoon period over northwestern Mexico. In (b), vertical dashed lines indicate

the years when the monsoon regime changed, according to the STARS technique (Rodionov 2004; Rodionov and

Overland 2005). Mean values during 1948–2009 are indicated in (b),(c).
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advantage of this methodology is that long-term rain

gauge data can be used instead of reanalysis products.

We used 18 grid daily precipitation across the United

States and Mexico during 1948–2009 from the National

Oceanic and Atmospheric Administration (NOAA)’s

Climate Prediction Center (CPC). This dataset is de-

scribed by Higgins et al. (1999, 2000) and is available on-

line (ftp://ftp.cpc.ncep.noaa.gov/precip/CPC_UNI_PRCP/

GAUGE_GLB/). These gridded data are collected from

about 2500 gauges with hourly records across the United

States and about 161 stations with daily records across

Mexico (Higgins et al. 1999).

To test for changes in monsoon retreat and onset dates,

a sequential t-test analysis of regime shifts (STARS;

Rodionov 2004; Rodionov and Overland 2005) was used.

This methodology uses a t test to determine if sequential

observations in a time series represent statistically sig-

nificant departures from mean values observed during the

preceding period of a predetermined duration. STARS is

useful for analysis toward the end of the time series,

allowing for timely detection of shifts. The results are

determined by the cutoff length for proposed regimes L

and the Huber weight parameter H. The latter defines the

range of departure from the observed mean (in standard

deviations) beyond which observations are considered as

outliers. In this study, L was set to 10 yr and H to 1 yr,

but sensitivity analyses with L varying from 8 to 15 yr

and H varying from 1 to 4 yr produced identical con-

clusions.

To identify the causes of the observed changes in the

monsoon strength and timing, we used daily 2.58 grid

data for air temperature, relative humidity, geopotential

height, and zonal and meridional wind at different

pressure levels. These datasets were obtained from the

National Centers for Environmental Prediction–National

Center for Atmospheric Research (NCEP–NCAR) re-

analysis (Kalnay et al. 1996) from 1948 to 2009.

Extended reconstructed monthly-mean SST from the

NOAA Climate Diagnostics Center (CDC) (Reynolds

1988) was used. The spatial resolution of the data is 28 3

28. For the period of analysis considered here (1948–

2009), the SSTs were derived from blended satellite and

in situ measurements. ENSO is represented by the Niño-

3 and -4 indices (available at http://www.cdc.noaa.gov/

data/climateindices/list/).

We obtained composites for early- and late-retreat

events to identify changes of the atmospheric fields. We

defined early (late) retreat monsoon events as those

when the retreat occurred before (after) the climato-

logical retreat pentad minus (plus) one pentad. There-

fore, early (late) retreats were identified as those that

occurred during the period 21 August–5 September (25

September–30 October).

Changes in the monsoon regime were also examined

by considering weak and strong monsoons. Weak (strong)

monsoons were identified as those when the monsoon

total rainfall (i.e., total amount of rainfall during the

monsoon) was below (above) 0.5 standard deviations.

The statistical significance of the composite difference

between weak and strong monsoons was tested using

a bootstrap test (Efron 1979). We performed 1000 itera-

tions with the threshold for a statistical significance set to

95% and used the bias-corrected and accelerated per-

centile method to estimate the confidence interval.

A two-sample Kolmogorov–Smirnov (KS) test

(Kolmogorov 1933) was performed to determine if the

monsoon daily rain rate during early-retreat, late-retreat,

weak, and strong monsoons exhibit different probability

distributions. Because of its sensitivity to differences in

both location and shape of the empirical cumulative dis-

tribution functions of the two samples, this test is one of

the most useful and general nonparametric methods for

comparing two samples.

Finally, to determine whether the monsoon regime

changes are linked to global SSTs, we used the rotated

empirical orthogonal functions (REOFs) and their as-

sociated principal components (RPCs) of the September

global SSTAs during 1948–2009, as proposed by Schubert

et al. (2009).

