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ABSTRACT 
 

 
The North American Monsoon System (NAMS) is a significant weather and 

climate phenomenon that brings critical rainfall to the southwestern United States and 

northwestern Mexico.   As a result of the North American Monsoon Experiment, and 

research efforts surrounding the field campaign, the understanding of the NAMS has 

increased considerably over the last 15 years.  In addition questions concerning potential 

flash flood causing mechanisms of the NAMS have not been thoroughly investigated.  

This dissertation is comprised of two papers that collectively address the aspects of the 

literary understanding of the NAMS as we know it today and conduct an investigation 

into the complex interactions between various weather systems that may influence the 

NAMS.  In the first paper, a review of the major research of the NAMS literature since 

the last comprehensive review 15 years ago is conducted.  The results of this review are 

assessed for where our understanding has been improved and where future research needs 

to be guided for purposes of the second paper.  Based upon the results from the literature 

review, the second paper focuses on identification of inverted troughs and gulf surges 

based upon lower- and mid-level atmospheric parameters for purposes of assessing the 

impacts on National Weather Service Storm Report flash flood dates. This research 

contributes to the synthesis of the current knowledge of the NAMS in general and to the 

specific regional impacts that do occur during periods of heavy precipitation over the 

NAMS region for purposes of improving meteorological predictability of flash flooding.  

The results can (1) gauge our understanding of the NAMS literature to date and (2) 
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improve meteorological forecasts through the recognition of synoptic and sub-synoptic 

patterns related to the NAMS that are most likely to cause flash floods.  
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CHAPTER 1 

INTRODUCTION 

I. Explanation of the Problem and Literature Review 

The North American Monsoon System (NAMS) is considered to be a crucial 

precipitation source for the arid and semi-arid regions of northwestern Mexico and the 

southwestern United States, contributing more than half the annual precipitation over 

large parts of its seasonal domain (Carleton et al. 1990; Douglas et al. 1993; Higgins et 

al. 1997; Adams and Comrie 1997; Mitchell et al. 2002; Sheppard et al. 2002).  Though 

not as large in terms of overall circulation size or precipitation magnitude when 

compared against the Asian, African or South American monsoon systems; the NAMS 

exhibits characteristics similar to those systems by way of land-ocean thermal contrasts, 

wind circulation patterns, atmospheric stability and moisture patterns, and the distribution 

of precipitation (Douglas et al. 1993; Adams and Comrie 1997; Castro et al. 2001; 

Mitchell et al. 2002; Sheppard et al. 2002; Bieda et al. 2009).  However, there are key 

latitudinal and terrain differences in the behavior and characteristics of the NAMS that 

consequently makes predicting and understanding it somewhat unlike the larger 

counterparts.  Prior studies have noted that the placement of terrain in relation to the 

monsoon ridge, which on average is centered in the US state of New Mexico or the 4 

corner regions of the southwest US during the months of July and August, makes the 

region quite unique in how convection typically forms and consequently determines 

regions of where precipitation may fall (e.g., Douglas et al. 1993; Adams and Comrie 

1997; Bieda et al. 2009).  The mountains of the Sierra Madre Occidental effectively block 
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easterly low-level moisture flow from the Gulf of Mexico from being transported into the 

western half of the core monsoon region of northwestern Mexico (Hales 1972; Hales 

1974; Carleton 1986; Douglas et al. 1993), unlike in Asia, India and Africa where low-

level easterly moisture transport is unimpeded.   As a result, the study of how the diurnal 

cycle of convection behaves, and how synoptic scale features could impact precipitation 

distribution in a semi-arid region remain to be important questions within the study of the 

NAMS (Castro et al. 2001; Rogers and Johnson 2007; Watts et al. 2007; Castro et al. 

2009).  In addition to rainfall, monsoon thunderstorms are capable of producing severe 

weather, such as flash flooding, hail, damaging winds, dust storms associated with 

outflows and deadly lightning that also spark wildfires.  The phenomenon is highly 

variable, presenting daily forecasting challenges, in addition to making seasonal forecasts 

and climate forecasts highly uncertain (e.g., Mo et al. 2007; Cerezo-Mota et al. 2011).   

Despite these challenges, scientific understanding of the NAMS has expanded an 

order of magnitude in peer-reviewed publications since the last publication of the 

literature that was reviewed over 15 years ago (Adams and Comrie 1997).  As a result of 

this rapid growth within the field of NAMS research and the recent completion of the 

North American Monsoon Experiment (NAME) field campaign, it has become necessary 

to reassess the scientific understanding of the NAMS to ascertain questions that have 

been answered since the last review, and whether new questions are posed for present and 

future researchers to address.  In addition, an assessment of the evolution of literature 

focusing on understanding of sub-daily and daily evolution of precipitation is necessary 

due to the still near impossible task of forecasting for flash flood events beyond a day in 
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advance (e.g., Collier 2007).  The large-scale review and analysis of synoptic scale 

features that influence the NAMS with respect to precipitation has seen only a handful of 

evaluation attempts with respect to flash floods. 

 The groundbreaking studies conducted by Maddox et al. (1979; 1980) analyzed 

synoptic scale patterns in association with flash flood events.  In these studies, the authors 

utilized 500 hPa geopotential heights to diagnose the various patterns that were related to 

the flash flood cases (n = 61).  Most of the events found by the authors of the seminal 

study found that favorable atmospheric dynamics and available moisture allowed for the 

storms to sustain themselves for a period of time that was long enough to produce 

considerable precipitation over the locations found in their study.  However, a majority of 

the instances were found to be under the influence of regimes that did not allow for 

favorable movement off the local mountainous terrain.  Later, McCollum (1993) and 

Maddox et al. (1995) found three significant weather patterns that were favorable for 

producing both severe thunderstorms and flash floods over their study region of the far 

northern Sonoran Desert (central Arizona).  As one of the figures pointed to the potential 

ramifications of an inverted trough (IVs) in Maddox et al. (1995), subsequent studies 

were performed to determine how extensive this enhancement was.    

 Various case studies (Pytlak et al. 2005; Bieda et al. 2009; Finch and Johnson 

2011; Newman and Johnson 2012) of these IVs were conducted both through the 

utilization of lightning and precipitation data and through modeling studies.  The results 

of these works found that significant precipitation enhancement was likely to occur in the 

region with the presence of IVs.  While the latter case studies hinted at the potential for 
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influencing or causing gulf surges, a phenomenon that occurs approximately six times in 

July and August as a result of deeper and faster-than-normal northward propagation of a 

tropical airmass, no study has been conducted where both features occurring concurrently 

were assessed for convective and precipitation enhancement.   

 

II. Dissertation Organization 

This dissertation contains two separate but related papers, with each study 

formatted as a publication-quality paper and included as an appendix.  Each paper noted 

in the appendix also has a notation as to the targeted journal for submission, and adheres 

to the format of that journal.  Information from the first paper forms a basis for the 

second paper, in that the literature review identified unanswered questions.  Each paper 

includes a summary and review of previous literature, which in the case of the first paper 

is much more thorough due to the nature of the paper.   

Appendix A, entitled, “The North American Monsoon System,” was prepared for 

submission to the Bulletin of the American Meteorological Society.  The lead co-authors 

of the paper include the author of this dissertation and another Ph.D. Candidate in the 

School of Geography and Regional Development, Mr. Kahn-Thornbrugh.  The 

contribution provided by this author included writing the Abstract, the Intraseasonal 

Variability Section, the Conclusions and being placed in charge of lead author duties for 

purposes of organization of the paper.  Mr. Kahn-Thornbrugh will also include this 

review paper in his dissertation.  He contributed and led the writing of many other 

sections of the paper.  Our respective contributions to this major work will thus be 
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shared.  The other co-authors contributed to smaller sections or parts thereof, and to some 

of the figures.   This paper presents a major comprehensive review of several hundred 

pieces of literature that have been published on the North American Monsoon System 

since the last review publication by Adams and Comrie (1997).     

Appendix B, entitled, “Flash Flood Causing Mechanisms of the North American 

Monsoon System,” was prepared for submission to the Journal of Climate.   I did most of 

the writing and analysis, and the co-authors provided analytical input and editing.  This 

paper presents a study of the climatological composites of incidences of gulf surges, 

inverted troughs and flash flood reports for purposes of diagnosing how they are related.   
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CHAPTER 2 

PRESENT STUDY 

I. Summary 

The methods, results and conclusions of this study are presented in the papers 

provided in the Appendix of this dissertation.  Provided in this section is a summary of 

the most important findings contained within this document.  This research contributes to 

the literature of the North American Monsoon System (NAMS) by synthesizing the key 

research that has been published since the last review conducted by Adams and Comrie 

(1997).  Based upon what was learned from this literature review, the research focuses on 

the question of identification of inverted troughs (IVs) and gulf surges based upon 

geopotential heights, vorticity and near-surface temperature, moisture convergence and 

surface pressure for purposes of assessing their impacts on flash flood dates identified 

from the National Weather Service Storm Reports database.  This analysis aids 

meteorologists in recognizing both synoptic scale features and mesoscale features that 

likely may cause flash flooding, which can be applied to operational meteorology 

practice.  Additionally, an improved understanding of the evolution of the diurnal cycle 

of convection when the IVs and gulf surges are occurring together, in singular presence 

or in the absence of both can help weather forecasters ascertain the likelihood of 

informing the public about the potential for flash flooding.  Additionally, as this research 

was conducted based upon collaboration with the National Weather Service and 

questions posed by the Department of the Air Force’s Air Force Weather Agency, this 
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research can be quickly disseminated into operational practice and provided to various 

outlets, stakeholders and the public. 

 

Appendix A – “The North American Monsoon System” 

 This paper presents a thorough review, synthesis and update of the major research 

that has been conducted since the Adams and Comrie (1997) review was published 15 

years ago.  We review investigations of the principal impacts of monsoon thunderstorms 

and precipitation on the region, processes underlying interannual variability and longer-

term change in the NAMS, as well as key factors that may influence its variability both 

within season and interannually.  We also place the impacts of these factors into the 

context of documented impacts for agriculture, ranching, electric power delivery, water 

resource management, and wildland fire management.  Further evaluation of interannual 

variability helps place into context the questions posed by climate forecasters regarding 

potential predictability of the monsoon, as well as the reliability and utility of climate 

model projections for assessing climate change. 

 We find that there has been a rapid increase in research attention on the NAMS 

since the mid-1990s.  As a result of various field campaigns (e.g., the North American 

Monsoon Experiment in 2004) and many other studies, our understanding of the nature 

and causes of monsoon variability, seasonal climate forecasting, monsoon weather 

forecasting of mesoscale and synoptic scale contexts, and the impact of monsoon 

variability on natural and human systems has been improved.  It was found based upon 

review that the role of convective mixing over the Sierra Madre Occidental (SMO) of 
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northwestern Mexico are responds well to low-level moisture surges from the Gulf of 

California (gulf surge) and upper-level moisture from the Gulf of Mexico.  Favorable 

positioning of the monsoon ridge further helps enhance mid-level to upper-level moisture 

flow.  Research that focused on nocturnal convection over the central deserts of Arizona 

found that the breadth and depth of convective propagation was a function of sensible 

synoptic and mesoscale weather features such as gulf surges and IVs.   

 However, further questions remain unanswered.  The main motivation of this 

project was to determine whether research into flash flood causing mechanisms of the 

NAMS has improved to the point of being able to positively identify weather features for 

purposes of operational weather forecasting.  Tropical cyclones and their remnants have 

been identified as causing significant precipitation during passage over the NAMS region 

(Ritchie et al. 2011), though their occurrence is rare and not a daily or weekly concern.  

Other studies (Vivoni et al. 2006; Magirl et al. 2007) noted the presence of mesoscale 

convective systems and/or stalled upper lows as causing significant flash flooding events 

during the monsoon.  However, those studies were individual case studies and it was 

found through this review that forecasting flash flood events remain a difficult problem in 

the Sonoran Desert impacted by the NAMS.  Furthermore, seasonal forecasting remains 

just as difficult as many of the oceanic indices investigated by prior studies were 

conducted in isolation of other indices (e.g., Higgins et al. 1998, Castro et al. 2007b; Hu 

et al. 2011).  Thus the potential for their combined use in seasonal forecasts has not yet 

been realized. 
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Appendix B – “Flash Flood Causing Mechanisms of the North American Monsoon 

System in the Sonoran Desert” 

 In the second paper, we use the North American Regional Reanalysis (NARR) 

geopotential height and vorticity fields, the European Reanalysis Interim (ERA-I) near-

surface temperature, moisture and pressure fields, the NASA Land Data Assimilation 

System version 2 (NLDASv2) precipitation field, the North American Lightning 

Detection Network (NALDN) dataset, and the National Climatic Data Center (NCDC) 

Storm Events database for purposes of building and analyzing a flash flood report 

database.  Based upon these data links between transient IVs, gulf surges, flash flood 

report incidences and warm season convective activity over the Sonoran Desert are 

explored.  Four combinations of cases were assessed for statistical significance to 

include: 1) flash flood reports in the absence of any forcing weather features outside of 

the monsoon region, 2) flash flood reports in the presence of inverted troughs, 3) flash 

flood reports in the presence of gulf surges, and 4) flash flood reports in the presence of 

both inverted troughs and gulf surges.  Significance tests are performed on the 

contingency table of yes-no incidences, with a different of means test compared against 

climatology based upon the four scenarios produced therein, of gulf surges and inverted 

troughs for 16 years of data (1996-2011).   

 The results yielded from this study show that days without the passage of mobile 

inverted troughs (IVs) and occurrence of gulf surges coincide with a prolonged 

suppression of convection throughout the diurnal cycle.  When coincident gulf surges or 

IVs are reported, convective enhancement occurs during the peak diurnal cycle of 
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convection while precipitation enhancement occurs during all hours of the study for gulf 

surge and reported events.  The occurrence of gulf surges and IVs together have the 

greatest potential for convective enhancement (1800 UTC – 0600 UTC) and precipitation 

enhancement (1800 UTC – 1200 UTC) during the peak hours of the diurnal cycle of 

convection with stratus precipitation continuing during dissipation of the storms.  These 

results point to the important role of synoptic-scale disturbances and gulf surges in 

modulating, or interrupting, the diurnal cycle of convection over the NAM region.  

Further, these results also point to the increased risk to the Sonoran Desert during burst 

periods of the monsoon in terms of flood reports.   

 

II. Research Highlights 

 The main research highlights from Appendix A (the literature review of the North 

American Monsoon System) include the following: 

• The relative roles of gulf surges and convective mixing, alongside low-level 

moisture transport from the Gulf of California, are better understood.  Convection 

is found to be a function of the favorable positioning of the monsoonal ridge and 

the presence of an ongoing gulf surge. 

• Onset of the NAMS was found to occur when the Gulf of California SSTs (30°C) 

can aid in helping induce the start of the NAMS for northwest Mexico and 

southern Arizona. 
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• The cause of the nocturnal maxima of convection over central Arizona was found 

result from synoptic and mesoscale scale systems (e.g., inverted troughs, 

mesoscale convective systems). 

• The breadth and depth of nocturnal convective activity is a function of the 

strength of the gulf surge in progress. 

• The roles of atmospheric land feedback and oceanic indices (i.e., ENSO, PDO, 

AMO, Gulf of California SSTs, winter snowpack) have been identified as 

contributing factors for determining potential monsoonal precipitation, but usually 

in isolation as opposed to in combination. 

• The North American Monsoon Experiment (NAME) demonstrated that an 

increased density of upper-air stations led to improved representation of the 

diurnal cycle of convection in models.  

 The main research highlights from Appendix B (the analytical assessment of flash 

floods) include the following: 

• Flash flood reports received by the National Weather Service tended to be 

statistically significant with the presence of both inverted troughs and gulf surges, 

either in combination or alone.  Those reports that were received without either 

feature were found to show significance only during the late morning and early 

afternoon, indicating storms that were slow moving and short-lived.  

• The presence of an inverted trough occurring without gulf surges tended only to 

show significant lightning enhancement between 1800 UTC – 0300 UTC, and 

usually along the mountains of the eastern Sonoran Desert. 
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• The presence of a gulf surge aided in the propagation of convection into the lower 

deserts of the Sonoran Desert, with precipitation enhancement prominent into the 

early evening hours.   

• The presence of both a gulf surge and an inverted trough proved to be the most 

significant of the four cases, where precipitation and convective enhancement 

were significant at all hours of the day.   
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ABSTRACT 
 

The North American Monsoon System (NAMS) is a significant weather and 

climate phenomenon that brings critical rainfall to the southwestern United States and 

northwestern Mexico.  We review, synthesize and update the major research of the 

NAMS literature since the last comprehensive review 15 years ago.  We investigate the 

principal impacts of monsoon thunderstorms and precipitation on the region, processes 

underlying interannual variability and longer-term change in the NAMS, and key factors 

influencing its variability.  The NAMS plays a vital role in the ecology and economy of 

the area and is the predominant source of warm-season precipitation.  Monsoon impacts 

are documented for agriculture, ranching, electric power delivery, water resources, and 

wildfires.  Understanding mesoscale convective organization and nocturnal activity over 

southern Arizona and northwestern Mexico during the monsoon is a function of gulf 

surges interacting favorably with the mid-latitude high-pressure circulation and a 

triggering mechanism (e.g. upper-level tropospheric low, Madden-Julian Oscillation, 

mesoscale convective systems).  Despite advances in understanding the causes of 

interannual monsoon variability (e.g. oceanic indices and antecedent winter snowpack), 

the production of reliable seasonal climate forecasts and useful climate change 

simulations remains a challenge.  The North American Monsoon Experiment, a major 

field campaign and modeling study, helped address many of these issues and showed the 

value of improved observations and model simulations at both seasonal and interannual 

time periods.   Overall, we note important advances in understanding and highlighting the 



 

26 

relative uncertainty concerning the respective roles of moisture sources, gulf surges, 

convective activity, and oceanic oscillations to NAMS variability.   
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1) Introduction 

The North American Monsoon System (NAMS) is a significant regional feature 

of the continent’s weather and climate. It brings critical summer rains to the southwestern 

United States and northwest Mexico, contributing more than half the annual precipitation 

over large parts of its seasonal domain (Carleton et al. 1990; Douglas et al. 1993; Higgins 

et al. 1997; Adams and Comrie 1997; Mitchell et al. 2002; Sheppard et al. 2002).  In 

addition to rainfall, monsoon thunderstorms are routinely responsible for locally severe 

weather including flooding, hail, wind, dust storms and lightning. It is a highly variable 

phenomenon, both day to day and seasonally, due to complex coupling between the 

atmosphere, land surface and oceans (Castro et al. 2007a; Bieda et al. 2009). Daily 

forecasts are challenging while seasonal forecasts remain poor and climate change 

projections are uncertain at best (e.g. Mo et al. 2007; Cerezo-Mota et al. 2011). 

Nonetheless, scientific understanding of the NAMS has expanded steadily in 

recent years and research on many aspects of the phenomenon has proceeded rapidly. In 

fact, there has been an order of magnitude increase in peer-reviewed publications about 

the NAMS since our group first reviewed the literature on the North American monsoon 

fifteen years ago (Adams and Comrie 1997). Given this rapid growth in the field, 

including the completion and subsequent publication of field observations and modeling 

results from the North American Monsoon Experiment (NAME), and numerous other 

regional modeling and diagnostic studies, in this paper we update the earlier literature 

review. We provide a thorough and comprehensive review of all major research dealing 

with the NAMS since the late 1990s; we emphasize major processes and patterns through 
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synthesis of established knowledge and new findings, highlighting salient changes as well 

as areas for future research. 