3. Results

a. Identification of two types of monsoon regimes
during 1948–2009

Grantz et al. (2007) found that there is a significant

delay in the beginning, peak, and closing stages of the

monsoon over the southwestern United States during

the period 1948–2004. This shift in the monsoon over

this region is found to be linked to warmer tropical

Pacific SSTs and cooler northern Pacific SSTs in the

antecedent winter–spring season, which leads to wetter-

than-normal conditions over the southwestern United

States and, consequently, delays the seasonal heating of

the North American continent, which is necessary to es-

tablish the monsoonal land–sea thermal contrast. In ad-

dition, previous studies suggest that northwestern Mexico

exhibits a coherent hydroclimatic structure with known

(and unknown) linkages to external forcing influences

(e.g., Barlow et al. 1998; Comrie and Glenn 1998; Higgins

et al. 1999; Gutzler 2004; Gochis et al. 2006). Hence, this

work will focus on the northwestern Mexico domain of

the NAMS, as shown in Fig. 1a.

The onset/retreat dates over northwestern Mexico were

obtained for each year using the methodology described

in section 2 and are shown in Fig. 1b. The sequential

analysis STARS (Rodionov 2004; Rodionov and Overland
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2005) identified shifts in monsoon retreat during 1971,

1991, and 2006, whereas shifts in monsoon onset were

identified during 1966, 1991, and 2006. A simple running-

mean-based analysis (not shown) supports the shifts

identified using STARS. This suggests that both mon-

soon onset and retreat exhibit multidecadal variations:

more late-onset and early-retreat monsoons occurred

during the periods 1948–70 and 1991–2005, whereas

more early-onset and late-retreat monsoons occurred

during 1971–90 and 2006–09. On the interannual scale,

early-onset events are associated with late-retreat events,

while late-onset events are associated with early-retreat

events. The monsoon retreat dates over northwestern

Mexico during 1948–2009 are shown in Table 1. The

climatological mean retreat over the entire period of

analysis corresponds to pentad 52 (i.e., 15 September),

whereas the mean onset corresponds to pentad 33 (i.e.,

12 June). Following Gutzler (2004), early (late) retreats

were identified as those that occurred during the period

21 August–5 September (25 September–30 October).

Early (late)-retreat events are shown in boldface (italic)

in Table 1. The frequency of early-retreat and late-

retreat events is specified for each period. A higher

frequency of early-retreat monsoons over northwestern

Mexico is observed during the periods 1948–70 and 1991–

2005, although a more persistent regime of early retreats

is observed during the latter period (6 early-retreat events

and 0 late-retreat events out of a total of 15 events). In

contrast, late-retreat monsoons are mainly observed

during 1971–90 (12 events out of a total of 20 events),

when retreat dates have higher variability. During the

most recent period (2006–09), only one event was iden-

tified as late retreat, whereas zero early-retreat events

occurred.

b. Anomalous regional rainfall patterns and related
environmental conditions associated with
monsoon regime changes

To identify the changes in the monsoon precipitation

associated with variations in the monsoon timing, we

compared the monsoon total rainfall and daily average

rain rate over northwestern Mexico with the monsoon

onset and retreat dates (Fig. 1c). Annual monsoon total

rainfall was obtained as the total rainfall accumulated

between the onset and retreat dates for each year,

whereas the daily average rain rate corresponds to the

daily rain rate averaged between the onset and retreat

dates. Results indicate periods of dry monsoons over

TABLE 1. Retreat dates over northwestern Mexico during 1948–2009 from the CPC rain-rate data. Retreat date is identified using

a criterion that considers both an objectively defined rain-rate threshold and persistence throughout time following Li and Fu (2004) (see

section 2). Dates in boldface (italic) correspond to early (late)-retreat events. The climatological retreat during 1948–2009 corresponds to

15 Sep. Number of early-retreat (ER) and late-retreat (LR) events with respect to the total number of years during each period is indicated

in the bottom rows of each column. Cold (C) and warm (W) ENSO events are also indicated.

Year Retreat date Year Retreat date Year Retreat date Year Retreat date

1948 21 Aug 1971 30 Oct (C) 1991 10 Sep 2006 20 Sep

1949 15 Sep 1972 30 Sep (W) 1992 5 Sep 2007 20 Sep

1950 20 Sep 1973 31 Aug (C) 1993 15 Sep 2008 20 Sep

1951 15 Sep 1974 5 Oct (C) 1994 31 Aug (W) 2009 10 Oct

1952 15 Sep 1975 10 Sep 1995 10 Sep

1953 10 Sep 1976 30 Sep (C) 1996 5 Sep

1954 26 Aug (C) 1977 15 Sep 1997 10 Sep

1955 10 Oct (C) 1978 25 Sep 1998 26 Aug (C)

1956 15 Sep 1979 21 Aug 1999 5 Sep (C)
1957 15 Sep 1980 30 Sep 2000 15 Sep

1958 30 Sep 1981 25 Sep 2001 10 Sep

1959 21 Aug 1982 5 Sep 2002 15 Sep

1960 26 Aug 1983 5 Oct 2003 20 Sep

1961 10 Oct 1984 10 Sep 2004 10 Sep

1962 25 Sep (C) 1985 25 Sep (C) 2005 31 Aug

1963 20 Sep 1986 30 Sep (C)

1964 20 Sep 1987 10 Sep

1965 10 Sep 1988 30 Sep (C)

1966 20 Sep 1989 10 Sep

1967 10 Sep 1990 25 Sep

1968 10 Sep

1969 31 Aug

1970 20 Sep

No. ER 5/23 3/20 6/15 0/4

No. LR 4/23 12/20 0/15 1/4
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northwestern Mexico during 1948–70 and 1991–2005,

consistent with the observed late-onset and early-re-

treat monsoons. Wetter monsoon periods occur during

1971–90 and 2006–09 in association with early-onset and

late-retreat monsoons. Correlations between monsoon

total rainfall and onset and retreat dates support this

association (20.58 and 0.6, respectively, both significant

at the 1% level).

To understand the effects of the shifts in the monsoon

strength over northwestern Mexico on the onset and re-

treat dates over the entire monsoon region, we computed

the difference in onset/retreat dates between weak and

strong monsoons. This difference was obtained from 21

weak monsoon and 25 strong monsoon events selected

according to the criteria described in section 1. Results

suggest that a weakening of the summer monsoon over

northwestern Mexico is associated with a later monsoon

onset (Fig. 2a) and an earlier retreat (Fig. 2b). In addition,

changes in the monsoon retreat associated with variations

in the monsoon strength occur over the entire NAMS

domain, whereas changes in the monsoon onset are more

constrained to northwestern Mexico.

To examine the association between changes in the

spatial pattern of the anomalous monsoon precipitation

and the variations in the monsoon strength, monsoon

total precipitation anomalies and daily average mon-

soon rain rate were composited for early and late re-

treats and their difference was tested using the bootstrap

test (Efron 1979). The latter was computed as the daily

rain rate averaged during the entire monsoon. Anoma-

lies were computed based on the 1948–2009 climatology.

The difference composite was obtained from 14 early-

retreat events and 17 late-retreat events selected

according to the criteria described in section 1 and as

indicated in Table 1. Figures 2c and 2d show the change

in monsoonal total precipitation anomalies and daily

average monsoon rain rate, respectively. Early retreats

are associated with reduced precipitation over the

monsoon region and increased rainfall over the central

United States, not only during the entire monsoon but

also in their average daily rain rate. This out-of-phase

relationship between rainfall over the central United

States and the monsoon region has been extensively

documented (e.g., Douglas et al. 1993; Douglas and

Englehart 1995; Mo et al. 1997; Higgins et al. 1997;

Barlow et al. 1998). Thus, our result indicates that the

early-retreat events are weaker than the late-retreat

events.

To determine if the probability distributions of the daily

average monsoon rain rate for early- and late-retreat

monsoons (weak and strong monsoons, respectively) are

statistically different, we performed a two-sample KS test

(see section 2). Figure 3 shows the density functions of

daily average monsoon rain rate for early-retreat, late-

retreat, weak, and strong monsoons. Values in paren-

theses indicate the number of samples for each case.

The two-sample KS test suggests that the probability

distribution for early retreats (weak monsoons) is sta-

tistically different from that for late retreats (strong

monsoons) at P , 5%. These density functions suggest

that the early-retreat/weak monsoons are associated

with a reduced frequency of rainfall events, mainly of

medium intensity (between 2 and 10 mm day21), and

an increased frequency of weaker rainfall events (less

than 2 mm day21).

Summer rainfall over the NAMS region is mainly

controlled by moisture transport into the region and

convective instability (e.g., Higgins et al. 1997; Adams

and Comrie 1997; Anderson et al. 2004; Zhu et al. 2007).