The initial review (Adams and Comrie 1997) was simply titled The North 

American Monsoon. At the time there were several other names for the phenomenon, and 

the choice of title reflected a geographic inclusivity that had recently come into use and 

has since become the standard terminology. The astute reader will note that we have 

added the word System to the present title, not only to distinguish it from the earlier work 

but also because we seek to emphasize that the NAMS is indeed a system, an integrated 

set of interconnected components that have general structure and behavior as well as 

specific processes and patterns of climate and weather (e.g. Shaffrey and Hoskins 2002). 

Furthermore, the NAMS is now recognized as one of several global monsoon systems, 

including those over Asia, Indonesia-Australia, South America and Africa.  Vera et al. 

(2006), for example, describe the NAMS and the South American Monsoon System 

(SAMS) as two extremes of the same cycle (see their Figure 1). 

 The outline for this paper is as follows.  Section 2 describes our present 

understanding of NAMS interannual variability, its paleoclimatology, the extent of 

NAMS climate forecasting capabilities, and our understanding of NAMS under future 

climate change.  Section 3 discusses the daily storm evolution process and the nature of 

convection within the NAMS region (i.e., Arizona, New Mexico, southeastern California, 

southern Nevada, Sonora, Chihuahua and Sinaloa) as well as the factors that can 

influence precipitation variability on a daily to monthly timescale. Section 4 describes the 



 

29 

human and ecological dimensions of the NAMS in the southwest United States and 

northern Mexico. A concluding summary and discussion are provided in Section 5. 

 

2) Interannual Variability and Climate Change 

Research on the NAMS has included a strong focus on improving seasonal 

forecast skill.  Earlier research found that the position and strength of the subtropical 

ridge (STR) over the southwestern US and northwest Mexico could explain much of the 

interannual variability of NAMS precipitation (Adams and Comrie 1997).  However, 

there are several additional hypothesized factors that may influence the position and 

strength of the STR, and thereby the interannual variability of the NAMS (Table 1).  In 

addition, NAMS precipitation has displayed an out-of-phase relationship with the Pacific 

Northwest and the central United States (Higgins et al. 1998; Higgins and Shi 2000; 

Byerle and Paegle 2003; Zhu et al. 2005; Hu and Feng 2008). Research to understand 

how each factor, individually or in combination, influences the NAMS is greatly 

motivated by the goal of improving summer monsoon precipitation forecasts.  

a) Antecedent Winter Snowpack and Precipitation 

The “land-atmosphere memory effect” is a hypothesis that less (more) winter 

snowpack-precipitation in the western United States requires less (more) energy for land 

surface heating in subsequent seasons, which leads to an earlier (later) NAMS onset and 

above (below) average precipitation (Gutzler and Preston 1997; Higgins et al. 1998; 

Higgins et al. 1999; Gutzler 2000; Higgins and Shi 2000; Small 2001; Hawkins et al. 

2002; Hu and Feng 2002; Lo and Clark 2002; Matsui et al. 2003; Hu and Feng 2004; Zhu 
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et al. 2005; McCabe and Clark 2006; Zhu et al. 2007) (Figure 1 in Zhu et al. 2005 and 

Zhu et al. 2007). Warmer land surface conditions are further hypothesized to affect 

atmospheric circulation by favoring a northward (southward) displacement of the 

monsoonal STR from its climatological position thus strengthening (weakening) the 

NAMS circulation and favoring (opposing) more precipitation (Small 2001; Hawkins et 

al. 2002; Lo and Clark 2002; Zhu et al. 2005; Zhu et al. 2007; Figure 8 in Adams and 

Comrie 1997).   However, further research into links between drier (wetter) winters in the 

Southwest and subsequent wetter (drier) summers has shown this relationship to be 

statistically significant only between the years 1920-1930 and 1961-1990 (Gutzler and 

Preston, 1997; Gutzler, 2000; Hu and Feng, 2002; McCabe and Clark, 2006; Zhu et al. 

2005; Zhu et al. 2007).  More recent observations have shown that the relationship was 

seen in 1999 and 2006, although in contrast 2009 and 2011 both had below average 

winter precipitation followed by below average NAMS precipitation. The winter-spring 

snowpack has, thus far, not been a robust predictor for NAMS precipitation, though 

modeling results from Notaro and Zarrin (2011) suggest excessive Rocky Mountain 

snowpack still has a potential link to reduced NAMS precipitation in northern Arizona 

and New Mexico. 

b) Sea Surface Temperature Anomalies 

Changes in the strength of the relationship between antecedent winter 

precipitation and NAMS over time are related to larger-scale SST teleconnections, such 

as the El Niño Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), and 

the Atlantic Multidecadal Oscillation (AMO).  Such teleconnections could influence 
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NAMS either by contributing to antecedent winter-spring precipitation (thus influencing 

the late spring-early summer position and strength of the STR), by persisting into the 

summer months and affecting tropical oceanic moisture source regions, or by modulating 

the summer land-sea thermal contrast necessary for establishing the monsoonal 

circulation. Adams and Comrie (1997) noted that early research on ENSO-based 

teleconnections to the NAMS revealed mostly inconclusive results. More recent research 

indicates that either phase of ENSO (when considered alone) is not a strong predictor of 

monsoon onset or summer precipitation (Gutzler 2004), although a lack of clarity prevails 

on this conclusion.  Higgins et al. (1998; 1999), Yu and Wallace (2000), and Liebmann et 

al. (2008) have demonstrated that the La Niña (El Niño) phase in the eastern tropical 

Pacific increases (decreases) NAMS precipitation over southwestern México due to an 

increase (decrease) in the land-sea thermal contrast that weakens (strengthens) the 

Intertropical Convergence Zone (ITCZ).  The relationship between phases of ENSO and 

NAMS precipitation over the U.S. Southwest, though, is not as pronounced (see Higgins 

et al. 1999 Figure 21a&b; Higgins and Shi 2001).   

In addressing the lack of robust statistical relationships between ENSO and 

NAMS precipitation in the U.S. Southwest, investigators have explored other possible 

SST-based teleconnections.  Winter North Pacific SST anomalies related to phases of the 

Pacific Decadal Oscillation (PDO) have been shown to affect winter precipitation in the 

western U.S., possibly contributing to a land-atmosphere memory effect between winter-

spring and NAMS precipitation in the Southwest (Higgins and Shi 2000).   In addition, 

the statistical strength of Pacific SST anomalies as a predictor for NAMS precipitation 
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increases when ENSO is coupled with other SST oscillations, such as PDO.  The La Niña 

(El Niño) phase of ENSO coupled with a negative (positive) phase of the PDO has been 

shown to favor conditions for a northward (southward) displacement of the STR (Figure 

1), an early (late) onset of NAMS and above (below) average early monsoon (i.e. 

June/July) precipitation over the U.S. Southwest (Castro et al. 2001; Castro et al. 2007b; 

Bieda et al. 2009).   

Other authors have demonstrated that Pacific Ocean indices are not the only 

statistically robust teleconnections and that circulations influenced by the Atlantic Ocean 

should also be considered. The discrepancy in the robustness of the relationship of 

antecedent winter precipitation to NAMS onset and precipitation has also been attributed 

to the AMO.  When SSTs in the Atlantic over an area from 0-60° North are warmer 

(colder) than average, the North Atlantic subtropical high-pressure system contracts 

(expands).  The warm (cold) phase of AMO tends to favor below (above) average 

summer precipitation in the central U.S. and above (below) average NAMS precipitation 

in Arizona and northern México (Enfield et al. 2001; Hu and Feng 2008; and Figure 

7a&b in Hu et al. 2011).  Hu et al. (2011) further hypothesized that the antecedent winter 

precipitation and the land-atmospheric memory effect on NAMS were evident during the 

cold phase of AMO (1961-1990).  However, when the AMO was in its warm phase 

during 1930-1960 and 1991-2010, the weakening of the North Atlantic subtropical high-

pressure system potentially obscured this relationship over the U.S.   

Regional SST anomalies in the Gulf of California/Sea of Cortés (GCSC) and the 

Mexican Pacific coast have also been addressed, due to this area being the immediate 
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source region for low-level moisture for the NAMS (Adams and Comrie 1997).  Mitchell 

et al (2002) observed that wetter than average summers in Arizona during the 1983-1999 

period tended to coincide with earlier GCSC seasonal SST temperature thresholds (i.e. 

29°C), with Wright et al. (2001) finding warmer SSTs in the Pacific (just south of the 

GCSC) favoring stronger northward moisture transport into southern Arizona.  However, 

GCSC SST anomalies had little effect on NAMS onset and precipitation in New Mexico 

or northern México (Mo and Juang 2003).  Finally, the role of the land-sea thermal 

contrast between the U.S. Southwest and the tropical Pacific was statistically related to 

wetter onsets of the NAMS (Turrent and Cavazos 2009).              

c) Paleoclimate and the NAMS 

Modeling and paleoenvironmental data suggest that the NAMS was substantially 

stronger and wetter in the past than in the present (Friddell et al. 2003; Harrison et al. 

2003; Poore et al. 2005; Bird and Kirby, 2006; Truebe et al. 2010; Zhao and Harrison 

2011).  The work of Kutzbach (1981) on paleoclimate of global monsoons suggested that 

Earth’s orbital orientation relative to the Sun during the early Holocene placed the 

Northern Hemisphere in a position to receive more summer insolation, consequent land 

surface heating, and thus stronger monsoon systems.  Paleoecological evidence for a 

wetter NAMS is found in the proxy records from plant fossils and carbon-dated pollen 

from higher water-use plants (Harrison et al. 2003), packrat middens dating from 10 000-

5 000 BP (Poore et al. 2005), increased summer pluvial activity found in lake core-

sediments in southern California (Bird and Kirby 2006), and cave-water speleothem 

oxygen isotopes (δ18O) suggestive of higher summer precipitation in Arizona 6 000 BP 
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(Truebe et al. 2010).   Furthermore, much like today, the out-of-phase relationship 

between the NAMS and central U.S. summer precipitation is evident throughout the 

Holocene due to the presence of higher water-use plants in the NAMS region coincident 

with higher aridity and aeolian activity in the Great Plains (Harrison et al. 2003).  

However, unlike today, climate proxies from foraminifera plankton deposits in the Gulf 

of Mexico (Poore et al. 2005) and the eastern Pacific Ocean (Fridell et al. 2003) suggest 

that warmer summer SSTs favored a northward displacement of the ITCZ and more 

moisture for the NAMS region at that time.  Despite this contradiction with the modern 

ENSO-NAMS relationship, it is possible that warmer SSTs in these source regions did 

not override the increased summer insolation noted by Kutzbach (1981), thus providing a 

strong land-sea thermal contrast to drive the NAMS.   

Dendrochronology, which uses tree-rings as climate proxies, has advanced our 

understanding of long-term interannual variability of the NAMS (Meko and Baisan 2001; 

Leavitt et al. 2002; Therrell et al. 2002; Stahle et al. 2009; Leavitt et al. 2011; Griffin et 

al. 2011).  In the southwestern United States, tree-ring growth in conifers commences 

with early-wood (EW) growth in the spring, continuing with late-wood (LW) growth 

during the monsoon (Therrell et al. 2002).  Meko and Baisan (2001) found that 

correlations between LW growth and summer instrumental precipitation in southern 

Arizona existed, thus allowing for tree-ring data usage in NAMS reconstruction.  

Utilizing this method for 1780-1992, Therrell et al. (2002) found dry (wet) springs in 

southern México likely preceded wet (dry) summers in northern México.  Stahle et al. 

(2009) further explored tree-ring reconstructions in western New Mexico using a longer 
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time period of 137 B.C. – 2004 A.D. and concluded that wet (dry) winter-spring extremes 

tend to be followed by dry (wet) conditions in July in their reconstructions.   However, 

even more interesting is that their reconstructions pointed to the possibility of coincident 

dry (wet) winter-spring precipitation periods being followed by dry (wet) NAMS 

conditions, creating a “perfect drought” (“perfect pluvial”) scenario (Figure 11 in Stahle 

et al. 2009).   Finally, as the field of monsoon tree-ring reconstructions continues to 

mature, Griffin et al. (2011) have noted the need to address the “tree-to-tree” variance in 

the strength of the relationship between LW growth and NAMS precipitation based upon 

phenology, age, and microsite factors. 

d) Climate Models of NAMS and Climate Change 

The pursuit of improved seasonal forecasts and future climate projections for 

NAMS has been undertaken via numerous general circulation model (GCM) and regional 

climate model (RCM) experiments.  Modeling has advanced our understanding of 

NAMS, but model horizontal resolution has been a primary limiting factor, with defining 

boundary conditions and appropriate convective parameterizations as secondary issues.  

Boyle (1998) and Arritt et al. (2000) confirmed that low resolution GCMs (2.0°–4.0°) are 

unable to resolve critical features influencing NAMS such as the GCSC or local 

topography.  Most GCMs exhibit some degree of error in simulated NAMS precipitation 

when compared to actual observations.  GCMs have generally done better representing 

the smaller core NAMS region than peripheral regions such as the greater US Southwest 

(Figure 2).  The results from Yang et al. (2001 and 2003), Collier and Zhang (2007), Lee 

et al. (2007), and Gutzler et al. (2009) closely estimate NAMS precipitation in the core 
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region, but underestimate precipitation over the US Southwest and northwestern Mexico.  

Berbery and Rabinovitz (2003) and Cook et al. (2011) showed an overestimation of 

NAMS precipitation in the core region and an underestimation in the US Southwest.  In 

addressing these issues, Berbery and Rabinovitz (2003) and Collier and Zhang (2007) 

showed that improving model resolution captures smaller regional-scale processes with 

the NAMS and therefore could yield more realistic precipitation results. In theory, GCM 

representation and simulation of the NAMS could continue to be improved with finer 

model resolutions (e.g., 0.25° x 0.25°) and longer simulation runs (e.g., 50 years vs. 

typical 1-10 years). This is computationally expensive, however, and has not been 

undertaken to date.   In addition to the issue of model resolution, there remain 

observational data gaps in the NAMS region for model skill assessment, an issue that was 

addressed by the NAME project, for example (Gutzler et al. 2009).   

Despite the challenges, significant improvements in modeled simulations of 

NAMS have been achieved with higher resolution or downscaled GCMs, as shown in 

Figure 3 (Bosilovich et al. 2003; Collier and Zhang, 2007; Lee et al. 2007; Chan and 

Misra, 2011; Cook et al. 2011; Cerezo-Mota et al. 2011), high resolution RCMs (Saleeby 

and Cotton, 2004; Castro et al. 2007a;), nested RCMs in a GCM (Chakraborty and 

Krishnamurti, 2003; Mo et al. 2005), or stretched-grid GCMs (Berbery and Rabinovitz, 

2003).  A few authors have also compared multiple GCMs and RCMs to identify those 

that most accurately simulate NAMS and why (Liang et al. 2008, Gutzler et al. 2005 and 

2009; Kelly and Mapes, 2010).  Only Liang et al. (2008) could identify a single GCM, 

the Meteorological Research Institute (MRI) model that was able to capture the NAMS 
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cycle of precipitation accurately.  They attribute this partly to the model’s accurate 

representation of annual SST cycles in the Pacific and Gulf of Mexico (Liang et al. 

2008).  In addition, mesoscale models (e.g. MM5), typically used for short-term weather 

forecasts, have been compared to intra-annual and interannual NAMS observation for use 

in seasonal forecasting of NAMS as shown in Figure 3 (Gochis et al. 2002; Krishnamurti 

et al. 2002; Xu and Small 2002; Gao et al. 2003; Gochis et al. 2003; Xu et al. 2004a&b).  

Despite having high resolution models, the challenge to find a convective 

parameterization scheme to produce precipitation comparable to observations remains 

(Gochis et al. 2002; Krishnamurti et al. 2002; Xu and Small 2002).  Another crucial 

challenge is the fact that NAMS observational precipitation data used for comparison are 

also spatially and temporally limited (Xu et al. 2004b).  

The challenges with GCMs and RCMs continue to make their use in seasonal 

forecasting or climate change predictions of NAMS challenging, with more research 

needed.  Seth et al. (2011) investigated climate change and global monsoons suggesting 

that increased warming and stability in the midtroposphere could suppress convection 

leading to later monsoon onsets in Africa, Asia, and South America.  However, Cerezo-

Mota et al. (2011) concluded that climate projections of NAMS would remain erroneous 

until key features of NAMS are correctly simulated in both RCMs and GCMs.  Although 

the Intergovernmental Panel on Climate Change Fourth Assessment (IPCC AR4) GCMs 

agree on their projections for decreased annual precipitation over southwestern North 

America (Seager et al. 2007), to date there are no explicit future climate precipitation 

projections focused on the NAMS.  
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3) Intraseasonal Variability 

The within-season variability of NAMS precipitation has remained a significant 

research and forecasting challenge.  NAME included a major field campaign in the 

summer of 2004 to target this issue; it employed wind profilers, radars, radiosondes, 

research vessels, buoys, event-logging rain gauges, in situ soil moisture sensors, GPS 

meteorological sites, and research aircraft to help fill data void regions (NAME Science 

Plan 2004; Higgins and Gochis 2007).  Research undertaken before and after NAME has 

focused on increasing our understanding of a variety of monsoon-associated phenomena 

such as gulf surges, upper-level troughs, tropical cyclones and their remnants, mesoscale 

convective systems (MCSs), the Madden-Julian Oscillation (MJO), moisture recycling 

and soil moisture, causes of nocturnal convection maxima, and the representation of the 

aforementioned features in mesoscale models and forecasts (e.g. Fuller and Strensrud 

2000; Zehnder 2004; Higgins et al. 2004; Higgins et al. 2006; Lang et al. 2007; Watts et 

al. 2007; Nesbitt et al. 2008; Bieda et al. 2009; Ritchie et al. 2011).    It is these features 

that pose a challenge for operational assimilation systems that, ideally, require real time 

analyses with a high degree of confidence; many of the dynamical and physical causes of 

these weather phenomena tend to occur over data-sparse areas (e.g. Sierra Madre 

Occidental) or are modified by underlying terrain and deep convection.   We now review 

current understanding of each of these phenomena, alone and in combination, pertaining 

to their impacts on NAMS precipitation. 

a) Gulf Surges 
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At the time of the previous review (Adams and Comrie 1997), the gulf surge 

phenomenon was understood to be a key element of the NAMS (Hales 1972; Brenner 

1974).  However, due to data constraints (Zehnder 2004) further research was suggested, 

with NAME placing more emphasis on understanding the dynamics of gulf surge 

initiation and evolution in 2004 (NAME Science Plan 2004; Higgins et al. 2006; Higgins 

and Gochis 2007).  During the monsoon the Gulf of California (GoC) SST is warm 

(~30°C/87°F) with a mean northward flow extending over the GoC owing to the 

divergent flow at the mouth of the GoC combined with convergent flow over the land 

surrounding it (Figure 4).  This typically results in a mean flow characterized by a low-

level southerly moist jet, strongest over the northern GoC, that peaks at 0600 LT with 

speeds of 8 m s-1 at about 950 hPa (Johnson et al. 2007).   As this mean flow is typically 

not sufficient to bring deep moisture flow into northwestern Mexico and southern 

Arizona, some mechanism must enable a deeper penetration of moisture into the core 

monsoon region.  This moisture intrusion, termed a “Gulf Surge”, occurs approximately 

six times in July and August during the monsoon season where a deeper and faster 

northward-propagating mass of moist air (Figure 5) moves into northwestern Mexico and 

southern Arizona (Strensrud et al. 1997; Fuller and Strensrud 2000; Douglas and Leal 

2003; Higgins et al. 2004a; Zehnder 2004; Dixon 2005; Johnson et al. 2007; Svoma 

2010).  

Gulf surges, some researchers argue, may cause much of the precipitation in 

Arizona and northern Mexico during the monsoon (Berbery and Fox-Rabinovitz 2003; 

Higgins et al. 2004; Dixon 2006; Becker and Berbery 2008), with Higgins and Shi (2005) 
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finding that roughly 50% of rainfall during July and August can be linked to gulf surges.   

Other investigators, though, suggest that the wetter regions of southeastern Arizona and 

along the Sierra Madre Occidental in the core monsoon region (e.g., Sinaloa and Sonora) 

are not necessarily as dependent on gulf surges (Douglas and Leal 2003; Higgins et al. 

2004).  The largest rainfall totals resulting from gulf surges tended to occur either in 

association with a gulf surge in northern Mexico or in Arizona 2 to 4 days after the event, 

and in the presence of a strong low level jet at 925 hPa (Figures 6 & 7), with documented 

potential for significant flooding (Vivoni et al. 2006; Magirl et al. 2007).  The known 

catalysts of gulf surges remain largely unchanged since Adams and Comrie (1997), with 

researchers finding passage of easterly waves (Fuller and Strensrud 2000), tropical 

cyclones approaching the mouth of the GoC (Anderson et al. 2000; Higgins and Shi 

2005; Becker and Berbery 2008), and, more recently, phase changes of the MJO (Lorenz 

and Hartmann 2006; Abatzoglou et al. 2009) as triggers of gulf surges.  However, other 

investigators have noted that the presence of upper-tropospheric lows may also be 

possible catalysts in causing a gulf surge, directly or indirectly (Douglas and Leal 2003; 

Pytlak et al. 2005; Rogers and Johnson 2007; Bieda et al. 2009; Newman and Johnson 

2012).  

b) Upper-Tropospheric Lows/Inverted Troughs 

The role of subtropical upper tropospheric lows (also termed upper level lows or 

inverted troughs) in modulating the coverage and intensity of NAMS thunderstorm 

activity has only been recognized recently.  Three types of upper-tropospheric lows are of 

particular interest: one kind developing in the Gulf of Mexico or Atlantic Ocean in or 
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near the tropical upper tropospheric trough (TUTT; Erickson 1972; Kelley and Mock 

1982; Whitfield and Lyons 1992), another kind are cold-core upper-tropospheric lows 

that form in the central Mississippi Valley and wrap around the equatorward side of the 

subtropical ridge over the southwestern United States (Thorncraft et al. 1993; Pytlak et al. 

2005), and the third kind are upper-tropospheric lows that form due to leeside 

cyclogenesis to the west of the Sierra Madre Occidental (SMO) as shown in Figure 8 

(Bieda et al. 2009).  Studies that focus on the impact of these transient synoptic systems 

are quite limited in number and scope.  Researchers hypothesized that two possible and 

distinct areas of upper-level divergence and midtropospheric upward vertical-motion 

exist, with favorable divergence on both the leading (west) and trailing (east) quadrants 

of these upper-tropospheric low (Pytlak et al. 2005; Douglas and Englehart 2007).  

However, later case studies found cold air advection, northeasterly flow at the mid-levels 

and enhanced northeasterly shear induced by the approaching upper-tropospheric low 

may have been the contributing factors for convective organization, possibly refuting the 

previous hypothesis (Finch and Johnson 2010; Newman and Johnson 2012).  Despite the 

noted differences (as accounted for in Figure 10), thunderstorm development can be 

further enhanced by the presence of an upper-level cyclone (Johnson et al. 2007) that, 

under favorable steering conditions, can allow convection to propagate out over the hot 

deserts in the late afternoon and evening (1800-0900 UTC) according to Bieda et al. 

(2009).   Recent research (Finch and Johnson 2010; Newman and Johnson 2012) has 

found that the presence of upper-level cyclones concurrently with other mesoscale or 
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synoptic forcing features, such as gulf surges and/or tropical cyclones, can greatly 

enhance convective activity over the core NAMS region.   

c) Tropical Cyclones 

 Adams and Comrie (1997) stated that decaying tropical cyclones (TCs) provided 

a contribution to regional variation of total summer precipitation, particularly over 

Sinaloa, Sonora and the southern tip of Baja California.  Research conducted since that 

study has shown that tropical moisture from TCs originating over the northern tropical 

Pacific Ocean or the Gulf of Mexico may be advected over the southwestern United 

States and northwestern Mexico, or be involved as a catalyst for gulf surges into those 

regions, given favorable synoptic conditions (Collins and Mason 2000; Higgins and Shi 

2005; Farfan and Fogel 2006; Cavazos et al. 2008; Corbosiero et al. 2009; Ritchie et al. 

2011).   An investigation by Higgins and Shi (2005) found that approximately half of gulf 

surge events (65 of 132) recorded over Yuma, AZ that occurred between July-August 

1979-2001 (except 1992, due to missing data) were as a result of TC activity (whether 

directly or indirectly).  Supporting conclusions from NAME by Farfan and Fogel (2007) 

suggest that enhanced mid- to low-level moisture advection tended to be strongest over 

the southern Baja California Peninsula (23°–28°N) in association with the eastern flank of 

TCs that passed within 650 km of their study point (25.4°N, 111.6°W).   Both studies 

noted that such surges occurred in association with significant enhancement of 

precipitation totals, usually in direct association with the surge and TC influence, or 

within the days following the surge (Figure 8).   
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Instances of TCs affecting the NAMS region are not limited to gulf surge activity.  

In studies by Corbosiero et al. (2009) and Ritchie et al. (2011), TCs (or their remnants) 

can enter or pass near the southwestern United States during the monsoon season.  Both 

studies show that an appreciable amount of precipitation associated with TCs, or their 

remnants (Figure 9), can fall over the southwestern United States and northwestern 

Mexico. However, interactions between TCs and other NAMS features have not been 

thoroughly investigated.   

d) Mesoscale Convective Systems (MCSs) 

The dynamics, evolution, and maintenance of mesoscale convective systems 

(MCSs) are well understood over the central plains of the United States.  The 

environment that favors the development of MCSs is noted to be different from 

environments that favor widespread convection. Jirak and Cotton (2007), in their study of 

MCSs that formed near the front range of New Mexico and the Midwest, found that 

statistically significant differences between these environments involved low-level warm 

air advection that was anomalously larger prior to MCS development with the existence 

of stronger vertical wind shear in the lower troposphere.   Over the NAMS region, these 

features were understood to be a significant contributor to “minor” gulf surges and, with 

favorable ascending air during the late evening and early morning hours, a potential 

source for maintenance of nocturnal convection in central and southern Arizona 

(McCollum et al. 1995; Damiani et al. 2008). The development of MCSs along the SMO 

and the complex terrain of central and southern Arizona are found to occur in 

environments where a low-level jet favors upslope flow (westerly in regions of the 
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SMO), the presence of strong heating and a strong moisture gradient zone (Berbery 2001; 

Carbone et al. 2002; Anderson et al. 2004; Martin and Johnson, 2008).  These conditions 

tend to be found consistently in the diurnal cycle of convection near the SMO (Figure 10; 

Nesbitt et al. 2008; Finch and Johnson 2010), but not necessarily further north in the 

southwestern United States (Gochis et al. 2006).   As a result, it has been hypothesized 

that either the alignment of the subtropical monsoon high or the passage of a transient 

upper level disturbance (i.e., upper-tropospheric lows) can assist in periodic organization 

of MCSs over Arizona (McCollum et al. 1995; Maddox et al. 1995; Blanchard et al. 

1998; Pytlak et al. 2005; Douglas and Englehart 2007; Bieda et al. 2009; Finch and 

Johnson 2010; Newman and Johnson 2012).  In addition, MCS formation has been found 

to interrupt the typical diurnal cycle of convection (Magirl et al. 2007).    

The presence of favorable dynamical forcing can organize thunderstorms and 

form squall lines or MCSs that interrupt the typical diurnal cycle of afternoon 

thunderstorms, thus creating a daily forecasting challenge.  Multiple studies have noted 

the presence of MCSs, rather than isolated cells of convection, as being the predominant 

feature that allows convection to persist nocturnally, sometimes causing significant 

flooding (Heinselman et al. 2006; Vivoni et al. 2006; Gebremichael et al. 2007; Magirl et 

al. 2007; Pytlak et al. 2008; Griffiths et al. 2009).   The favorable dynamical structure that 

allows new convection to form for an extended time in and near an active MCS structure 

is determined by a convectively sustainable environment, one in which a warm, moist 

boundary layer is in place due to a low level jet reinforcing moisture availability (Houze 

2004). The MCS size is limited by the stratiform elements if regions of decaying storms 
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exceed that of new or active storms, allowing the stratiform region to grow in size.  

Though few case studies exist that complement the findings of Houze (2004) in the 

NAMS region, studies by some investigators (Magirl et al. 2007; Griffiths et al. 2009) 

found that the presence of a strong near-surface jet of moist air, reinforced by a strong 

gulf surge, allowed for a series of MCSs to form over a 4 day period, from 27-31 July, 

2006, over the Santa Catalina and Rincon mountains located near Tucson, AZ.  These 

storms swept over the region with upper level steering winds that were relatively strong, 

thus allowing the MCSs to propagate and continually reform during the period.  In 

addition, the low level jet suggested by Houze (2004) as necessary for maintaining the 

MCS regardless of time, was present and resulted in a significant, and historic, flood 

event (Magirl et al. 2007; Griffiths et al. 2009).  

e) Moisture Recycling & Vegetative Feedback 

The NAMS provides at least 30% of annual rainfall throughout the southwestern 

United States, with northwestern Mexico receiving between 50%-70% of annual rainfall 

during the monsoon (Adams and Comrie 1997).  Due to this substantial contribution, 

especially in northwestern Mexico, seasonal greening of local vegetation occurs in 

concert with increased precipitation, increased solar radiation and increased available soil 

moisture (Gebremichael et al. 2007; Pennington and Collins 2007; Watts et al. 2007; 

Gómez-Mendoza et al. 2008; Vivoni et al. 2008; Méndez-Barraso et al. 2009; Lizárraga-

Celaya et al. 2010; Jenerette et al. 2010; Vivoni et al. 2010a; Vivoni et al. 2010b).   As 

vegetation greenness increases, there is an observed alteration of surface temperature, 

albedo, and evapotranspiration (Vivoni et al. 2008; Méndez-Barraso and Vivoni 2010), 
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with some researchers finding that local moisture recycling is likely in the NAMS region 

(Anderson et al. 2004; Dominguez et al. 2008; Méndez-Barraso and Vivoni 2010).  

Forzieri et al. (2011) found that deciduous ecosystems (e.g. semiarid grasslands, sub-

tropical shrublands, tropical dry forests) experience an intense greening period 

immediately after NAMS precipitation onset.  As shown in Figure 10, low-level moisture 

convergence, evaporation and convection, and upper-level moisture transport play a 

significant role in modulating intraseasonal variability during the monsoon season.  

f) Data Collection & Mesoscale Modeling 

Data collection for the NAMS region remains a significant challenge.  The 

sounding network is either too coarse spatially to capture localized features important to 

the daily forecasting challenges during the monsoon season, or there are insufficient data 

to capture the low-level jet and moisture flux over the Gulf of California and the SMO 

that drive the localized diurnal cycle of convection (e.g., Gochis et al. 2004; Zehnder 

2004).  During the NAME campaign of 2004, special sounding locations and additional 

datasets were added for intense monitoring of lower- and upper-level features across 

hourly to interannual time scales at different “tier” levels (NAME Science and Operations 

Plan 2004).  A NOAA P3 aircraft also monitored possible Gulf of California moisture 

surges and the surrounding atmosphere to augment operational data assimilation.  In 

addition, the data were archived for future analysis 

(http://data.eol.ucar.edu/master_list/?project=NAME). 

   Using NAME archived data to force a mesoscale or operational model has 

shown mixed, though at times promising, results.  Mo et al. (2007) used operational 
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models that utilized NAME soundings with demonstrable improvement in the 

representation of the diurnal cycle of convection, though they did not capture the 

eastward or westward progression of the diurnal rainfall cycle.  Another study by 

Janowiak et al. (2007) comparing the Eta model and the Global Forecasting System 

model (GFS) with the Climate Prediction Center morphing method (CMORPH) satellite 

methodology (i.e., Joyce et al. 2004) found that the operational Eta and GFS under-

predicted heavy precipitation (>70 mm/day) in the NAME Tier-1 region, with both 

models exhibiting a peak in heavy rainfall that was 3-6 hours earlier than observed.   

Further study by Li et al. (2008) utilizing a high-resolution model with nested grids (e.g., 

9 km and 3 km) found that the highest resolution (e.g., 3 km) produced better rainfall 

distribution on hourly timescales versus observations.  However, Martin and Johnson 

(2008), in their study of an internal gravity bore, noted that the Advanced Research WRF 

model (utilizing 18-, 6-, and 2-km horizontal grids with 53 vertical layers) developed an 

MCS for their case study date of 31 July 2004 too far to the south, although they 

observed an atmospheric internal bore that moistened the lowest 1 km across the Gulf of 

California upon MCS collapse.  Despite these modeled differences, Gao et al. (2007) 

showed high spatial resolution is a necessity in representing gulf surges and propagating 

MCSs due to sensitivities to convective parameterizations.   

 

4) Human and Ecological Dimensions of the North American Monsoon System 

The North American monsoon is an important and dominating natural feature 

across the Southwest U.S. and northern Mexico around which ecosystems and humans 
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have organized for millennia. Several ecoregions in northwest Mexico (e.g., Sonoran-

Sinaloan subtropical deciduous forest and the Sierra Madre Occidental pine-oak forest), 

as well as in the U.S. Southwest (e.g., Chihuahuan and Sonoran deserts, higher elevation 

grasslands, pinyon-juniper woodlands, ponderosa pine forests) are strongly tied to the 

regularity of the summer rains associated with the monsoon.  Many Native peoples across 

the region also have a deep cultural connection with the summer monsoon rains, which is 

maintained through seasonal ceremonies (Parezo, 1996; Sheridan, 1996).  Spanish-

speaking societies in northern Mexico and the southwestern US also have close cultural 

connections with the monsoon, which is especially true during San Juan’s Day June 24th 

(i.e., the NAMS onset time for northern Mexico) in research by Rivera-Ashford (2007).  

To the present, all societies living in the region rely on the arrival of the monsoon to 

break the oppressive heat of early summer and delight in the impressive and unique 

displays of lightning with monsoon thunderstorms. Specific benefits from the summer 

monsoon include: 

• Ecological: The onset of summer rains end the fore-summer dry season and 

establish relatively moist conditions, which is critical for species reproduction.  

The NAMS promotes a suitable environment for a breeding season for insects and 

amphibians, optimal conditions for mass hatching/birthing of reptiles, and an 

opportunity for consumption and fat storage for mammals and migratory birds 

(Hanson and Hanson 2000).  The greening, flowering, and fruit production of 

desert flora in response to monsoon moisture is also essential to sustaining this 

ecological cycle. 
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• Atmospheric Conditions: A distinguishing characteristic of the NAMS region 

from the arid regions further to the west (i.e. Mojave and western Sonoran desert) 

is that mid-to-late summer heat is alleviated somewhat by increased cloudiness 

during the monsoon.  Arid locations outside of the NAMS region experience 

persistent excessive heat well into August.  In addition, higher relative humidity 

levels during the monsoon are inversely correlated with particulate matter 

pollution in the Southwest (Wise and Comrie 2005a&b; Ray et al. 2007). 

• Farming and Water Use:  The monsoon rains have sustained Native American 

traditional, dry land agriculture passed down over countless generations (Figure 

11).  Although traditional rain-fed Native American farming has declined 

historically (Navajo Nation Department of Water Resources 2006; Tohono 

O’odham Community Action 2012), Native American communities and 

organizations continue to work revitalizing traditional farming techniques with a 

substantial portion utilizing monsoon rainwater (Di Cintio 2012; Tohono O’odham 

Community Action 2012).   This has also addressed needs to reduce dietary health 

disparities and continue cultural traditions (Di Cintio 2012; The Hopi Foundation 

2012; Tohono O’odham Community Action 2012).  In Mexico NAMS 

precipitation also provides precious surface water, particularly to the Rio Grande 

and Rio Bravo river systems, which is used to irrigate summer agriculture (Climate 

Prediction Center, 2006). In addition to large scale agriculture, practical usage of 

rainwater (e.g. landscaping, gardening) via “water harvesting” is also a growing in 

U.S. southwestern urban and rural communities (Waterfall 2004).       
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• Ranching and Range Management:  Warm season grasses cover much of the 

rangeland areas of the southwest US and northern Mexico. They are a critical 

component of rangeland ecosystems in these regions and provide forage for both 

wildlife and livestock. Summer is the growing season for these native perennial 

grasses and they rely on monsoon precipitation to support growth and the 

accumulation of biomass that can be eaten by grazers (see Figure 11; Coles and 

Scott 2009). 

• Wildfire Mitigation: The arrival of significant monsoon rains can also mean a 

substantial decrease in wildfire activity across the state. The average number of 

wildfire starts decreases rapidly in early July, coinciding with the arrival of the 

monsoon (Mohrle et al. 2003). Precipitation, higher dew points and lower 

temperatures can inhibit the growth of new fires and limit the spread of actively 

burning fires. In some years, however, early-season dry lightning and intermittent 

precipitation can lead to an increase in wildfire activity, albeit temporarily (Brandt 

2006).  

 

On average the North American monsoon brings a great deal of beneficial 

precipitation to the NAMS region, but it can also bring extreme weather events that cause 

property damage and create risks to human lives (Ray et al. 2007). Lightning, high winds, 

and flash flooding associated with monsoon thunderstorms can inflict property damage 

and cause risk to human lives (Shoemaker and Davis, 2008).  Examples of societal 

impacts related to NAMS weather and climate phenomena include: 
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• Electric Power Delivery: The delivery of electric power through above-ground 

transmission lines is especially vulnerable to damage by monsoon thunderstorms. 

The combination of high wind events and intense cloud-to-ground lightning 

activity can cause transmission lines to fail. One particularly devastating summer 

thunderstorm event in 1996 downed electric power lines across the Phoenix 

metropolitan region, knocking out power to over 250,000 customers (Haro and 

Green, 1996). Some customers were without power for over a week.  

• Flash Floods: The intense and localized nature of monsoon thunderstorms 

coupled with geomorphic features of the desert Southwest create the perfect 

environment for flash flooding events where dry washes can quickly become 

raging rivers in a matter of minutes. Most road systems cross washes without 

bridges leading to situations where motorists can become trapped in rising waters 

during flash flooding situations (see Figure 11f).    

• Dust Storms: Dust storms or Haboobs that form on the outflow of thunderstorms 

are common during the early part of the monsoon season before dry soils have 

been stabilized with wetting rains and growth in summer vegetation. These 

Haboobs can disrupt transportation networks, pose a danger to aviation and 

damage overhead electrical transmission lines and temporarily impact air quality 

conditions across urban areas (Maddox et al. 1995; Vasiloff and Howard 2009). 