Thus, we first examined the relationship between changes

of CIN, convective available potential energy (CAPE),

surface dewpoint depression, and vertically integrated

net moisture transport averaged over northwestern

Mexico during September 1948–2009, when most of

NAMS retreats occurred (Fig. 4). Following Myoung

and Nielsen-Gammon (2010), we used the difference

between 700-hPa temperature and surface dewpoint

temperature as a proxy for CIN and the difference be-

tween surface temperature and 500-hPa temperature as

a proxy for CAPE. The net moisture transport was in-

tegrated between the surface and 600 hPa. Figure 4

suggests that the multidecadal variations of the moisture

transport and atmospheric stability variables generally

agree with that of the monsoon retreat, as shown by their

correspondent 10-yr running mean. However, correla-

tions between these variables and the monsoon retreat

date indicate that the early retreats appear to be more

correlated with an increase of thermodynamic stability

(CIN and CAPE) rather than with a reduction of mois-

ture transport. An increased land surface temperature in

the NAMS region would reduce surface air relative hu-

midity, which in turn would increase CIN, reduce CAPE,

and suppress monsoon rainfall.

c. Associated changes of atmospheric circulation and
sea surface temperatures

To identify variations in the lower- and upper-

troposphere circulation and sea surface temperatures

associated with changes in the monsoon retreat, mean

atmospheric field anomalies, daily rain-rate anomalies,

and SSTAs in September were composited for early and

late retreats. September composites were selected since

the mean early-retreat date is 31 August and the mean

late-retreat date is 5 October. Therefore, September

anomalies could give insights for the observed changes

of monsoon retreat.
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1) VARIATIONS OF LOWER-TROPOSPHERE

CIRCULATION

Figure 5 shows the mean September 850-hPa surface

circulation during early and late retreats. Results sug-

gest that the early retreats are characterized by a clearly

defined cyclonic center over the Gulf of Mexico and the

southeastern United States and an anticyclonic center

over Baja California. These circulation anomalies are

associated with the positive rainfall anomalies over the

southeastern United States and negative rain-rate anom-

alies over the NAMS region (i.e., most of Mexico and the

southwestern United States). The latter is consistent with

the increase of atmospheric stability shown in Fig. 4

and contributes to an earlier retreat of the monsoon over

northwestern Mexico. In addition, the earlier retreats of

FIG. 2. Changes of (a) onset and (b) retreat dates over the southwestern United States and Mexico between weak

and strong monsoons. Composite difference between weak and strong monsoons for (c) total monsoon precipitation

anomalies and (d) daily average monsoon rain rate. Differences are statistically significant according to a bootstrap

test (Efron 1979). Dotted (solid) contours indicate negative (positive) changes. The gray scale indicates magnitude of

change.
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the NAMS are also associated with an enhancement of

the NASH anticyclone. In contrast, the late-retreat mon-

soons are associated with an anticyclonic center over the

Gulf of Mexico and stronger westerly anomalies from the

Gulf of California and an anomalous cyclonic circulation

over Mexico, which would strengthen the monsoon and

delay its retreat.

2) VARIATIONS OF UPPER-TROPOSPHERE

CIRCULATION

To identify the changes of the upper-troposphere cir-

culation between the early and the late retreats of the

NAMS, Figs. 6a and 6b show the 200-hPa divergence

anomalies and 200-hPa geopotential height anomalies

composited during both cases. Results indicate that the

early retreats are associated with anomalous upper-level

divergence and increased 200-hPa geopotential height

over the southeastern United States, as well as with

negative 200-hPa geopotential height anomalies over the

southwestern United States and northern Mexico. Fur-

thermore, Figs. 6c and 6d show the 200-hPa zonal wind

anomalies composited during early and late retreats,

respectively. The anomalous upper-troposphere zonal

winds suggest that the early retreats are also associated

with a northwestward displacement of the subtropical

jets over western North America. Hu and Feng (2010)

show that a northward shift of the westerly jet stream

during the positive phase of the AO produces subsidence

motion and enhanced low-level divergence over the

central United States. The upper-troposphere circula-

tion composited during the early retreats (Fig. 6a) in-

dicates enhanced upper-troposphere convergence over

the central United States and northwestern Mexico, which

would be consistent with enhanced lower-troposphere

divergence and subsidence motion. The latter would

contribute to rainfall reductions over these regions and

to an earlier retreat of the NAMS over northwestern

Mexico.