• Water Resources: Monsoon precipitation can in rare cases provide boosts to 

water storage in reservoirs when thunderstorms are widespread through a 

watershed and produce large amounts of runoff for the northern NAMS region, 
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while being an important water resource in northern Mexico due to the NAMS 

providing a significant majority of annual rainfall (Ray et al. 2007).  Usually 

thunderstorms are localized and produce runoff that either infiltrates quickly or 

evaporates. High afternoon temperatures and full sunshine can quickly cause the 

previous day’s rainfall to reenter the atmosphere through evaporation or plant 

transpiration. Due to these factors, monsoon precipitation typically does little to 

alleviate long-term drought conditions or improve groundwater or reservoir water 

levels.  

• Agriculture: Farming is an important economic activity in both Arizona and New 

Mexico, generating revenues in excess of $3.2 and $2.1 billion in 2007 (USDA 

2012a, 2012b). The arrival of the monsoon often impacts agricultural crop 

production negatively. Precipitation and high dew points, in addition to aiding 

crop growth, create moist conditions that are favorable for the development of 

insect pests and plant diseases (Olsen and Silvertooth 2001). The high relative 

humidity values associated with the monsoon can also cause heat stress in plants, 

by reducing the ability of plant leaves to cool themselves through transpiration 

(Silvertooth 1998). Typical thunderstorm weather impacts including high winds, 

flooding and hail can also inflict damage to crops directly. 

 

5)  Concluding Discussion 

The NAMS has been the subject of a rapid increase in research attention since the 

mid-1990s.  Results from the NAME project and from many other studies have greatly 
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improved our understanding of the nature and causes of monsoon variability, seasonal 

climate forecasting, monsoon weather forecasting of mesoscale and synoptic scale 

contexts, and the impact of monsoon variability on natural and human systems.  Adams 

and Comrie (1997) summarized a set of open questions at the time, and it is instructive to 

revisit them now to highlight how we have improved our understanding. 

1) The relative roles of convective mixing over the SMO and subsequent 

northward moisture transport when compared to low-level moisture from the 

Gulf of California and upper-level moisture from the Gulf of Mexico are now 

better understood.  These features are a function of lower-level gulf surges 

occurring concomitantly with a favorable orientation of the monsoonal ridge 

over the southwestern United States and the presence of a larger-scale 

triggering mechanism, such as an inverted trough.  

2) The spatial and temporal variations in each type of moisture delivery from 

the Gulf of California and Gulf of Mexico and their relation to seasonal and 

interannual circulation changes are better understood.  For example, a 

threshold for Gulf of California SSTs (30°C) can aid in helping induce the 

start of the NAMS for northwest Mexico and southern Arizona.  Favorable 

positioning of the monsoon ridge is also deemed an important aspect of 

moisture delivery from the Gulf of Mexico. 

3) The causes of the nocturnal maxima over the central deserts of Arizona 

have been explored, with convective organization southeast and/or northeast 

of the Phoenix metropolitan area in the late afternoon hours being the main 
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cause.  Synoptic scale and mesoscale features (e.g., inverted troughs, MCSs) 

aid the propagation of convection into these locations during the nighttime 

hours is aided.   

4) The question of how much low-level moisture advection and what level of 

localized convergence at the mesoscale is needed to maintain nocturnal 

maxima over the central deserts of Arizona is strongly related to gulf surges 

and upper level transient features (e.g., inverted troughs).   

5) The conditions that trigger gulf surges (at the synoptic or mesoscale) were 

previously understood to result from the passage of easterly waves and 

tropical cyclones approaching the mouth of the GoC.  Recent research has 

shown that phase changes of the Madden-Julian Oscillation (MJO), and/or the 

presence of an upper-level tropospheric low aid in sustaining MCSs over the 

SMO and mountains of southern Arizona, which subsequently can result in 

gulf surges.  It has also been determined that once gulf surges are triggered, 

they cause 2-3 mm/day more precipitation than normal over northwest Mexico 

within a day of the surge and 1-3 mm/day of precipitation once the surge 

enters Arizona a day or two later.  If the surge is triggered by a tropical 

cyclone, the amount of precipitation resulting from the surge tends to be about 

1-2 mm/day more than an ordinary gulf surge. 

6) The role of ENSO has remained unclear in interannual NAMS variability, 

and other causes (e.g. PDO, AMO, GoC SST, winter snowpack) have also 

been associated as contributing causes, sometimes in combination, as with 
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ENSO and the PDO.  The relative roles of these factors in explaining intra- 

and inter-annual monsoon variability remain ripe for future research. 

7) The NAME experiment demonstrated that an increased density of upper-

air stations led to improved representation of the diurnal cycle of convection 

in models.  In particular, higher-resolution models better represented 

mesoscale features.   

 The NAMS is a complex regional circulation that still presents many challenges 

in our quest to understand and predict it.  These challenges include overcoming a paucity 

of data at the mesoscale (Gochis et al. 2004; Zehnder 2004), working across a national 

boundary (Bieda et al. 2009), and dealing with very complex terrain (Li et al. 2008).  

Furthermore, the NAMS occurs in a region that is on the margins of several major 

circulation systems, and two adjacent oceans that modulate the area’s climate, directly 

and indirectly (Castro et al. 2001; Castro et al. 2007b; Bieda et al. 2009; Hu et al. 2011).  

It is quite likely that several of these systems and various regional features can act 

constructively or destructively relative to their joint overall effect in controlling the 

NAMS, year to year, within each season, and spatially.  Weather forecasting and 

understanding the meteorological environment in the NAMS region is similarly difficult, 

not only because of data issues and physical complexity but also because of challenges in 

modeling convective and precipitation processes more generally (e.g. Janowiak et al. 

2007).  Additionally, as noted by Cerezo-Mota et al. (2011), additional climate 

simulations of NAMS are necessary as key features of NAMS are not correctly simulated 
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in both RCMs and GCMs.  As a result, there are a number of important questions for 

future research. 

1) As the NAMS has multiple major circulation systems and two adjacent 

oceans that modulate the area’s climate, which of these systems are most 

important in determining the onset, maintenance and decay of the NAMS?  

2) What modeling schemes, through the use or lack of use of convective 

parameterizations, are most likely to capture the diurnal cycle of convection 

accurately for daily weather forecasting challenges? 

3) Regional and Global Climate Models are utilized for making climate 

forecasts and climate change projections, but these models have yet to 

accurately represent the NAMS.  Therefore, what are the climate model 

resolution settings (both temporal and spatial) and parameterization schemes 

that would potentially resolve the NAMS properly? 

4) The role of ENSO and other causes (e.g. PDO, AMO, GoC SST, winter 

snowpack) have all be considered contributing factors in interannual NAMS 

variability, so which of these causes (alone or in combination) are the most 

important in determining the variability? 

5) Furthermore, can these causes be utilized for predictive climate 

forecasting to inform local stakeholders about the upcoming monsoon season? 

6) Case studies into upper-tropospheric lows have found that precipitation 

and convective enhancement can be expected when the feature is present.  
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What role does this feature play in modulating burst and break periods of the 

NAMS, and can these features potentially cause gulf surges on their own? 

7) What about the role of the upper-tropospheric lows, in combination with 

gulf surges and/or tropical cyclones, in causing extreme precipitation events?  

Are these features necessary to cause potentially damaging and life-

threatening floods and, if so, what are the physical implications that can allow 

hydrologists and meteorologists to predict the event in order to avoid loss of 

life and property? 

8) What are the minimum data requirements and acquisition for ongoing 

operational and research modeling?   

 

 Overall, there have been marked advances in our understanding of the NAMS in 

the decade and a half since the initial review by Adams and Comrie (1997).  Certainly, 

we have improved the understanding of the roles of complex features such as synoptic 

circulations, topography, gulf surges and mesoscale features within the NAMS.  The 

NAME project demonstrated the great promise of improved data availability and higher 

resolution modeling at the mesoscale.  Questions still remain about whether the NAMS 

can be forecasted seasonally, and if weather forecast skill can be improved at diurnal to 

weekly time scales.  We look forward to seeing major advances continue to emerge as 

active research on the NAMS moves forward.   

 

 



 

58 

REFERENCES 
 

Abatzoglou, J.T. and T.J. Brown, 2009:  Influence of the Madden-Julian Oscillation on 
Summertime Cloud-to-Ground Lightning over the Continental United States. Mon. Wea. 
Rev., 137, 3596-3601. 
 
Adams, D.K., and A. Comrie, 1997: The North American monsoon. Bull. Amer. Meteor. 
Soc., 78, 2197–2213. 
 
Anderson, B.T., J.O. Roads, and S.C. Chen, 2000: Large-scale forcing of summertime 
monsoon surges over the Gulf of California and the southwestern United States. J. 
Geophys. Res., 105, 24 455-24 467. 
 
Anderson, B.T., H. Kanamaru, and J.O. Roads, 2004: The summertime atmospheric 
hydrologic cycle over the southwestern United States. J. Hydrometeor., 5, 679-692. 
 
Arritt, R.W., D.C. Goering, and C.J. Anderson, 2000:  The North American monsoon 
system in the Hadley Centre coupled ocean-atmosphere GCM. Geophys. Res. Lett., 27, 
565-568. 
 
Barnett, T. P., L. Dumenil, U. Schlese, E. Rockner, and M. Latif, 1989: The effect of 
Eurasian snow cover on regional and global climate variations. J. Atmos. Sci., 46, 661–
685. 
 
Berbery, E.H., 2001: Mesoscale moisture analysis of the North American monsoon. J. 
Climate, 14, 121-137. 
 
Berbery, E.H., and M.S. Fox-Rabinovitz, 2003: Multiscale Diagnosis of the North 
American Monsoon System Using a Variable-Resolution GCM. J. Climate, 16, 1929-
1947. 
 
Becker, E.J., and E.H. Berbery, 2008: The diurnal cycle of precipitation over the North 
American monsoon region during the NAME 2004 field campaign, J. Climate, 21, 771-
787. 
 
Bieda, S.W., III, C.L. Castro, S.L. Mullen, A.C. Comrie, and E. Pytlak, 2009: The 
Relationship of Transient Upper-Level Troughs to Variability of the North American 
Monsoon Systems. J. Climate, 22, 4213-4227. 
 
Bird, B.W. and M.E. Kirby, 2006: An alpine lacustrine record of early Holocene North 
American Monsoon dynamics from Dry Lake, southern California. J. Paleolimnology, 
35, 179-192.  
 



 

59 

Blanchard, D.O., W.R. Cotton, and J.M. Brown, 1998: Mesoscale circulation growth 
under conditions of weak inertial instability.  Mon. Wea. Rev., 126, 118-140.   
 
Bosilovich, M.G., Y.C. Sud, S.D. Schubert, and G.K. Walker, 2003: Numerical 
simulation of the large-scale North American monsoon water sources. J. Geophys. Res., 
108(D16), 8614, doi:10.1029/2002JD003095. 
 
Boyle, J.S., 1998: Evolution of the Annual Cycle of Precipitation over the United States 
in GCMs: AMIP Simulations. J. Climate, 11, 1041-1055. 
 
Brandt, R.R., 2006: The North American monsoon system in southern Arizona. Ph.D. 
dissertation, The University of Arizona, 130 pp. [Available online at 
http://wwwlib.umi.com/dissertations/fullcit/3219838; or from University Microfilm, 305 
N. Zeeb Rd., Ann Arbor, MI 48106.] 
 
Brenner, I.S., 1974: A surge of maritime tropical air – Gulf of California to the 
southwestern United States. Mon. Wea. Rev., 102, 375-389.  
 
Brito-Castillo, L., A. V. Douglas, A. Leyva-Contreras, and D. Lluch-Belda, 2003: The 
effect of large-scale circulation on precipitation and streamflow in the Gulf of California 
continental watershed. Int. J. Climatol., 23, 751–768. 
 
Byerle, L. A., and J. Paegle, 2003:  Modulation of the Great Plains low-level jet and 
moisture transports by orography and large scale circulations, J. Geophys. Res., 
108(D16), 8611, doi:10.1029/2002JD003005. 
 
Carbone, R.E., J.D. Tuttle, D.A. Ahijevych, and S.B. Trier, 2002: Inferences of 
predictability associated with warm season precipitation episodes. J. Atmos. Sci., 59 (13), 
2033-2055. 
 
Carleton, A.M., D. A. Carpenter, and P. J. Weber, 1990: Mechanisms of interannual 
variability of the southwest United States summer rainfall maximum. J. Climate, 3, 999–
1015. 
 
Castro, C.L., T.B. McKee, and R.A. Pielke, 2001: The relationship of the North 
American monsoon to tropical and North Pacific surface temperatures as revealed by 
observational analysis. J. Climate, 14, 4449-4473. 
 
Castro, C.L., R.A. Pielke Sr., and J.O. Adegoke, 2007a: Investigation of the Summer 
Climate of the Contiguous United States and Mexico using the Regional Atmospheric 
Modeling System (RAMS). Part I: Model Climatology (1950-2002). J. Climate, 20, 
3844-3865. 
 



 

60 

Castro, C.L., R.A. Pielke Sr., J.O. Adegoke, S.D. Schubert, and P.J. Pegion, 2007b: 
Investigation of the summer climate of the contiguous United States and Mexico using 
the Regional Atmospheric Modeling System (RAMS), Part II: Model climate variability. 
J. Climate, 20, 3866-3887. 
 
Cavazos, T., C. Turrent, and D.P. Lettenmaier, 2008: Extreme precipitation trends 
associated with tropical cyclones in the core of the North American monsoon. Geophys. 
Res. Lett., 35, L21703, doi: 10.1029/2008GL035832. 
 
Cerezo-Mota, R., M. Allen, and R. Jones, 2011: Mechanisms Controlling Precipitation in 
the Northern Portion of the North American Monsoon. J. Climate, 24, 2771-2783. 
 
Chakraborty, A., and T.N. Krishnamurti, 2003: Numerical simulation of the North 
American monsoon system. Meteorol. Atmos. Phys., 84, 57–82. 
 
Chan, S., and V. Misra, 2011: Dynamic Downscaling of the North American Monsoon 
with the NCEP-Scripps Regional Spectral Model from thence CFS Global Model. J. 
Climate, 24, 653–673. 
 
Chen, M., P. Xie, J. E. Janowiak, and P. A. Arkin, 2002: Global Land Precipitation: A 
50-yr Monthly Analysis Based on Gauge Observations, J. of Hydrometeorology, 3, 249-
266. 
 
Climate Prediction Center (CPC), 2006: North American Monsoon: Report to the Nation 
On Our Changing Planet. (available online at: 
http://www.cpc.ncep.noaa.gov/products/outreach/Report-to-the-Nation-
Monsoon_aug04.pdf) 
 
Coles, A.R., and C.A. Scott, 2009: Vulnerability and adaptation to climate change and 
variability in semi-arid rural southeastern Arizona, USA. Nat. Resour. Forum, 33(4), 
297-309.  
 
Collier, J.C., and G.J. Zhang, 2006: Simulation of the North American Monsoon by the 
NCAR CCM3 and Its Sensitivity to Convective Parameterization. J. Climate, 19, 2851-
2866. 
 
Collier, J.C., and G.J. Zhang, 2007: Effects of Increased Horizontal Resolution on 
Simulation of the North American Monsoon in the NCAR CAM3: An Evaluation Based 
on Surface, Satellite, and Reanalysis Data. J. Climate, 20, 1843-1861. 
 
Collins, J.M., and I. M. Mason, 2000: Local environmental conditions related to seasonal 
tropical activity in the northeast Pacific basin.  Geophys. Res. Lett., 27, 3881-3884. 
 



 

61 

Comrie, A.C. and E.C. Glenn, 1998: Principal components-based regionalization of 
precipitation regimes across the southwest United States and northern Mexico, with an 
application to monsoon precipitation variability. Clim. Res., 10, 201-215. 
 
Comrie, A.C. and B. Broyles, 2002: Variability and spatial modeling of fine-scale 
precipitation data for the Sonoran Desert of southwest Arizona. J. Arid Environ., 50, 573-
592. 
 
Corbosiero, K.L., M.J. Dickinson, and L.F. Bosart, 2009: The contribution of eastern 
North Pacific tropical cyclones to the rainfall climatology of the southwest United States. 
Mon. Wea. Rev., 137, 2415-2435. 
 
Cook, K.H., G.A. Meehl, and J.M. Arblaster, 2011: Monsoon regimes and processes in 
CCSM4, Part 2: African and American monsoon systems. J. Climate, Early online 
release, doi: 10.1175/JCLI-D-11-00185.1.  
 
Damiani, R. and Coauthors, 2008: Cumulus Photogrammetric, In-situ and Doppler 
Observations: The CuPIDO 2006 experiment.  Bull. Amer. Meteor. Soc., 89, 57-73. 
 
Di Cintio, M., 2012: Farming the Monsoon: A Return to Traditional Tohono O’odham 
Foods. Gastronomica: The Journal of Food and Culture, 12, 14-17. 
 
Dixon, P.G., 2005:  Using Sounding Data to Detect Gulf Surges during the North 
American Monsoon.  Mon. Wea. Rev., 133, 3047-3052.    
 
Dixon, P.G., 2006:  An ALARMS climatology of Gulf of California moisture surges and 
the associated precipitation, 1993-2004. Phys. Geogr., 27, 86-108. 
 
Dominguez, F. ,P. Kumar, and E.R. Vivoni, 2008: Precipitation recyclying variability and 
ecoclimatological stability – A study using NARR data. Part II: North American 
monsoon region. J. Climate, 21, 5187-5203.  
 
Dominguez, F., J. Cañon, and J. Valdes, 2010: IPCC-AR4 climate simulations for the 
southwestern US: the importance of future ENSO projections. Climatic Change, 99, 499-
514. 
 
Douglas, A.V., and P.J. Englehart, 2007:  A climatological perspective of transient 
synoptic features during NAME 2004. J. Climate, 20, 1947-1954. 
 
Douglas, M.W., R.A. Maddox, K. Howard, and S. Reyes, 1993: The Mexican Monsoon. 
J. Climate, 6, 1665-1677. 
 



 

62 

Douglas, M.W., and J.C. Leal, 2003:  Summertime Surges over the Gulf of California: 
Aspects of Their Climatology, Mean Structure, and Evolution from Radiosonde, NCEP 
Reanalysis and Rainfall Data.  Wea. Forecasting, 18, 55-74.   
 
Ellis, A.W. and T.W. Hawkins, 2001: An apparent atmospheric teleconnection between 
snow cover and the North American monsoon. Geophys. Res. Lett., 28, 2653–2656. 
 
Enfield, D.B., A.M. Mestas-Nuñez, and P.J. Trimble, 2001: The Atlantic multidecadal 
oscillation and its relation to rainfall and river flows in the continental U.S. Geophys. Res. 
Lett. 28, 2077-2080. 
 
Englehart, P. J., and A. V. Douglas, 2002: México’s summer rainfall patterns: An 
analysis of regional modes and changes in their teleconnectivity. Atmósfera, 15, 147–164. 
 
Erickson, C.O., 1971: Diagnostic study of a tropical disturbance.  Mon. Wea. Rev., 99, 
67-78. 
 
Farfán, L.M., and I. Fogel, 2006:  Influence of Tropical Cyclones on Humidity Patterns 
over Southern Baja California, Mexico. Mon. Wea. Rev., 135, 1208-1224. 
 