3) CONNECTION TO CHANGES OF SEA SURFACE

TEMPERATURES

Figure 7 shows the mean September SSTAs corre-

spondent to the four monsoon regimes identified by

STARS. The first period (1948–70), characterized by

more early-retreat/weak monsoons than late-retreat/

strong monsoons, shows positive SSTAs over the north-

ern Atlantic and the northwestern Pacific and negative

SSTAs elsewhere. By contrast, the period 1991–2005, also

identified as a regime with an enhanced frequency of

early-retreat monsoons, shows warm SSTAs over the

entire global oceans. In contrast, the period 1971–90,

FIG. 3. Density function (%) of the daily rain rate during the

monsoon for early-retreat (solid black), late-retreat (solid gray),

weak monsoon (dashed black), and strong monsoon (dashed gray)

events. The total number of days within the monsoon for each case

is indicated in parentheses. The bin size used to compute the

density function was 0.5 mm day21. The daily rain rate is plotted in

logarithmic scale for a better visualization. The probability distri-

butions are statistically different at P , 5% according to a two-

sample KS test (Kolmogorov 1933).

FIG. 4. NAMS domain average (solid black line) and 10-yr running mean (solid gray line) (a) CIN proxy, (b) CAPE

proxy, (c) surface dewpoint depression, and (d) vertically integrated net moisture transport during September 1948–

2009. Dashed lines represent the years with monsoon regime change identified by STARS (Rodionov 2004;

Rodionov and Overland 2005). Correspondent correlation coefficients with NAMS retreat dates are shown in each

panel.
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identified as a regime with an enhanced frequency of

late-retreat/strong monsoons, is associated with nega-

tive SSTAs over the North Atlantic and the North Pacific

Oceans. The latter period (2005/06), when only one late-

retreat event and zero early-retreat events are observed,

shows warm SSTAs over the global oceans, except over

the northeastern Pacific. In general, warm SSTAs over

the North Atlantic are associated with early retreats,

whereas cold SSTAs are associated with late retreats.

These results indicate that the link between North

Atlantic SSTAs and monsoon retreat holds during most

of the regime epochs identified by STARS, except during

the latter period. Furthermore, correlation coefficients

with the September AMO index (Table 2) indicate that

both monsoon strength and retreat significantly correlate

at decadal scale with the AMO index but only monsoon

strength also correlates at interannual scale. However,

Figs. 7c and 7d clearly show that a global warming trend

emerges after 1990.

To identify the main variability modes of the Sep-

tember SSTAs, we used the three first REOFs and their

associated RPCs of the September global SSTAs during

1948–2009 (Fig. 8). The three first leading patterns are

associated with the warming trends, the ENSO mode,

FIG. 5. September mean 850-hPa wind anomaly (arrows) and rain-rate anomaly (shading) composites for (a) early-

and (b) late-NAMS-retreat events during 1948–2009. The vector scale is shown in the bottom-right corner of each

panel. Dark (light) shades represent positive (negative) rain-rate anomalies.

FIG. 6. September mean 200-hPa divergence anomaly (shading) and 200-hPa geopotential height anomaly (con-

tours) composites for (a) early- and (b) late-NAMS-retreat events during 1948–2009. Solid (dotted) contours rep-

resent positive (negative) geopotential height anomalies (m). Dark (light) shades represent upper-tropospheric

divergence (convergence). (c),(d) As in (a),(b), but for 200-hPa zonal wind anomalies. Solid (dotted) contours

represent positive (negative) zonal wind anomalies (m s21).
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and the AMO mode, respectively (Figs. 8a, 8b, and 8c).

These patterns are the same used by Schubert et al.

(2009) in their analysis of the response of global climate

models to drought-related SST patterns. Both RPC1

and RPC3 (Figs. 8d and 8f, respectively) contribute to

the SSTAs in the North Atlantic. Therefore, the North

Atlantic SSTAs can be viewed as the combination be-

tween the warming trends (RPC1) and the AMO mode

(RPC3). This suggests that the monsoon retreat could be

associated with these two modes. In contrast, the in-

fluence of the ENSO mode is not clear. Table 1 shows

that eight late-retreat events and four early-retreat cases

occurred during cold ENSO events. Furthermore, the

interannual and decadal correlations between total mon-

soon rainfall (monsoon retreat date) and September

ENSO indices (Table 2) suggest that the NAMS strength

is only significantly correlated at decadal scale with

eastern Pacific SSTAs (i.e., Niño-3 index), whereas the

monsoon retreat does not significantly correlate with

ENSO at any scale.

To isolate the effects of the warming trends and the

AMO mode on monsoon retreat, we composited based

on the events when the RPC1 and RPC3 time series,

respectively, were higher than 0.5 standard deviations.