Farrara, J.D., and J. Yu, 2003: Interannual variations in the southwest U.S. monsoon and 
sea surface temperature anomalies: A general circulation model study. J. Climate, 16, 
1703–1720. 
 
Finch, Z.O., and R.H. Johnson, 2011: Observational Analysis of an Upper-Level Inverted 
Trough during the 2004 North American Monsoon Experiment. Mon. Wea. Rev., 138, 
3540-3555.  
 
Forzieri, G., F. Castelli, and E.R. Vivoni, 2011:  Vegatation Dyanmics within the North 
American Monsoon Region.  J. Climate, 24, 1763-1783.  
 
Friddell, J.E., R.C. Thunell, T.P. Guilderson, and K. Kashgarian, 2003: Increased 
northeast Pacific climate variability during the warm middle Holocene. Geophys. Res. 
Lett. 30, doi:10.1029/2002GL016834. 
 
Fuller, R. D., and D. J. Strensrud, 2000: The relationship between tropical easterly waves 
and surges over the Gulf of California during the North American monsoon, Mon. Wea. 
Rev., 128, 2983–2989. 
 
Gao, X., S. Sorooshian, J. Li, and J. Xu, 2003: SST Data Improve Modeling of North 
American Monsoon Rainfall. Eos, 84, 457-468. 
 
Gao, X., J. Li, and S. Sorooshian, 2007: Modeling Intraseasonal Features of 2004 North 
American Monsoon Precipitation. J. Climate, 20, 1882-1896.  



 

63 

 
Gebremichael, M., E.R. Vivoni, C.J. Watts, and J.C. Rodriguez, 2007: Submesoscale 
Spatiotemporal Variability of North American Monsoon Rainfall over Complex Terrain. 
J. Climate, 20, 1751-1773. doi: 10.1175/JCLI4093.1  
 
Gochis, D.J., W.J. Shuttleworth, and Z-L. Yang, 2001: Sensitivity of the Modeled North 
American Regional Monsoon Climate to Convective Parameterization. Mon. Wea. Rev., 
130, 1282-1298. 
 
Gochis, D.J., W.J. Shuttleworth, and Z-L. Yang, 2003: Hydrometeorological Response of 
the Modeled North American Monsoon to Convective Parameterization. J. 
Hydrometeorol., 4, 235-250. 
 
Gochis, D.J., A. Jiminez, C.J. Watts, J. Garatuza-Payan, and W.J Shuttleworth, 2004: 
Analysis of 2002 and 2003 warm-season precipitation from the North American 
Monsoon Experiment rainfall gauge network. Mon. Wea. Rev., 132, 2938-2953.   
 
Gómez-Mendoza, L., L. Galicia, M.L. Cuevas-Fernandez, V. Magana, G. Gómez, and 
J.L. Palcios-Prieto, 2008: Assessing onset and length of greening period in six vegetation 
types in Oaxaca, Mexico, using NDVI-precipitation relations.  Int. J. Biometeor., 52, 511-
520. 
 
Grantz, K., B. Rajagopalan, M. Clark, and E. Zargona, 2007: Seasonal Shifts in the North 
American Monsoon. J. Climate, 20, 1923-1935. 
 
Griffin, D., D.M. Meko, R. Touchan, S.W. Leavitt, and C.A. Woodhouse, 2011: 
Latewood Chronology Development for Summer Moisture in the U.S. Southwest. Tree-
ring Res., 67, 87-101.  
 
Griffiths, P. G., C. S. Magirl, R. H. Webb, E. Pytlak, P. A. Troch, and S. W. Lyon, 2009: 
Spatial distribution and frequency of precipitation during an extreme event: July 2006 
mesoscale convective complexes and floods in southeastern Arizona. Water Resour. Res., 
45, W07419, doi:10.1029/2008WR007380. 

Gutzler, D.S. and J.W. Preston, 1997: Evidence for a relationship between spring snow 
cover in North America and summer rainfall in New Mexico. Geophys. Res. Lett., 24, 
2207–2210. 
 
Gutzler, D.S., 2000: Covariability of spring snowpack and summer rainfall across the 
southwest United States. J. Climate, 13, 4018–4027. 
 
Gutzler, D.S., 2004: An Index of Interannual Precipitation Variability in the Core of the 
North American Monsoon Region. J. Climate, 17, 4473–4480. 
 



 

64 

Gutzler, D.S., and Coauthors, 2005: The North American Monsoon Model Assessment 
Project: Integrating numerical modeling into a field-based process study. Bull. Amer. 
Meteorol. Soc., 86, 1423−1429. 
 
Gutzler, D.S., and Coauthors, 2009: Simulations of the 2004 North American Monsoon: 
NAMAP 2. J. Climate, 22, 6716−6740. 
 
Hales, J.E., 1972: Surges of maritime tropical air northward over the Gulf of California.  
Mon. Wea. Rev., 100, 298-306.  
 
Hanson, R.B. and J. Hanson, 2000: Sonoran Desert Natural Events Calendar. In A 
Natural History of the Sonoran Desert (Eds. S.J. Phillips and P. Wentworth), 19-28. 
Tucson, AZ: Arizona-Sonora Desert Museum Press. 
 
Haro, J.A. and G.D. Green, 1996:  The Southern Arizona Severe Weather Outbreak of 14 
August 1996: An Initial Assessment. Western Region Technical Attachment No. 96-27, 
National Weather Service. 
 
Harrison, S.P., J.E. Kutzbach, P. Liu, J.Z. Bartlein, B. Otto-Bliesner, D. Muhs, I.C. 
Prentice, and R.S. Thompson, 2003: Mid-Holocene climates of the Americas; a 
dynamical response to changed seasonality: Clim. Dynam., 20, 663–688. 
 
Hawkins, T.W., E.W. Ellis, J.A. Skindlov, and D. Reigle, 2002: Intra-annual Analysis of 
the North American Snow Cover-Monsoon Teleconnection: Seasonal Forecasting Utility. 
J. Climate, 15, 1743-1753. 
 
Heinselman, P.L. and D.M. Schultz, 2006:  Intraseasonal Variability of Summer Storms 
over Central Arizona during 1997 and 1999. Wea. Forecasting, 21, 559-578. 
 
Higgins, R. W., Y. Yao, and X. L. Wang, 1997: Influence of the North American 
monsoon system on the U.S. summer pre- cipitation regime. J. Climate, 10, 2600–2622. 

Higgins, R.W., K.C. Mo, and Y. Yao, 1998: Interannual variability of the United States 
summer precipitation regime with emphasis on the southwestern monsoon. J. Climate, 
11, 2582–2606. 
 
Higgins, R.W., Y. Chen, and A.V. Douglas, 1999: Interannual variability of the North 
American warm season precipitation regime. J. Climate, 12, 653–680. 
 
Higgins, R.W. and W. Shi, 2000: Dominant Factors Responsible for the Interannual 
Variability of the Summer Monsoon in the Southwestern Unites States. J. Climate, 13, 
759-776. 
 



 

65 

Higgins, R.W. and W. Shi, 2001: Intercomparison of the Principal Modes of Interannual 
and Intraseasonal Variability of the North American Monsoon System. J. Climate, 14, 
403- 
417. 
 
Higgins, R.W., W. Shi, and C. Hain, 2004a:  Relationships between Gulf of California 
moisture surges and precipitation in the southwestern United States. J. Climate, 17, 2983-
2997. 
 
Higgins, R.W., and W. Shi, 2005: Relationships between Gulf of California moisture 
surges and tropical cyclones in the eastern Pacific basin. J. Climate, 18, 4601-4620. 
 
Higgins, R.W. and Coauthors, 2006: The NAME 2004 field campaign and modeling 
strategy. Bull. Amer. Meteor. Soc., 87, 79-94. 
 
Higgins, R.W., and D. Gochis, 2007: Synthesis of results from the North American 
Monsoon Experiment (NAME) process study, J. Climate, 20, 1601-1607.   
 
Houze, R.A., Jr., 2004: Mesoscale Convective Systems. Rev. Geophys., 42 (RG4003), 
doi: 10.1029/2004RG000150. 
 
Hu, Q. and S. Feng, 2002: Interannual Rainfall Variations in the North American 
Summer Monsoon Region. J. Climate, 15, 1189-1202. 
 
Hu, Q, and S. Feng, 2004: Why has land memory changed? J. Climate, 17, 3236–3243. 
 
Hu, Q. and S. Feng, 2008: Variation of the North American Summer Monsoon Regimes 
and the Atlantic Multidecadal Oscillation. J. Climate, 21, 2371-2383. 
 
Hu, Q., S. Feng, and R.J. Oglesby, 2011: Variations of North American Summer 
Precipitation driven by the Atlantic Multidecadal Oscillation. J. Climate, 24, 5555-5570. 
 
Janowiak, J.E., V.J. Dagastaro, V.E. Kousky, and R.J. Joyce, 2007:  An Examination of 
Precipitation in Observations and Model Forecasts during NAME with Emphasis on the 
Diurnal Cycle. J. Climate, 20, 1680-1692.   
 
Jenerette, G.D., R.L. Scott, and A.R. Huete, 2010: Functional differences between 
summer and winter season rain assessed with MODIS-derived phenology in a semi-arid 
region. J. Veg. Sci., 21, 16-30. 
 
Jirak, I.L., and W.R. Cotton, 2007: Observational Analysis of the Predictability of 
Mesoscale Convective Systems. Wea. Forecasting, 22, 813-838.  
 



 

66 

Johnson, R.H., P.E. Ciesielski, B.D. McNoldy, P.J. Rogers, and R.K. Taft, 2007:  
Multiscale Variability of the Flow during the North American Monsoon Experiment. J. 
Climate, 20, 1628-1648.   
 
Joyce, R.J., J.E. Janowiak, P.A. Arkin, and P. Xie, 2004: CMORPH: A method that 
produces global precipitation estimates from passive microwave and infrared data at high 
spatial and temporal resolution. J. Hydrometeor., 5, 487-503.   
 
Kelley, W.E., Jr., and D.R. Mock, 1982: A diagnostic study of upper tropospheric cold 
lows over the western North Pacific. Mon. Wea. Rev., 110, 471-480. 
 
Kelly, P., and B. Mapes, 2010: Land Surface Heating and the North American Monsoon 
Anticyclone: Model Evaluation from Diurnal to Seasonal. J. Climate, 23, 4096–4106. 
 
Kistler, R., E. Kalnay, W. Collins, S. Saha, G. White, J. Woollen, M. Chelliah, W. 
Ebisuzaki, M. Kanamitsu, V. Kousky, H. van den Dool, R. Jenne, and M. Fiorino, 2001: 
The NCEP-NCAR 50-Year Reanalysis: Monthly Means CD-ROM and Documentation. 
Bull. Amer. Meteor. Soc., 82, 247-268. 
 
Krishnamurti, T.N., L. Stefanova, A. Chakraborty, T.S.V.Vijaya Kumar, S. Cocke, D. 
Bachiochi, and B. Mackey, 2002: Seasonal Forecast of Precipitation Anomalies for North 
American and Asian Monsoons. J. Meteorol. Soc. Japan, 80, 1415-1426. 
 
Kutzbach, J.E., 1981: Monsoon Climate of the Early Holocene: Climate Experiment with 
Earth’s Orbital Parameters for 9000 Years Ago. Science, 214, 59-61. 
 
Lang, T. J., D. A. Ahijevych, S. W. Nesbitt, R. E. Carbone, S. A. Rutledge, and R. 
Cifelli, 2007: Radar-observed characteristics of precipitating systems during NAME 
2004. J. Climate, 20, 1713–1733. 
 
Leavitt, S. W., W. E. Wright, and A. Long, 2002: Spatial expression of ENSO, drought, 
and summer monsoon in seasonal δ13C of ponderosa pine tree rings in southern Arizona 
and New Mexico. J. Geophys. Res., 107(D18): 4349. doi:10.1029/2001JD001312. 
 
Leavitt, S.W., C.A. Woodhouse, C.L. Castro, W.E. Wright, D.M. Meko, R. Touchan, D. 
Griffin, and B. Ciancarelli, 2011: The North American monsoon in the U.S. Southwest: 
Potential for investigation with tree-ring carbon isotopes, Quaternary International, 235, 
101-107. 
 
Lee, M.-I., and Coauthors, 2007: Sensitivity to horizontal resolution in the AGCM 
simulations of warm season diurnal cycle of precipitation over the United States and 
northern Mexico. J. Climate, 20, 1862–1881. 
 



 

67 

Li, J., S. Sorooshian, W. Higgins, X. Gao, B. Imam, and K. Hsu, 2008: Influence of 
Spatial Resolution on Diurnal Variability during the North American Monsoon.  J. 
Climate, 21, 3967-3988. 
 
Liang, X.-Z., J. Zhu, and K.E. Kunkel, 2008: Do CGCMs Simulate the North American 
Monsoon Precipitation Seasonal-Interannual Variability? J. Climate, 21, 4424-4448. 
 
Liebmann, B., I. Bladé, N.A. Bond, D. Gochis, D. Allured, and G.T. Bates, 2008: 
Characteristics of North American Summertime Rainfall with Emphasis on the Monsoon. 
J. Climate, 21, 1277-1294. 
 
Lin, J.-L., B.E. Mapes, K.M. Weickmann, G.N. Kiladis, S.D. Schubert, M.J. Suarez, J.T. 
Bacmeister, and M.-I. Lee, 2008: North American Monsoon and Convectively Coupled 
Equatorial Waves Simulated by IPCC AR4 Coupled GCMs. J. Climate, 21, 2919-2937. 
 
Liu, Z., B. Otto-Bliesner, J. Kutzbach, L. Li, and C. Shields, 2003: Coupled climate 
simulation of the evolution of global monsoons in the Holocene. J. Climate, 16, 2472–
2490. 
 
Lizárraga-Celaya, C. C.J. Watts, J.C. Rodríguez, J. Garatuza-Payán, R.L. Scott, and J.A. 
Sáiz-Hernández, 2010: Spatiotemporal variations in surface characteristics over the North 
American Monsoon region. J. Arid Environ., 74, 540-548. 
 
Lo, F., and M.P. Clark. 2002: Relationships between spring snow mass and summer 
precipitation in the southwestern United States associated with the North American 
Monsoon system. J. Climate, 15, 1378–1385. 
 
Lorenz, D.J. and D.L. Hartmann, 2006:  The Effect of the MJO on the North American 
Monsoon. J. Climate, 19, 333-343. 
 
Maddox, R.A., D. McCollum, and K. Howard, 1995: Large-scale patterns associated with 
severe summertime thunderstorms over Central Arizona. Wea. Forecasting, 10, 763-778. 
 
Magirl, C.S., and Coauthors, 2007: Impact of recent extreme Arizona storms. Eos, Trans 
Amer. Geophys. Union, 88, 191-193. 
 
Martin, E.R., and R.H. Johnson, 2008: An Observational and Modeling Study of an 
Atmospheric Internal Bore during NAME 2004. Mon. Wea. Rev., 136, 4150-4167. 
 
Matsui, T., V. Lakshmi, and E. Small, 2003: Links between Snow Cover, surface Skin 
Temperature, and Rainfall Variability in the North American Monsoon System. J. 
Climate, 16, 1821-1829. 
 



 

68 

McCabe, G.J. and M.P. Clark, 2006: Shifting Covariability of North American Summer 
Monsoon Precipitation with Antecedent Winter Precipitation. Int. J. Climatol., 26, 991-
999. 
  
McCollum, D., R.A. Maddox, and K. Howard, 1995: Case study of a severe mesoscale 
convective system in central Arizona. Wea. Forecasting, 10, 643-665. 
  
Meko, D.M. and C.H. Baisan, 2001: Pilot Study of Latewood-Width of Conifers as an 
Indicator of Variability of Summer Rainfall in the North American Monsoon Region. Int. 
J. Climatol., 21, 697-708.   
 
Méndez-Barroso, L.A., E.R. Vivoni, C.J. Watts, and J.C. Rodríguez, 2009: Seasonal and 
interannual relations between precipitation, surface soil moisture and vegetation 
dynamics in the North American monsoon region. J. Hydrol., 377, 59-70. 
 
Méndez-Barroso, L.A., and E.R. Vivoni, 2010: Observed shifts in land surface conditions 
during the North American monsoon: Implications for a vegetation-rainfall feedback 
mechanism.  J. Arid Environ., 74, 549-555. 
 
Mesinger, F., and Coauthors, 2006:  North American Regional Reanalysis.  Bull. Amer. 
Meteor. Soc., 87, 343-360.  doi: http://dx.doi.org/10.1175/BAMS-87-3-343. 
 
Mitchell, D.L., D. Ivanova, R. Rabin, T.J. Brown, and K. Redmond, 2002: Gulf of 
California Sea Surface Temperatures and the North American Monsoon: Mechanistic 
Implications from Observations. J. Climate, 15, 2261-2281.   
 
Mo, K.C. and H.M. Henry Juang, 2003: Influence of sea surface temperature anomalies 
in the Gulf of California on North American monsoon rainfall. J. Geophys. Res., 108, 
doi:10.1029/2002JD002403. 
 
Mo, K. C., J.-K. Schemm, H. Juang, and R. W. Higgins, 2005: Impact of model 
resolution on the prediction of summer precipitation over the United States and Mexico. 
J. Climate, 18, 3910–3927. 
 
Mo, K.C., E. Rogers, W. Ebisuzaki, R.W. Higgins, J. Woollen, and M.L. Carrera, 2007:  
Influence of the North American Monsoon Experiment (NAME) 2004 Enhanced 
Soundings on NCEP Operational Analyses.  J. Climate, 20, 1821-1842. 
 
Mohrle, C. R., B. L. Hall, and T. J. Brown, 2003: The Southwest Monsoon and the 
Relation to Fire Occurrence. Fifth Symposium on Fire and Forest Meteorology, Orlando, 
FL, American Meteorological Society. 
 



 

69 

Navajo Nation Department of Water Resources (NNDWR), 2003: The Navajo Nation 
Annual Drought Response Plan (available online at 
http://drought.unl.edu/archive/DroughtPlans/NavajoNation_2003.pdf). 
 
Nesbitt, S. W., D. J. Gochis, and T. J. Lang, 2008: The Diurnal Cycle of Clouds and 
Precipitation along the Sierra Madre Occidental Observed during NAME-2004: 
Implications for Warm Season Precipitation Estimation in Complex Terrain. J. 
Hydrometeor, 9, 728–743, doi:10.1175/2008JHM939.1. 
 
Newman, A. and R.H. Johnson, 2012: Mechanisms for Precipitation Enhancement in a 
North American Monsoon Upper-Tropospheric Trough.  J. Atmos. Sci., accepted, doi: 
10.1175/JAS-D-11-0223.1. 
 
North American Monsoon Experiment: Science and Implementation Plan 2004: NAME 
Science Working Group [Available on line at 
http://www.eol.ucar.edu/projects/name/documentation/name.sip.may04.doc].  
 
Notaro, M., and A. Zarrin, 2011: Sensitivity of the North American monsoon to 
antecedent Rocky Mountain snowpack. Geophys. Res. Lett., 38 (L17403), 
doi:10.1029/2011GL048803.  
 
Olsen, M. and J. C. Silvertooth, 2001: Diseases and Production Problems of Cotton in 
Arizona. University of Arizona Cooperative Extension Report AZ4215, 20 pp. 
 
Parezo, N.J., 1996: The Hopis: Hopivatskwani, the Hopi Path of Life. In Paths of Life: 
American Indians of the Southwest and Northern Mexico (Eds. T.E. Sheridan and N.J. 
Parezo), 237-266. Tucson, AZ: University of Arizona Press. 
 