Figures 9a and 9b show the composite patterns for

September 850-hPa wind anomalies and rain-rate anom-

alies. The surface circulation anomalies associated with

both modes over the monsoon region are similar to those

observed during the early-retreat events (Fig. 5a). How-

ever, the warming trends and AMO mode cannot ade-

quately explain the anomalous cyclonic circulation over

the southeastern United States and the Gulf of Mexico

associated with the NAMS early retreats. In contrast, the

negative (positive) rain-rate anomalies over northwestern

Mexico (the central and the southeastern United States)

observed during the early retreats are more closely

TABLE 2. Interannual and decadal scale (i.e., using 10-yr running

mean time series) correlation coefficients between total monsoon

rainfall/monsoon retreat date and September AMO, Niño-3, and

Niño-4 indices during 1948–2009.

Total monsoon rainfall Monsoon retreat date

Interannual Decadal Interannual Decadal

AMO 20.51* 20.86* 20.18 20.75*

Niño-3 20.07 0.34** 20.10 0.24

Niño-4 20.04 20.07 20.10 20.20

* Correlation coefficients that are significant at p , 1%.

** Correlation coefficients that are significant at p , 5%.

FIG. 7. September mean SSTA composites for (a) 1948–70, (b) 1971–90, (c) 1991–2005, and (d) 2006–09. Solid

(dotted) contours represent positive (negative) anomalies, and the gray scale indicates their magnitude.
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resembled by the AMO mode. The correspondent com-

posites of surface temperature anomalies and surface

dewpoint depression (Fig. 10) indicate that both modes

are associated with warmer surface temperatures over the

monsoon region than over the south-central and the

southeastern United States, especially for the warming

trends.

Furthermore, the composites for upper-troposphere

divergence and geopotential height anomalies (Figs. 11a

and 11b, respectively) suggest that the warming trends and

the AMO mode do not explain the upper-troposphere

anomalous circulation (Fig. 6a) observed during the early

retreats of the NAMS. However, the warming trends

partially resemble the northwestward shift of subtropical

jets over western North America (Fig. 12a). Therefore,

our results suggest that the SST warming and AMO mode

cannot fully explain the circulation changes that occurred

during the NAMS early retreats.

Which other source of influence could have contrib-

uted to the observed changes in the NAMS regime in

addition to that associated with the Atlantic SSTs vari-

ability? A recent study by Li et al. (2011) documents in-

creased summer rainfall anomalies over the southeastern

United States since the late 1970s in association with an

intensification and a westward expansion of the western

edge of the NASH (cf. Katz et al. 2003). Furthermore,

their study indicates that latitudinal shifts of the NASH

also affect the summer rainfall variability of the south-

eastern United States. However, whether these changes

of the NASH western edge location could influence the

strength and retreat phase of the monsoon over north-

western Mexico has not been addressed before.

The surface circulation anomalies composited during

the early retreat monsoons (Fig. 5a) suggest an enhanced

and more northwestwardly oriented NASH anticyclone.

To further address the possible influence of this shift

of the NASH western ridge on the NAMS retreat, we

followed the approach of Li et al. (2011) and used the

mean position of the 1560 m of geopotential height (gpm)

line to characterize the western ridge of the NASH.

A northwestward shift was identified when the mean

September NASH western edge was located northward

of 308N and westward of 908W (i.e., mean September

latitudinal and longitudinal location of the NASH du-

ring the early retreat events). Thus, we chose 28 yr with

a northwestward location of the mean September NASH

western ridge during 1948–2009.

The composites for surface circulation and rain-rate

anomalies based on a northwestward expansion of the

NASH (Fig. 9c) indicate that such an expansion is as-

sociated with the anomalous cyclone located over the

Gulf of Mexico, observed during the early-retreat events,

although surface wind anomalies over northwestern

Mexico cannot explain the anomalous westerly winds

FIG. 8. First three REOFs and their associated RPCs of the September global SSTAs during 1948–2009: (a),(d)

REOF 1 and RPC1 (warming trends); (b),(e) REOF 2 and RPC2 (ENSO mode); and (c),(f) REOF 3 and RPC3

(AMO mode).
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associated with early NAMS retreats. The latter appears

to be associated with the SST warming and AMO mode

(Figs. 9a and 9b). Furthermore, the upper-troposphere

circulation anomalies associated with this expansion

(Figs. 11c and 12c) resemble those during the early re-

treats more closely that the warming trends and the

AMO mode.

These results indicate that the circulation pattern as-

sociated with early NAMS retreats in northwestern

Mexico is probably a combined result of SST anomalies

associated with the positive AMO mode and the global-

scale SST warming trends, and the northwestward shift

of the NASH. The former (i.e., the two SST modes)

contribute to westerly anomalous wind and anticyclonic

circulation in the lower troposphere, and an increase of

surface temperature and a decrease of surface dewpoint

depression over the NAMS region. They also contribute

to an increase of geopotential height in the upper tro-

posphere over the southeastern and the south-central

United States and in part to an anomalous cyclonic cir-

culation in the lower troposphere over the southeastern

United States and the Gulf of Mexico, which is associ-

ated with early NAMS retreats. However, the north-

westward shift of the NASH appears to be primarily

responsible for the anomalous cyclonic circulation and

an increase of rainfall over the southeastern United States

and the Gulf of Mexico and the northwestward shift

of the subtropical jets. The former probably drives the

upper-tropospheric divergence over the southeastern

United States and compensational upper-tropospheric

convergence and subsidence over the NAMS region,

whereas the latter has been found by previous studies

(e.g., Hu and Feng 2010) to cause weaker NAMS. Thus,

when these three factors are combined, the reconstructed

circulation and rainfall anomalies are much more in

agreement with those observed during the early retreats

(Figs. 9d, 11d, and 12d).

4. Conclusions and discussion

Our study found that there are two regimes of the

NAMS during 1948–2009: two dry periods during 1948–

70 and 1991–2005, and one wet period during 1971–90.

The dry monsoon has late onset and early retreat, while

the wet monsoon, in general, has early onset and late

retreat. The latest period (2006–09) suggests a recovery

of the monsoon strength after the dry period of 1991–

2005, although only one late-retreat/strong monsoon

was observed after 2006. The NAMS early retreats are

associated with an anomalous cyclonic low-level flow

over the Gulf of Mexico and an anomalous anticyclonic

flow over Baja California as well as with increased rainfall

FIG. 9. September mean rain-rate anomaly (shading) and 850-hPa wind anomaly (vectors) composites for the

events with (a) warming trends, (b) AMO mode, (c) NASH northwestern expansion, and (d) warming trends 1

AMO 1 NASH northwestern expansion during 1948–2009. The vector scale is shown in the bottom-right corner of

each panel. Dark (light) contours represent positive (negative) rain-rate anomalies.

15 JUNE 2012 A R I A S E T A L . 4269

Unauthenticated | Downloaded 01/24/23 04:41 AM UTC



over the southeastern United States. These changes ap-

pear to be more related to increased atmospheric stability

than to decreased moisture transport toward the mon-

soon region. In the upper troposphere, the early retreats

are associated with anomalous divergence, increased

(decreased) 200-hPa geopotential height over the south-

eastern United States (the southwestern United States

and northern Mexico), and a northwestward displace-

ment of the subtropical jets over western North America.

Previous studies have mainly attributed the decadal

changes of the NAMS rainfall in the past several de-

cades to ocean–atmosphere decadal variability modes,

such as the PDO, the AMO, and the AO (e.g., Higgins

and Shi 2000; Enfield et al. 2001; Seager et al. 2005;

Schubert et al. 2004; McCabe et al. 2004; Castro et al.

2007; Hu and Feng 2008, 2010; Kushnir et al. 2010; Mo

2010). However, the changes of monsoon retreat and

strength and their associated circulation anomalies

reported in this study are mainly linked to the North

Atlantic SSTAs variability, which can be thought of as

a combination of the warming trends and the AMO

mode.

The AMO mode is associated with an anomalous

cyclonic circulation and enhanced rainfall over the south-

eastern United States. Kushnir et al. (2010) have sug-

gested that heating anomalies resembling those during

the positive AMO would induce an anomalous sub-

sidence in the midtroposphere over the western United

States and Mexico through a Gill-like response to the

diabatic heating induced by warmer SSTs over the trop-

ical Atlantic. This circulation change in turn reduces

warm-season rainfall over the United States and northern

Mexico. The composite circulation anomalies during the

enhanced AMO mode in our Fig. 9b shows a low-level

anticyclonic circulation anomaly over the NAMS region

and a weakening of the NASH, which are consistent with

those shown by Kushnir et al. (2010). In contrast, pre-

vious studies have attributed the recent change of the

AMO to both natural AMO variability and externally

forced warming (e.g., Zhang 2007; Ting et al. 2009). Thus,

it is possible that the warming trends may influence the

NAMS mainly through its projection onto the AMO.