Pennington, D. D., and S. L. Collins, 2007: Response of an aridland ecosystem to 
interannual climate variability and prolonged drought. Landscape Ecol., 22, 897–910. 
 
Poore, R.Z., M.J. Pavich, and H.D. Grissino-Mayer, 2005. Record of the North American 
southwest monsoon from Gulf of Mexico sediment cores. Geology, 33, 209–12 
 
Pytlak, E., M. Goering, and A. Bennett, 2005: Upper-tropospheric troughs and their 
interaction with the North American monsoon. Preprints, 19th Conf. on Hydrology, San 
Diego, CA, Amer. Meteor. Soc., JP 2.3. 
 
Pytlak, E., M. Murphy, N. Demetriades, and R. Holle, 2008: Total Lightning, Radar and 
Satellite Observations of Two Monsoon Thunderstorm Events in the Tucson Area in 
Summer 2007. Preprints, 2nd International Lightning Meteorology Conference, Tucson, 
AZ. 
 



 

70 

Ray, A.J., G.M. Garfin, M. Wilder, M. Vásquez-León, M. Lenart, A.C. Comrie, 2007: 
Applications of monsoon research: opportunities to inform decision making and reduce 
regional vulnerability. J. Climate, 20, 1608–1627. 
 
Ritchie, E.A., K.M. Wood, D.S. Gutzler, and S.R. White, 2011: The Influence of Eastern 
Pacific Tropical Cyclone Remnants on the Southwestern United States, Mon. Wea. Rev., 
139(1), 192–210, doi:10.1175/2010MWR3389.1. 
 
Rivera-Ashford, R.C., 2007: Hip, Hip, Horray, It’s Monsoon Day! Tucson, AZ: Arizona-
Sonora Desert Museum Press. 
 
Rogers, P. J., and R. H. Johnson, 2007: Analysis of the 13–14 July Gulf Surge Event 
during the 2004 North American Monsoon Experiment, Mon. Wea. Rev., 135, 3098–
3117, doi:10.1175/MWR3450.1. 
 
Rutledge, G.K., J. Alpert, and W. Ebuisaki, 2006: NOMADS: A Climate and Weather 
Model Archive at the National Oceanic and Atmospheric Administration. Bull. Amer. 
Meteor. Soc., 87, 327-341. 
 
Saleeby, S.M., and W.R. Cotton, 2004: Simulations of the North American Monsoon 
System. Part I: Model Analysis of the 1993 Monsoon Season. J. Climate, 17, 1997-2018. 
 
Seth, A., S.A. Rauscher, M. Rojas, A. Giannini, and S.J. Camargo, 2011: Enhanced 
spring convective barrier for monsoons in a warmer world? Climatic Change, 104, 403-
414.  
 
Seager, R., and Coauthors, 2007: Model Projections of an Imminent Transition to a More 
Arid Climate in Southwestern North America. Science, 316, 1181-1184, doi: 
10.1126/science.1139601.  
 
Shaffrey, L.C., B.J. Hoskins, and R. Lu, 2002: The relationship between the North 
American summer monsoon, the Rocky Mountains, and the North Pacific subtropical 
anticyclone in HadAM3. Q.J.R. Meteorol. Soc., 128, 2607-2622. 
 
Sheppard, P. R., A. C. Comrie, G. D. Packin, K. Angersbach, and M. K. Hughes, 2002: 
The climate of the U.S. southwest. Climate Res., 21, 219–238. 

Sheridan, T.E., 1996: The O’odham (Pimas and Papagos): The world would burn without 
rain. In Paths of Life: American Indians of the Southwest and Northern Mexico (Eds. T.E. 
Sheridan and N.J. Parezo), 115-140. Tucson, AZ: University of Arizona Press. 
 
Shoemaker, C., and J.T. Davis, 2008: Hazardous Weather Climatology for Arizona. 
NOAA Technical Memorandum, Scientific Services Division Western Region, WR-282, 
53 pp. 



 

71 

 
Silvertooth, J. 1998. http://ag.arizona.edu/crop/cotton/comments/nov1998cc.html 
 
Small, E.E., 2001: The influence of soil moisture anomalies on variability of the North 
American Monsoon system. Geophys. Res. Lett., 28, 139–142. 
 
Stahle, D.W., M.K. Cleaveland, H. Grissino-Mayer, R.D. Griffin, F.K. Fye, M.D. 
Therrell, D.J. Burnette, D.M. Meko, and J. Villanueva Diaz, 2009. Cool and early-warm 
season precipitation reconstructions over western New Mexico. J. Climate, 22, 3729–
3750. 
 
Strensrud, D.J., R.L. Gall, and M.K. Nordquist, 1997:  Surges over the Gulf of California 
during the Mexican Monsoon. Mon. Wea. Rev., 125, 417-437. 
 
Svoma, B.M., 2010:  The Influence of Monsoonal Gulf Surges on Precipitation and 
Diurnal Precipitation Patterns in Central Arizona.  Wea. Forecasting, 25, 281-289. 
 
The Hopi Foundation, 2012: Natwani Coalition (available online at: 
http://www.hopifoundation.org/programs/natwani) 
 
Therrell, M.D., D.W. Stahle, and M.K. Cleaveland, 2002: Warm season tree growth and 
precipitation over Mexico. J. Geophys. Res., 107, doi.10.1029/2001JD000851. 
 
Thorncraft, C.D., B.J. Hoskins, and M.E. McIntyre, 1993: Two paradigms of baroclinic-
wave life-cycle behavior. Q.J.R. Meteorol. Soc., 119, 17-55. 
 
Tohono O’odham Community Action (TOCA), 2012: Project Oidag (available online at 
http://www.tocaonline.org/TOCAs_Blog/Entries/2012/3/10_TOCAs_Project_Oidag_-
_Interview_with_Amy_Juan.html). 
  
Truebe, S., T. Ault, and J. Cole, 2010: A forward model of cave dripwater δ18O and 
application to speleothem records. IOP Conference Series: Earth and Environmental 
Science, 9 (012022), doi:10.1088/1755-1315/9/1/012022. 
 
Turrent, C. and T. Cavazos, 2009: Role of land-seas thermal contrast in the interannual 
modulation of the North American Monsoon. Geophys. Res. Lett., 36, 
doi:10.1029/2008GL036299. 
 
United States Department of Agriculture 2012a, 
http://www.ers.usda.gov/statefacts/AZ.HTM 
 
United States Department of Agriculture 2012b, 
http://www.ers.usda.gov/statefacts/NM.HTM 
 



 

72 

Vasiloff, S.V., and K.W. Howard, 2009:  Investigation of a Severe Downburst Storm near 
Phoenix, Arizona, as Seen by a Mobile Doppler Radar and the KIWA WSR-88D.  Wea. 
Forecasting, 24, 856-867. 
 
Vera, C., and Coauthors, 2006:  Toward a Unified View of the American Monsoon 
Systems. J. Climate, 19, 4977-5000. 
 
Vivoni, E.R., R.S. Bowman, R.L. Wyckoff, R.T. Jakubowski, and K.E. Richards, 2006: 
Analysis of a monsoon flood event in an ephemeral tributary and its downstream 
hydrologic effects. Water Resour. Res., 42(W03404), doi:10.1029/2005WR004036. 
 
Vivoni, E.R., H.A. Moreno, G. Mascaro, J.C. Rodríguez, C.J. Watts, J. Garatuza-Payán, 
and R.L. Scott, 2008:  Observed relation between evapotranspiration and soil moisture in 
the North American monsoon region.  Geophys. Res. Lett., 35, L22403, 
doi:10.1029/2008GL036001. 
 
Vivoni, E.R., C.J. Watts, and D.J. Gochis, 2010a: Land surface ecohydrology of the 
North American monsoon system. J. Arid. Environ., 74, 529-530. 
 
Vivoni, E.R., J.C. Rodriguez, and C.J. Watts, 2010b: On the spatiotemporal variability of 
soil moisture and evapotranspiration in a mountainous basin within the North American 
monsoon region. Water Resour. Res., 46, W02509, doi:10.1029/2009WR008240. 
 
Waterfall, P.H., 2004: Harvesting Rainwater for Landscape use. Report prepared by 
Cooperative Extension College of Agriculture and Life Sciences, University of Arizona 
(available online at 
http://arizona.openrepository.com/arizona/bitstream/10150/144824/1/az1344-2004.pdf). 
  
Watts, C. J., R. L. Scott, J. Garatuza-Payan, J. C. Rodriguez, J. H. Prueger, W. P. Kustas, 
and M. Douglas, 2007: Changes in vegetation condition and surface fluxes during NAME 
2004. J. Climate, 20, 1810–1820. 
 
Weiss, J.L., C.L. Castro, and J.T. Overpeck, 2009: Distinguishing Pronounced droughts 
in the Southwestern United States: Seasonality and Effects of Warmer Temperatures. J. 
Climate, 22, 5918-5932. 
 
Whitfield, M.B., and S.W. Lyons, 1992; An upper-tropospheric low over Texas during 
summer.  Wea. Forecasting, 7, 89-106. 
 
Wise, E. K., and A. C. Comrie, 2005a: Meteorologically adjusted urban air quality trends 
in the southwestern United States. Atmos. Environ., 39, 2969–2980. 
 



 

73 

Wise, E.K. and A.C. Comrie, 2005b: Extending the Kolmorgorov–Zurbenko filter: 
Application to ozone, particulate matter, and meteorological trends. J. Air Waste Manage. 
Assoc., 55, 1208–1216. 
 
Wright, W. E., A. Long, A. C. Comrie, S. W. Leavitt, T. Cavazos, and C. Eastoe, 2001: 
Monsoonal moisture sources revealed using temperature, precipitation and precipitation 
stable isotope timeseries. Geophys. Res. Lett., 28, 787– 790. 
 
Xu, J., and E. E. Small, 2002: Simulating summertime rainfall variability in the North 
American monsoon region: The influence of convection and radiation parameterizations, 
J. Geophys. Res., 107(D23), 4727, doi:10.1029/2001JD002047. 
 
Xu, J., X. Gao, W.J. Shuttleworth, S. Sorooshian, and E.E. Small, 2004: Model 
Climatology of the North American Monsoon Onset Period during 1980-2001. J. 
Climate, 17, 3892-3906. 
 
Xu, J., W.J. Shuttleworth, X. Gao, S. Sorooshian, and E.E. Small, 2004: Soil moisture-
precipitation feedback on the North American monsoon system in the MM5-OSU model. 
Q.J.R. Meteorol. Soc., 130, 2873-2890. 
 
Yang, Z-L., D. Gochis, and W.J. Shuttleworth, 2001: Evaluation of the simulations of the 
North American monsoon in the NCAR CCM3. Geophys. Res. Lett., 28, 1211–1214. 
 
Yang, Z-L., D. Gochis, W.J. Shuttleworth, and G-Y. Niu, 2003: The impact of sea 
surface temperature on the North American monsoon: A GCM study. Geophys. Res. 
Lett., 30, doi:10.1029/2002GL015628. 
 
Yu, B. and J.M. Wallace, 2000: The Principal Mode of Interannual Variability of the 
North American Monsoon System. J. Climate, 13, 2794-2800. 
 
Zehnder, J. A., 2004: Dynamic mechanisms of the gulf surge, J. Geophys. Res, 109 
(D10107), doi:10.1029/2004JD004616. 
 
Zhao, C., X. Lui, and L.R. Lueng, 2011: The impact of Great Basin Desert dust on the 
summer monsoon system over southwestern North America. Atmos. Phys. Chem. 
Discuss., 11, 31735-31767. 
 
Zhao, Y., and S.P. Harrison, 2011: Mid-Holocene monsoons: a multi-model analysis of 
the inter-hemispheric differences in the responses to orbital forcing and ocean feedbacks. 
Clim. Dyn., Online, doi: 10.1007/s00382-011-1193-z. 
 
Zhu, C., D.P. Lettenmaier, and T. Cavazos, 2005: Role of Antecedent Land Surface 
Conditions on North American Monsoon Rainfall Variability. J. Climate, 18, 3104-3121. 
 



 

74 

Zhu, C., T. Cavazos, and D.P. Lettenmaier, 2007: Role of Antecedent Surface Conditions 
in Warm Season Precipitation over Northwestern Mexico. J. Climate, 20, 1774-1791. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

75 

Table Captions 
 

Table 1: List of factors influencing the interannual variability of the NAMS and the 
associated citations. 
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Figure Captions 
 
Figure 1:  The “horseshoe” pattern showing the Combined Pacific Variability Mode 
(CPVM) in the Pacific Ocean for February-June, with (a) positive CPVM, characterized 
by warm SST anomalies in the tropical Pacific (i.e. El Niño), warm SST anomalies in the 
eastern North Pacific or ENP (positive PDO), and cold SST anomalies in the central 
North Pacific or CNP.  The July STR (shown as the high pressure ridge) displacement to 
the south and northward moisture transport into the Mississippi River Basin favors drier 
conditions over the NAMS region.  (b) The negative CPVM, dominated by cold SST 
anomalies (La Niña and a negative PDO) are followed by an STR displacement to the 
north and westward moisture transport favoring wetter conditions over the NAMS region.  
This figure has been adapted from Figure 14 in Castro et al. (2001) and Figure 4 in Castro 
et al. (2007b).  The SST and precipitation anomalies were derived using data from 
positive CPVM years (1982, 1983, 1986, 1987, 1990-1994, 1997) and negative CPVM 
years (1981, 1984, 1985, 1988, 1989, 1999-2002) from the National Oceanic and 
Atmospheric Administration (NOAA) Earth Systems Research Laboratory (ESRL), 
Physical Sciences Division (PSD), Boulder, CO, USA. URL: 
http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl. 
 
Figure 2: (a)  Seasonal variation of precipitation for monthly-averaged Climate Prediction 
Center (CPC) analyses (black) and 23 CGCMs (color) used in the IPCC AR4 averaged 
over the 4 corners region of the US (between 31°-42°N and 115°-102°W) from 1948-
1999.  The figure follows after Dominguez et al. (2010), except for a shorter period (the 
years 1900-1948 not included). 
(b) As in (a), except multi-member ensemble mean from IPCC AR4 is marked with red 
line, CPC observations denoted with a black line, vertical blue lines show max/min of 
IPCC AR4 members, and vertical green rectangles show standard deviation from GCM 
mean. 
(c)  Seasonal variation of precipitation for monthly-averaged CPC analyses (black) and 
22 CGCMs (colors) used in the IPCC AR4 averaged over a defined “core region” of the 
North American monsoon (between 20°-32.5° and 115°-100°W) for the years 1979-1999.  
The figure follows after Lin et al. (2008).  
(d) As in (b), except for the core region of the monsoon.  The map in panel (d) outlines 
regions for which the area averages are taken for the 4-corners region of the southwestern 
US (dashed box) in (a) and (b), and for the core monsoon region (solid box) in (c) and 
(d).   
 
Figure 3: The monthly average moisture flux at 925 hPa (g kg-1 m s-1) and precipitation 
(mm day-1) (shaded) from 1979-2008 for (a) June, NCEP-NCAR Reanalysis (Kistler, et 
al., 2001) and CPC precipitation (PREC/L) observations (Chen et al., 2002); (b) June, 
North American Regional Reanalysis (NARR) (Mesinger et al., 2006); (c) as in (a) but 
for July; and (d) as in (b) but for July.  The NCEP-NCAR Reanalysis and CPC 
precipitation in (a) and (c) are on a 2.5° x 2.5° horizontal grid, while the NARR fields in 
(b) and (d) are on a higher resolution 0.188° x 0.188° horizontal grid.  Moisture flux 
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vectors are masked below 925mb and vectors in (b) and (d) are plotted at every third grid 
point.  The figure follows from Berbery and Rabinovitz (2003) and Xu et al. (2004).  The 
data were accessed courtesy of the NCEP NOMADS data server (Rutledge et al., 2006). 
 
Figure 4:  The 1 Jul – 15 Aug 2004 mean QuikSCAT surface winds and SST. 
Source: Johnson et al. (2007) 
 
Figure 5:  Two gulf surge events, the first weak and the second strong (gravity wave), at 
Puerto Peñasco, Sonora, 13 July 2004.  Note the different in wind speed between the gust 
front events and the stronger surge event between 12 UTC and 19 UTC. 
Source: National Weather Service, Tucson, AZ Office 
 
Figure 6:  Composite evolution of precipitation anomalies resulting from tropical cyclone 
related surges (left) and non-tropical cyclone related surges (right) keyed to Yuma.  The 
contour interval is 1 mm per day, with values greater than 1 mm per day (less than 1 mm 
per day) shaded dark (light). 
Source: Adapted from Higgins et al. (2005). 
 
Figure 7:  Anomaly streamline analysis at 925 hPa based on radiosonde data composited 
with respect to the day of the surge at Empalme. The plotting convention is that the green 
lines with red arrows are streamlines at 925 hPa on the day of the surge (after Douglas 
and Leal 2003), along with the conceptualization of the gulf surge (after Adams and 
Comrie 1997).  
 
Figure 8: Conceptual hypothesis of a subtropical upper-tropospheric low moving west 
into the North American monsoon regime, as adapted from Pytlak et al. (2005) and 
modified from conclusions of Finch and Johnson (2010) and Newman and Johnson 
(2012) indicating shear playing a significant role in the core monsoon region as opposed 
to divergence. The upper-level low centers are the favored climatological formation 
locations of upper-tropospheric lows that impact the NAMS region, with directional 
arrows indicating typical movement paths, as adapted from Bieda et al. (2009). 
 
Figure 9: Total tropical cyclone precipitation (1992-2005, mm) calculated from the U.S.-
Mexico unified gridded precipitation dataset. 
Source: Ritchie et al. (2011). 
 
Figure 10:  (Top) Schematic of observed diurnal convective activity along the Sierra 
Madre Occidental (SMO), after Nesbitt et al. (2008) at 1100 LT.  Green arrows indicate 
low-level moisture flux below 700 mb, and black thicker arrows indicate upper-level 
moisture flux above 700 mb after Anderson et al (2004).   
(Bottom).  Same as top figure, except for 1900 LT, where a mesoscale convective system 
(MCS) has formed as a result of storms moving west off the SMO High Plains and 
Foothills. 
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Figure 11:  Influences of the monsoon on ecology and society in the Southwest. (a) Pre-
monsoon dry rangeland conditions compared to (b) monsoon rangeland “green-up” 
(Courtesy:  M. Crimmins).  (c) A Native American rain/run-off fed corn field near Tuba 
City, Arizona (Courtesy: National Archives, 1941: photo no. 79-AA-R02). (d) A blowup 
from the Willow Fire on June 8, 2011 (Courtesy: J. Coil, Battalion Chief, Sedona Fire 
District). (e) A haboob/dust storm in Tucson, AZ (Courtesy: J.J. Brost) and (f) flash flood 
in southern Arizona (Courtesy: National Weather Service Office, Tucson).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

79 

List of Tables 
 
Table 1 
 

Table 1: List of factors influencing the interannual variability of the NAMS and the 
associated citations. 

 
Factor influencing the NAMS Citation 

Southwestern antecedent winter-spring 
snowpack and precipitation. 

Gutzler and Preston 1997; Higgins et al. 
1998; Gutzler 2000; Small 2001; 

Hawkins et al. 2002; Lo and Clark 
2002; Matsui et al. 2003; Hu and Feng 

2004; Zhu et al. 2005; McCabe and 
Clark 2006; Grantz et al. 2007; Zhu et 

al. 2007; Notaro and Zarrin 2011. 

Lingering summer western North American 
snowpack. 

Ellis and Hawkins 2001; Hawkins et al. 
2002. 

Pacific sea surface temperature (SST)-
modulated teleconnections. 

Higgins et al. 1998; Higgins et al. 1999; 
Higgins and Shi 2000; Castro et al. 

2001; Higgins and Shi 2001; Englehart 
and Douglas 2002; Castro et al. 2007b; 
Grantz et al. 2007; Bieda et al. 2009; 

Turrent and Cavazos 2009. 

Atlantic SST-modulated teleconnections. Enfield et al. 2001; Hu and Feng 2008; Hu 
et al. 2011. 

Gulf of California/Sea of Cortéz SST 
anomalies. Mitchell et al. 2002; Mo and Juang 2003. 

Strength of the eastern Pacific-southwestern 
North America land-sea thermal 

contrast. 
Turrent and Cavazos 2009. 
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Figure 1 (cont.) 
 

Figure 1:  The “horseshoe” pattern showing the Combined Pacific Variability Mode 
(CPVM) in the Pacific Ocean for February-June, with (a) positive CPVM, characterized 
by warm SST anomalies in the tropical Pacific (i.e. El Niño), warm SST anomalies in the 

eastern North Pacific or ENP (positive PDO), and cold SST anomalies in the central 
North Pacific or CNP.  The July STR (shown as the high pressure ridge) displacement to 
the south and northward moisture transport into the Mississippi River Basin favors drier 

conditions over the NAMS region.  (b) The negative CPVM, dominated by cold SST 
anomalies (La Niña and a negative PDO) are followed by an STR displacement to the 

north and westward moisture transport favoring wetter conditions over the NAMS region.  
This figure has been adapted from Figure 14 in Castro et al. (2001) and Figure 4 in Castro 

et al. (2007b).  The SST and precipitation anomalies were derived using data from 
positive CPVM years (1982, 1983, 1986, 1987, 1990-1994, 1997) and negative CPVM 

years (1981, 1984, 1985, 1988, 1989, 1999-2002) from the National Oceanic and 
Atmospheric Administration (NOAA) Earth Systems Research Laboratory (ESRL), 

Physical Sciences Division (PSD), Boulder, CO, USA. URL: 
http://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl. 
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Figure 2 

 

 
 

Figure 2: (a)  Seasonal variation of precipitation for monthly-averaged Climate Prediction 
Center (CPC) analyses (black) and 23 CGCMs (color) used in the IPCC AR4 averaged 
over the 4 corners region of the US (between 31°-42°N and 115°-102°W) from 1948-

1999.  The figure follows after Dominguez et al. (2010), except for a shorter period (the 
years 1900-1948 not included). 

(b) As in (a), except multi-member ensemble mean from IPCC AR4 is marked with red 
line, CPC observations denoted with a black line, vertical blue lines show max/min of 

IPCC AR4 members, and vertical green rectangles show standard deviation from GCM 
mean. 

(c)  Seasonal variation of precipitation for monthly-averaged CPC analyses (black) and 
22 CGCMs (colors) used in the IPCC AR4 averaged over a defined “core region” of the 

North American monsoon (between 20°-32.5° and 115°-100°W) for the years 1979-1999.  
The figure follows after Lin et al. (2008).  

(d) As in (b), except for the core region of the monsoon.  The map in panel (d) outlines 
regions for which the area averages are taken for the 4-corners region of the southwestern 

US (dashed box) in (a) and (b), and for the core monsoon region (solid box) in (c) and 
(d).   
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Figure 3 (cont.) 
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Figure 3 (cont.) 
 

Figure 3:  The monthly average moisture flux at 925 hPa (g kg-1 m s-1) and precipitation 
(mm day-1) (shaded) from 1979-2008 for (a) June, NCEP-NCAR Reanalysis (Kistler, et 
al., 2001) and CPC precipitation (PREC/L) observations (Chen et al., 2002); (b) June, 
North American Regional Reanalysis (NARR) (Mesinger et al., 2006); (c) as in (a) but 

for July; and (d) as in (b) but for July.  The NCEP-NCAR Reanalysis and CPC 
precipitation in (a) and (c) are on a 2.5° x 2.5° horizontal grid, while the NARR fields in 

(b) and (d) are on a higher resolution 0.188° x 0.188° horizontal grid.  Moisture flux 
vectors are masked below 925mb and vectors in (b) and (d) are plotted at every third grid 
point.  The figure follows from Berbery and Rabinovitz (2003) and Xu et al. (2004).  The 
data were accessed courtesy of the NCEP NOMADS data server (Rutledge et al., 2006). 
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Figure 4 
 

 
 

Figure 4:  The 1 Jul – 15 Aug 2004 mean QuikSCAT surface winds and SST. 
Source: Johnson et al. (2007) 
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Figure 5 
 

 
 

Figure 5:  Two gulf surge events, the first weak and the second strong (gravity wave), at 
Puerto Peñasco, Sonora, 13 July 2004.  Note the different in wind speed between the gust 

front events and the stronger surge event between 12 UTC and 19 UTC. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

88 

Figure 6 
 

 
 

  
 
Figure 6:  Composite evolution of precipitation anomalies resulting from tropical cyclone 
related surges (left) and non-tropical cyclone related surges (right) keyed to Yuma.  The 
contour interval is 1 mm per day, with values greater than 1 mm per day (less than 1 mm 

per day) shaded dark (light). 
Source: Adapted from Higgins et al. (2005). 
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Figure 7 
 

 
 
Figure 7:  Anomaly streamline analysis at 925 hPa based on radiosonde data composited 
with respect to the day of the surge at Empalme. The plotting convention for the green 
lines with red arrows are streamlines at 925 hPa on the day of the surge (after Douglas 
and Leal 2003), along with the conceptualization of the gulf surge (after Adams and 

Comrie 1997). 
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Figure 8 
 

 
 

Figure 8: Conceptual hypothesis of a subtropical upper-tropospheric low moving west 
into the North American monsoon regime, as adapted from Pytlak et al. (2005) and 
modified from conclusions of Finch and Johnson (2010) and Newman and Johnson 

(2012) indicating shear playing a significant role in the core monsoon region as opposed 
to divergence. The upper-level low centers are the favored climatological formation 
locations of upper-tropospheric lows that impact the NAMS region, with directional 

arrows indicating typical movement paths, as adapted from Bieda et al. (2009). 
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Figure 9 
 

 
 
Figure 9: Total tropical cyclone precipitation (1992-2005, mm) calculated from the U.S.-

Mexico unified gridded precipitation dataset. 
Source: Ritchie et al. (2011). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

92 

Figure 10 
 

 
Figure 10:  (Top) Schematic of observed diurnal convective activity along the Sierra 

Madre Occidental (SMO), after Nesbitt et al. (2008) at 1100 LT.  Green arrows indicate 
low-level moisture flux below 700 mb, and black thicker arrows indicate upper-level 

moisture flux above 700 mb after Anderson et al (2004).   
(Bottom).  Same as top figure, except for 1900 LT, where a mesoscale convective system 

(MCS) has formed as a result of storms moving west off the SMO High Plains and 
Foothills. 
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Figure 11 
 

a)                                               b) 

  
            c)                                                         d) 

 
           e)                                                          f) 
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Figure 11 (cont.) 
 
Figure 11:  Influences of the monsoon on ecology and society in the Southwest. (a) Pre-

monsoon dry rangeland conditions compared to (b) monsoon rangeland “green-up” 
(Courtesy:  M. Crimmins).  (c) A Native American rain/run-off fed cornfield near Tuba 

City, Arizona (Courtesy: National Archives, 1941: photo no. 79-AA-R02). (d) A blowup 
from the Willow Fire on June 8, 2011 (Courtesy: J. Coil, Battalion Chief, Sedona Fire 

District). (e) A haboob/dust storm in Tucson, AZ (Courtesy: J.J. Brost) and (f) flash flood 
in southern Arizona (Courtesy: National Weather Service Office, Tucson).   
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ABSTRACT 
 

 The relationship of flash flood reports to gulf surges and upper-tropospheric 

troughs are explored based on the variability of hourly precipitation and lightning data 

over the southwestern United States and northwestern Mexico from 1996 to 2011.  Using 

a variety of upper-level, mid-level and surface level datasets, chi-square analysis, 

Student’s t-test and Monte Carlo field significance tests are conducted to determine 

whether the presence of synoptic-scale and mesoscale features provide a significant 

enhancement to the convective environment.   The application of the method is explored 

to assess in 3-hourly normalized time steps the environment that can be expected when 

inverted troughs, gulf surges, the presence of both features or neither feature are expected 

utilizing precipitation and lightning fields.  The National Weather Service Storm Reports 

is explored for instances of short-term, heavy precipitation flood events, to include flash 

floods, heavy precipitation, and urban and small stream floods.  These reports were found 

to have a statistically significant relationship when compared against a climatological 

database of inverted troughs and gulf surges.  When inverted troughs are found to be in 

our study region and a gulf surge was found to be occurring concurrently, a statistically 

significant increase of both lightning counts and precipitation totals were found to occur.  

When neither feature was recorded to be in the area or occurring, a significant downturn 

of both lightning counts and precipitation was noted.  These results point to the question 

of what is likely to cause the “burst” period during the monsoon season, especially with 

regards to synoptic-scale disturbances and gulf surges over the NAM region.  
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1) Introduction 

The North American Monsoon System (NAMS or ‘the monsoon’) is typified by 

an influx of moisture from the Gulf of California to the southwestern United States and 

northwest Mexico in the lower levels, and from the Gulf of Mexico in the mid- and 

upper-levels during the months of June – September.   The cause is due to a regime shift 

in prevailing wind directions in the mid- and upper-levels of the atmosphere, along with 

dynamical initiation due to a seasonal reversal in pressure over the Sonoran Desert 

caused by continental landmass heating (Adams and Comrie 1997; Barlow et al. 1998; 

Gutzler 2004).   Onset of the monsoon typically occurs during mid-June in the core 

monsoon region in Mexican portion of the Sonoran Desert, while initiation typically 

occurs between early-July to late-July in the northern portion of the Sonoran Desert 

(Carleton 1985; see Figure 4a of Liebmann et al. 2008).  The amount of rainfall that 

occurs during the monsoon accounts for 60%-80% of the annual rainfall in northwestern 

Mexico and nearly 40% of the annual rainfall in Arizona (Douglas et al. 1993; Higgins et 

al. 1997, 1998, 1999; Adams and Comrie 1999).  During the monsoon, some researchers 

have found that a significant portion of precipitation falls as a result of phenomenon 

known as gulf surges (Berbery and Fox-Robinovitz 2003; Dixon 2006; Becker and 

Berbery 2008; Svoma 2010), with Higgins and Shi (2005) finding nearly 50% 

contribution to regions of the Sonoran Desert.  The largest rainfall totals resulting from 

gulf surges tended to be associated with a strong low level jet at 925 hPa, with these 

stronger events contributing to potential significant flooding and flash flooding (Vivoni et 
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al. 2006; Magirl et al. 2007).  However, regions of the Sonoran Desert nearest to the 

mountains may not be as dependent on gulf surge activity, according to Douglas and Leal 

(2003), though they speculated that the reverse might also be true.  

These gulf surges are a well documented event in the NAMS literature (Hales 

1972; Brenner 1974; Carleton 1986; Watson et al. 1994; Strensrud et al. 1997; Douglas et 

al. 1998; Douglas and Leal 2003; Kanamitsu and Mo 2003) and are at times classified as 

“burst” periods of the monsoon (Brandt 2006), whereby a low-level northerly push of 

maritime tropical (mT) air is initiated due to, and with strength modulated by, a variety of 

factors.  Known catalysts for gulf surge initiation include collapsing mesoscale 

convective systems (MCS; Adams and Comrie 1997), passage of easterly waves (Fuller 

and Strensrud 2000), tropical cyclones (Anderson et al. 2000; Higgins and Shi 2005; 

Becker and Berbery 2008) and phase changes of the Madden-Julian Oscillation (MJO; 

Lorenz and Hartmann 2006; Abatzoglou et al. 2009).  Additional research has been 

conducted with regards to other major moisture contributions to the monsoon, such as 

tropical cyclone remnants (Ritchie et al. 2011).  However, recent works have recognized 

the potential of upper-tropospheric lows to be possible catalysts of gulf surge initiation 

(Douglas and Leal 2003; Pytlak et al. 2005; Rogers and Johnson 2007; Bieda et al. 2009; 

Newman and Johnson 2012).   

 The role of subtropical upper tropospheric lows, otherwise termed inverted 

troughs (IVs), and the impacts of these transient features are quite limited in scope.  

Researchers have found that IVs provide distinct regions of cold air advection, 

northeasterly flow at the midlevels and enhanced northeasterly shear enhance convective 
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activity as these features transit over the Sonoran Desert (Figure 2; Pytlak et al. 2005; 

Douglas and Englehart 2007; Bieda et al. 2009; Finch and Johnson 2010; Newman and 

Johnson 2012).  Even further, it has been hypothesized that the passage of IVs can assist 

in periodic organization of mesoscale convective systems (MCSs) over Arizona (northern 

Sonoran Desert) interrupting the diurnal cycle of convection (McCollum et al. 1995; 

Maddox et al. 1995; Blanchard et al. 1998; Pytlak et al. 2005; Douglas and Englehart 

2007; Magirl et al 2007; Bieda et al. 2009; Finch and Johnson 2010; Newman and 

Johnson 2012).  While this enhancement and MCS development were found to be 

statistically significant when convection propagates out over the hot deserts in the late 

afternoon and evening (1800-0900 UTC) according to Bieda et al. (2009), the 

relationship between IVs and gulf surges occurring together has not yet been 

investigated.  Even more important for purposes of this study, as gulf surges are limited 

to the Sonoran Desert region due to the low-level moisture push, the investigation of 

flash floods in the desert can help lead to potential mechanisms that may address a 

significant forecasting challenge.   In addition, due to the increasingly urbanized 

environment and increasingly important military missions planned in the Sonoran Desert, 

finding potential indicators of flash flood causing mechanisms can aid both urban and 

military interests with mitigation planning. 

 Groundbreaking studies analyzing synoptic scale patterns in association with flash 

flood events were conducted by Maddox et al. (1979; 1980) where the authors utilized 

the 500 hPa level to generally describe various patterns that caused flash floods in their 

dataset of 61 events.  A plurality (29 events) of the events found in their studies were 
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commonly associated with a weak 500 mb short-wave trough that was moving northward 

up the western side of a long-wave ridge.  Later, McCollum (1993) and Maddox et al. 

(1995) found three general, large-scale weather patterns that were favorable for 

producing severe thunderstorms and flash flooding over regions of central Arizona 

typically associated with subtle changes in the positions of synoptic scale features far 

removed (1000-2000 km) from the study area.  In a later work by Gochis et al. (2003a), 

the authors suggested that a traditional ‘wet-day’ analysis (or threshold to recognize wet-

days lacking proper data) would be a useful analysis for characterizing higher order 

precipitation events.   

Here, we hypothesize that the prominent features of gulf surges and IVs are likely 

to be associated with flash flood reports, and that the diurnal cycle of convection is 

significantly interrupted in the presence of either or both features. The outline for this 

paper is as follows.  Section 2 provides a brief overview of the geographical regions 

chosen for this study, based in large part upon those provided by the North American 

Monsoon Experiment (NAME) and the boundaries of the Sonoran Desert.  These regions 

are selected due to the mesoscale and synoptic scale influence of the features being 

investigated.  In addition, the selected datasets are briefly described within this section.  

Section 3 describes the data and methods to assess gulf surges, inverted troughs, and 

whether either, both or neither enhance or suppress convection/precipitation.  Section 4 

establishes that convective activity during specific hours of the diurnal cycle are 

enhanced by passage of transient IVs, influenced by gulf surges, both or neither.  Section 
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5 provides a discussion and conclusion of the results, and establishes future research 

direction.   

2) Data Used 

a) Regional Definition 

The first region of interest is defined by the domain spanning 20-35°N and 105-

115°W and is known as the “Tier 1 Region” (Figure 1; NAME Science Plan 2004). It was 

chosen in order to maintain consistency with Moore et al. (1989) and Whitfield and 

Lyons (1992) as well as encompass the entire Sonoran Desert region.  The second region 

of interest is known as the “Tier 2 Region”, defined by the domain corners spanning 10-

40°N and 90-120°W (NAME Science Plan 2004).  This region was utilized due to the 

interaction of transient inverted troughs (IV) and tropical upper-troposphere low features 

that interact with the Sonoran Desert.  The region of interest has major mountain ranges, 

warm seas (e.g., Gulf of California) and strong sea surface temperature (SST) differences 

separated by the Baja Peninsula.    

b) Datasets 

i) National Climatic Data Center (NCDC) Storm Events Database 

The NCDC Storm Events database was accessed1 to obtain the heavy 

precipitation and flood reports for use in this study.  The events selected include flash 

flood, flood, heavy precipitation and urban and small stream floods (MacAloney and 

McLeod, 2007).  As this dataset only encompasses the United States, the counties that 

encompass the Sonoran Desert in Arizona and California are included.  For the state of 

                                                
1 Available online at http://www.ncdc.noaa.gov/stormevents/ftp.jsp  



 

102 

Arizona, the counties include Gila, Graham, La Paz, Maricopa, Mohave, Pima, Pinal, 

Santa Cruz, Yavapai and Yuma.  For the state of California, the counties include Imperial 

and Riverside.  Though New Mexico is within the “Tier I” study domain, the state was 

excluded as a result of gulf surges from the Gulf of California having little to no 

influence within the state.  The period of study is June 1 to September 30 during the years 

of 1996 to 2011 due to the establishment of the Tucson National Weather Service office 

and more consistency in reporting within the database. 

ii) Cloud-to-Ground Lightning Data 

The National American Lightning Detection Network (NALDN) observes 

lightning occurrence and stroke density throughout northern Mexico, the contiguous 

United States, Canada, Alaska and nearby coastal waters (Orville et al. 2011). Starting in 

1996, the NALDN has seen numerous sensor improvements that allow for higher 

accuracy detection of lightning.  The first set of upgrades to the network included 

additional sensors and yearly upgrades of older sensors that improved accuracy to higher 

than 90% throughout the contiguous United States (Cramer et al. 2004; Cummins et al. 

2006).  Further study by Biagi et al. (2007) validated these improvements with having a 

flash and stroke detection efficiency in southern Arizona of nearly 95%, with the 5% 

missing cloud-to-ground (CG) strokes attributed to multiple lightning strikes being 

attributed to a single prior stroke.  Because thunderstorms usually develop, mature, and 

dissipate within an hour, the very high temporal and spatial resolution of CG data allows 

for methodologies to be developed to monitor intense thunderstorms continuously, 

especially in regions of sparse radar coverage (Tapia et al. 1998; Maddox et al. 2002; 
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Underwood and Schultz 2004; Price et al. 2011).  Noted changes in the geographic 

density and sensor sensitivity of the NALDN has resulted in temporal nonclimatic 

inhomogeneities (Orville et al. 2002; Abatzoglou and Brown 2009) which may cause 

earlier years in the record to have less lightning strokes detected versus years newer in 

the record.  However, since the number of strokes typically is indicative of storm cores 

that are of interest and the CG lightning flashes detected are both accurate and effective 

(Abatzoglou and Brown 2009; Orville et al. 2011), this was an acceptable limitation and 

all data were used in this study.   