Although the warming trends and the AMO mode

together contribute to an enhanced subsidence over the

FIG. 10. September mean surface temperature anomaly composites for the events with (a) warming trends and

(b) AMO mode. (c),(d) As in (a),(b), but for 850-hPa dewpoint depression. Dotted contours represent negative

values, and grayscale indicates magnitude.
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North American monsoon region, they cannot fully ex-

plain the circulation and rainfall anomalies observed

during the early-retreat monsoons, especially the anom-

alous cyclonic circulation over the southeastern United

States and the Gulf of Mexico and the northwestward

shift of the subtropical jets over the United States. Our

analysis suggests that the circulation changes are con-

nected to the recent westward expansion of the NASH

FIG. 11. As in Fig. 9, but for September mean 200-hPa divergence anomalies (shades) and 200-hPa geopotential

height (contours). Solid (dotted) contours represent positive (negative) geopotential height anomalies (m). Dark

(light) shades represent upper-troposphere divergence (convergence).

FIG. 12. As in Fig. 9, but for September mean 200-hPa zonal wind anomalies. Solid (dotted) contours represent

positive (negative) zonal wind anomalies (m s21).
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observed after 1978 (Li et al. 2011) and contributes to the

observed NAMS changes. Such an expansion is not only

associated with anomalous cyclonic circulation and en-

hanced rainfall over the southeastern United States and

the Gulf of Mexico. The shift of the NASH western ridge

also contributes to the northwestward displacement of

the subtropical jets over North America. Li et al. (2011)

shows that the westward expansion of the NASH is not

correlated with the AMO or the PDO. Our analysis is

consistent with Li et al. (2011), although these decadal

SST modes could influence the intensity of the NASH,

that is, its center pressure. The lack of linear correlation

between the anomalous SST modes and the westward

shift of the NASH is consistent with mechanisms that

have been suggested by previous studies to contribute to

the westward shift of the NASH. For example, Kelly and

Mapes (2011) show that this westward expansion is a re-

sult of the dynamic response of zonal wind to the change

of diabatic heating of the Asian monsoon. Cook et al.

(2008) suggest that the westward expansion in a warmer

climate is a result of stronger warming of land surface

relative to that of the ocean. This change results in a shift

of tropospheric air masses from the continental United

States to the western Atlantic Ocean, which consequently

enhances the western portion of the NASH. Our study

highlights the importance of understanding the decadal

variability and change of the NASH in determining the

decadal variability and changes of the NAMS seasonality,

a factor that was largely overlooked in previous studies.

Although this work did not address the role of the soil

moisture feedback and the intraseasonal variability on

atmospheric instability (and therefore on monsoon re-

treat), it is important to explore the influences of these

processes on changes of the NAMS retreats and sea-

sonality in our future studies.

While the observed increased occurrence of weak and

early-retreat events of the NAMS is partially explained

by the warming SSTAs mode, it is not clear whether the

Coupled Model Intercomparison Project phase 5 (CMIP3)

global climate models can adequately reproduce a weak-

ening and an early retreat of the NAMS given the diffi-

culty of simulating the NAMS by these models (e.g.,

Yang et al. 2001; Collier and Zhang 2007; Lee et al. 2007;

Lin et al. 2008). The release of the CMIP5 runs would be

an excellent opportunity to identify the impact of human-

forced global climate change on the weakening and early

retreat of the NAMS during the past few decades.

Finally, although the interannual influence of ENSO

on the NAMS rainfall has also been previously docu-

mented (e.g., Harrington et al. 1992; Higgins et al. 1998,

1999), our work indicates that the observed decadal

changes of the NAMS cannot be explained by an ENSO

influence. However, recent model experiments by Schubert

et al. (2009) and Mo et al. (2009) lead to the conclusion

that the AMO modulates the impact of ENSO on sea-

sonal drought over the United States. Thus, the contri-

bution from the interaction between ENSO and AMO to

the changes of the summer NAMS, especially during its

retreat phase, is still not clear and needs further study.

Our analyses show that the combination of the warm-

ing trends, the AMO mode, and the NASH expansion

produces circulation and rainfall anomalies that much

closer resemble those observed during the early retreats

of the monsoon. Whether the northwestward expansion

of the NASH causes the associated circulation change

or both are part of a planetary-scale circulation change is

not clear. However, the results presented here suggest

the NASH shift as a new element to be considered in

understanding the mature and demise phases of the

monsoon over northwestern Mexico and in improving

the predictability of the NAMS decadal variability and

changes.
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