The NALDN data, provided courtesy of Vaisala Inc. via the Department of 

Defense (DoD), were used in this study to track CG lighting stroke densities every hour 

within a domain bounded by 27.5°N, 40°N, 100°W and 120°W.   This included as much 

of the Sonoran Desert (and Tier II region) as possible, though the Mexican state of Baja 

California Sur had to be excluded due to the NALDN’s detection efficiency dropping 

below 50% south of latitude 27.5°N  (Murphy and Holle, 2005).  An algorithm change 

helped improve positive flash detection efficiency in the western mountains of Mexico 

starting in 2008-2009 (Orville et al. 2011). For that reason, lightning strokes densities 

south of the United States/Mexico border may be more significant than shown and the 

southern boundary was held at 27.5°N to ensure that a majority of lightning strokes in the 

northern Mexican Sonoran Desert are counted.  Data for this study were available for the 

16 warm seasons (1 June – 30 September) from 1996 to 2011.   

iii) North American Regional Reanalysis (NARR) 
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The NARR analyses are available from 0000 UTC, 1 January 1979 to present 

using the National Center for Environmental Prediction (NCEP) Eta data assimilation 

system (EDAS) that began operation in April 2003.  These analyses are generated on 3 

hourly fields and a 32-km grid for the North American continent and adjacent ocean 

regions (Messinger et al. 2006), a temporal and spatial resolution sufficient enough to 

correspond more closely to the diurnal cycle of convection and to the spatial interactions 

of complex terrain.  Both time scale and boundary layer conditions are important factors 

on convective forcing in the NAMS region (Maddox et al. 1995; Castro et al. 2007a; 

Demko and Geerts 2010).  The time frame that was used to identify transient IVs was 

June 1 – September 30, which includes the onset (June 15) and decay (September 30) of 

the monsoon for the Tier II Region, during the years of 1996 to 2011.   

It is important to acknowledge a major challenge that was previously found while 

utilizing the NARR dataset for the NAMS region.  The first, and most important, flaw is 

that NARR underestimates the strength of the Gulf of California low-level jet associated 

with gulf surges that have a surface moisture flux of 40-60 g kg-1 m s-1 or even missing 

the Gulf of California southeasterly flow completely  (Mo et al. 2005; Castro et al. 

2007a).  Therefore, an alternative for detecting and verifying the presence of gulf surges 

is discussed in the next subsection.  Some IVs are known to exist in the midlevel of the 

atmosphere (Douglas and Englehart 2007; Bieda et al. 2009), best track reanalyses from 

the Colorado State Tropical Prediction Center2 were used to make certain that tropical 

storms or hurricanes were not inadvertently labeled IVs. Finally, GOES West IR and 

                                                
2Available online at http://www.weather.unisys.com/hurricane/e_pacific/  
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water vapor imagery were obtained from Earth Observing Laboratory3 portal of the 

National Center for Atmospheric Research to help manually observe and identify rotation 

centers of some upper-level vortices. 

iv) European Reanalysis Interim (ERA-I) 

The ERA-I dataset was selected for reconstruction of gulf surges and was 

obtained from the National Center for Atmospheric Research’s (NCAR) Research Data 

Archive (RDA, http://www.dss.ucar.edu, dataset number ds627.0) for the time period of 

June 1 to September 30 during the years of 1996 to 2011.  The ERA-I has a resolution of 

approximately .7°, with 37 pressure levels and 6-hourly time-step intervals (Simmons et 

al. 2007a; Uppala et al. 2008; Dee et al. 2011).  The representation of the tropics by the 

ERA-I is found to be more accurate (e.g., near the Tropic of Cancer in the NAMS region) 

according to Serra et al. (2010) in their study of easterly waves.  Decker et al. (2012) 

further confirmed that near surface representation of wind and temperature was better 

represented by ERA-I over other reanalyses datasets (including NCEP reanalyses data) 

based upon flux-tower observation data throughout North America. 

v) NASA Land Data Assimilation System (NLDAS) version 2 

In a previous study (Bieda et al. 2009) to determine whether IVs had a general 

impact on both precipitation and lightning densities, physical inconsistencies were noted 

between the NALDN and NARR precipitation output.  These discrepancies were seen 

along the Arizona-Sonora border and in western Sonora where significant local 

enhancement was found in NALDN data, but was absent in the NARR precipitation 

                                                
3Available online at http://data.eol.ucar.edu/  
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output regardless of hour selected.  It was found that this was likely a result of the 1° 

Climate Prediction Center (CPC) precipitation product that is used as input during NARR 

assimilation.  For purposes of this study, and in order to lessen the problem discussed 

earlier, the NLDAS version 2 (NLDASv2) dataset (Mitchell et al. 2004) was selected due 

to the disaggregation of half-hourly 8 km CMORPH (Climate Prediction Center 

MORPHing technique, Joyce et al. 2004) as well as inclusion of Climate Prediction 

Center (CPC) hourly US/Mexico gauge data (Higgins et al. 1996) and hourly Doppler 

Stage II 4 km precipitation data.  The dates from June 1 to September 30 of 1996 to 2011 

are chosen for NLDASv2 precipitation. 

 

3) Analysis Methodology 

a) Inverted Trough Climatology 

Various case and modeling studies of individual inverted troughs have been 

conducted over the NAMS region (Finch and Johnson 2010; Newman and Johnson 

2012), particularly during the significant 10-13 July 2004 IV that occurred during the 

North American Monsoon Experiment (NAME).   The findings from an observational 

study by Finch and Johnson (2010) suggest that a collocated IV enhances mid-level flow, 

thus allowing for mesoscale organization over the Sierra Madre Occidental (SMO).  

Further study by Newman and Johnson (2012) finds that, through a modeling study of the 

10-13 July 2004 IV event, modeled simulations tended to present a larger area, and mean 

increase of precipitation in the lower elevations of their model domain (NAMS core 

region).  The authors suggest that an analysis similar to our group’s (Bieda et al. 2009) 
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previous efforts would prove beneficial with an investigation of surge duration and/or 

intensity and inverted troughs could link the characteristics of these features for the 

northern Gulf of California and the southwestern United States.  This investigation will 

first examine the observational record to determine how climatologically different the 

diurnal cycle of convection is in the presence of both these noted features.  

The same methodology was utilized to update the database from 1980 to 2011 and 

we encourage the reader to refer to that paper for further information, though the years of 

interest for this study are confined to 1996 to 2011.  The dates identified as IV days were 

successfully incorporated in our last work when an IV passed within a domain bounded 

by 23.5°N, 40°N, 100°W, and 120°W.  The boundary is expanded southward in order to 

capture the northern flanks of any systems that may pass south of the study region given 

the large expansive influence of the IVs (scales of roughly a few hundred kilometers).  

This approach helps stratify the NALDN and NLDASv2 data into 24-h bins with respect 

to changes in the diurnal cycle of convection and to establish whether IV days are 

significantly different from non-IV days.  

b) Gulf Surge Climatology 

Many methods have been developed to identify gulf surges in the Sonoran desert 

(Fuller and Strensrud 2000; Douglas and Leal 2003; Higgins et al. 2004).  Fuller and 

Strensrud (2000) and Higgins et al. 2004) used surface data from Yuma and Tucson to 

identify surges, subjectively basing surge onset on southerly wind direction and rapid 

increases in surface dew point temperatures.  Dixon (2006) and Svoma (2010) utilized the 

Assessing Low-Level Atmospheric Moisture using Soundings (ALARMS) method, 
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which identifies a surge event as the third day in a four-day period using such that the 

850-hPa dewpoint was at least 4°C higher for both of the last two days than for both of 

the first two days for either the 1200 UTC or the 0000 UTC sounding.  Furthermore, 

Dixon (2006) utilized four radiosonde sites, Empalme, Mexico and Tucson, Yuma and 

Phoenix, AZ.  For purposes of this study, the methodology will follow the method 

employed by Douglas and Leal (2003) and Seastrand (2012) on the ERA-I dataset.  The 

latter methodology for conditions at Yuma, AZ utilized: 1) an increase in integrated 

surface-to-850hPa moisture convergence of greater than 50 kg m-1
 s-1; 2) a decrease in the 

925 hPa temperature of greater than 3° C; 3) an increase in surface pressure of greater 

than 3 hPa; and 4) occurrence of the previous three criteria within a 24-hour period over 

one or more consecutive 12-hour periods.  Should a surge meet all of the previous 

criteria, whether at 0000 UTC or 1200 UTC, the day is identified as a gulf surge day.  If 

not, the day is set aside as a non-gulf surge day.  Much like the approach utilized for IVs, 

this helps stratify the NALDN and NLDASv2 data into 24-h bins with respect to changes 

in the diurnal cycle of convection with respect to gulf surge occurrence.   

c) National Weather Service (NWS) Storm Reports 

The utilization of the NWS Storm Reports established the demarcation between 

dates where a flood day was established versus no-flood days.  The following 3 criteria 

were selected, per guidance from the NWS, as to what reports qualify as flash flood 

reports of interest:  1) Flash Flood, defined as a river or stream flowing out of its banks 

within 6 hours of a causative event (e.g., heavy rain); 2) Flood, defined as any river or 

stream that is flowing out of its banks beyond 6 hours of a causative event and posing a 
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threat to life or property; 3) Heavy Rain, defined as an unusually heavy amount of rainfall 

that is responsible for threat to life or property; and 4) Urban/Small Stream Flood 

Advisory, not defined though generally resulting from heavy rain situations that do not 

cause immediate threat to life or property.  The above four criteria, identified as per 

MacAloney and McLeod (2007), have a tendency for subjective interpretation and any 

one of the events reported could potentially be another event depending upon forecaster 

interpretation.  These reports were selected due to preferential reporting of events that 

occur within urban environments or populated regions, an important focus of the NWS 

and the United States Air Force (USAF).   

d) Method of Statistical Assessment 

Once the four NWS storm report events were identified and all binned as flood 

categories, they were compared against dates that were identified as IV days and gulf 

surge days.  Three separate regions were considered for statistical significance using the 

Chi-Square Goodness of Fit test with 1 degree of freedom (2-1 columns x 2-1 rows) to a 

statistical significance of 99.5%.  The first region considered was the entire Sonoran 

Desert, comprised of all the counties within Arizona and California.  The second region 

considered was the portion of the Sonoran Desert that is in the state of California.  The 

third and final region was the portion of the Sonoran Desert that is in the state of Arizona.  

The null hypothesis was that there is no difference between gulf surges, IVs and 

incidences of flash flood reports.   Any region that rejected the null hypothesis would be 

included for evaluation utilizing lightning and precipitation data.   
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A Student’s t test difference of means is used to test local significance at the 95% 

level.  Field significance tests (e.g., Livezey and Chen 1983) are also performed due to 

the sensitivity of the Student’s t test to large datasets and for spatial autocorrelation of 

geopotential height and vorticity, considering significance at the 95% level, using 1000 

realizations with 1950 degrees of freedom (122 days x 16 yrs – 2).  Considering that there 

are four categories to test (see Table 1), a total of 8 sets of figures (lightning and 

precipitation) were generated every 3 hours to test for difference of means and whether 

the feature considered had any importance in enhancing the amount of precipitation or 

lightning that occurred during a reported flood event.  If the field significance test fell 

below 90%, the 3-hour bin was not considered significant.  Figures 6 and 7 are provided 

as the baseline climatological comparison, which was an average of all 1952 days for 

every 3 hours contained within the data of record for both the NALDN dataset and 

NLDASv2 precipitation field. 

 

4) Results and Discussion 

The diurnal cycle of warm season convection is marked by a strong signal where 

maximum lightning counts and the highest precipitation totals occur in the late afternoon 

and early evening, with the Sonoran Desert region being no exception (Wallace 1975; 

Zajac and Rutledge, 2001).  Over the lower deserts of Arizona, for example, the lower 

terrain of central and western Arizona experiences its maximum during the early and late 

evening hours (Figures 6 and 7; Hales 1977; Balling and Brazel 1987; King and Balling 

1994; Watson et al. 1994b; Maddox et al. 1995).  Over the lower Sonoran Desert of 
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Mexico, development of MCSs along the Sierra Madre Occidental (SMO) and their 

subsequent movement off the mountains into the lower deserts tend to occur starting 

during the late evening and early morning hours, though the diurnal cycle is indeed more 

regular at the higher elevations of the SMO in both phase and magnitude (Nesbitt et al. 

2008).  Precipitation at the lower elevations tends to be subject to more extreme events 

and intraseasonal variability, a result consistent with Gochis et al. (2004) and Lang et al. 

(2007).   

The first assessment conducted for this study is whether specific regions of the 

Sonoran Desert were statistically significant when comparing NWS flood reports against 

IV and gulf surge days.  Table 1 shows the regions that were significant to the 99.5% 

level using a Chi-Square Goodness of Fit test, where both the larger Sonoran Desert (U.S. 

side) and the Arizona portion of the Sonoran Desert were found to have both gulf surges 

and inverted troughs being significant to flood storm reports.  Based upon assessment of 

the total reports, 39% of the reports in the Sonoran Desert occurred during periods of 

both inverted troughs and gulf surges being present in the area, suggesting that the 

passage of a mobile IV and sufficient low level moisture can assist in organization of 

storms that would impact the lower Sonoran desert (McCollum et al. 1995; Maddox et al. 

1995; Blanchard et al. 1998; Pytlak et al. 2005; Douglas and Englehart 2007; Bieda et al. 

2009; Finch and Johnson 2010; Newman and Johnson 2012).  Nearly two-thirds of the 

flood storm reports occurred in the presence of a gulf surge, and 56% occurred in the 

presence of an inverted trough.  These results lend credence to the fact that once gulf 

surges are triggered; a greater likelihood exists for flood reports to occur due to moisture 
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availability.   Due to the forecasting importance of assessing the diurnal cycle of 

convection within a given day, the analysis shifts from the storm reports to the 3-hourly 

lightning and precipitation data.   

Figure 3 shows the updated 3-h evolution of hourly lightning density from Bieda 

et al. (2009) for the six times of 18 UTC (1100 LST) to 0900 UTC (0200 LST), inclusive, 

hours that coincide with the NLDASv2 precipitation analyses (Figure 4).  Results are 

normalized by the total days in the 16-season composite (1952 days) to units of km-2 3h-1.  

As shown in our prior study, the daily diurnal cycle of convection commences around 

1100 LST (Figure 3a) over the high terrain of New Mexico (Sacramento Mountins; 

Sangre de Cristo), Arizona (Mogollon Rim, White Mountains) and northwestern Mexico 

(Sierra Madre Occidental).  Convective activity reaches its peak diurnal values over these 

mountain regions three hours later (1400 LST, Fig. 3b). Lightning also peaks over the 

Santa Rita Mountains (southern Arizona) and the northern Sierra Madre Occidental 

Mountains (northeastern Sonora Mexico), where the CG density increases ten-fold 

between 1800 and 2100 UTC to its domain maximum of ~25 km-2 h-1 (e.g Murphy and 

Holle 2005). Convection moves off of the terrain by late afternoon, 1700 LST (Fig. 3c). It 

propagates eastward from the Sangre de Cristo range, and westward or southwestward 

over Arizona and northern Sonora state in Mexico, consistent with prior analysis of radar 

echoes (e.g. Knievel et al. 2004, Fig. 9). In most regions, the lightning count decreases 

markedly from late afternoon to early evening (Fig. 3d). Convection weakens and then 

dies as it approaches the Gulf of California and lower desert of Southern California 

during the evening hours of 2000 LST to 0200 LST. Domain-averaged CG flash density 
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is a minimum during the early morning daylight hours (1200 and 1500 UTC, results not 

shown). 

Figure 5 presents the difference in CG density count km-2 (3 hr)-1 for the days 

without gulf surges or IVs minus the days of record where a gulf surge and/or inverted 

trough were occurring.  The composites show field significance at the 99% from 1800 

UTC – 0900 UTC for the study domain.  As these hours are during hours of peak 

convection, the statistically significant decrease of lightning density indicate that during 

periods without either feature present what is known as a “break” period during the 

monsoon.  The majority of the Sonoran Desert, and the higher elevations of the Mogollon 

Rim and western New Mexico, is influenced greatly by the lack of moisture that gulf 

surges bring to the region and the lack of a forcing mechanism in the form of an inverted 

trough.  The NLDASv2 precipitation fields (Figure 6), in units of mm (3 hr)-1, show that 

all hours of importance to the diurnal cycle of convection show a significant downturn in 

precipitation.  This downturn is especially true of the Sonoran Desert region, where 

decreases of approximately 0.5 to 1.0 mm (3 hr)-1 are persistent across all hours.  Due to 

the decreased moisture availability, it is quite likely that most of the precipitation that 

does fall from thunderstorms tends to do so as virga through thermodynamic reasoning.  

In addition, without the shear that is brought by the presence of inverted troughs, it is also 

quite likely that storms that do form are short lived and under a stagnant regime (Maddox 

et al. 1979; 1980).  Therefore, a regime that is not likely to organize convection as a 

result of inverted troughs or have any destabilization as a result of a gulf surges will tend 
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to result in a regime that is consistent with “break” patterns of the monsoon in the 

Sonoran Desert. 

Figure 7 presents the difference in CG density count for gulf surge days minus the 

rest of the days of record.  Field significance of greater than 95% is achieved between the 

hours of 2100 UTC (1400 LST) to 0300 UTC (2000 LST), where storms are much more 

likely to form off the mountain areas of eastern Arizona and rapidly move westward into 

the central part of the northern Sonoran Desert.  Interestingly, lightning conditions over 

the SMO in the southern portion of the domain remain near the climatologically normal 

conditions for convective activity.   As lightning detection efficiency is known to 

decrease over the SMO (Murphy and Holle 2005), the precipitation dataset is assessed to 

see if these conditions are truly the case.  The NLDASv2 precipitation fields for gulf 

surge days (Figure 8) are significant from 1800 UTC (1100 LST) to 0300 UTC (2000 

LST).   These composites show more precipitation than all other days of record of up to 1 

mm (3 hr)-1 throughout throughout the eastern Sonoran Desert (Arizona and lower 

elevations of Sonora).  In addition, the SMO is shown to have local significance during 

the hours noted with lower elevation propagation of precipitation to the eastern coast line 

of the Gulf of California.  The significance of lower elevation storms that do not 

necessarily last into the late evening and early morning hours are potential indicators that 

storms that do move into the desert are depending on both elevation and available 

moisture.  The fact that the other composites (0600 UTC – 1200 UTC) do not have much 

in terms of local or field significance is an indicator of normal climatological conditions, 

where both lightning and precipitation (Figures 3 & 4) show that the lower Sonoran 
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Desert along the Colorado River valley and in eastern California receive very little (if 

any) precipitation.   A potential assessment based on these composites indicates that the 

storms may not have enough motion or favorable dynamical conditions to work on just 

gulf surges alone.  

Figure 9 presents the difference in CG density count for IV days minus the rest of 

the days of record.  Though these results might seem to indicate that IVs alone may not 

provide significant enhancement, a potential contradiction of Bieda et al. (2009), these 

composites do intentionally exclude any IV days that have gulf surges occurring 

concurrently.  The statistically significant composites of 1800 UTC (1100 LST) to 0300 

UTC (2000 LST) indicate that lightning density increases occur primarily through the 

higher elevations of central and southern Arizona, and along and just west of the SMO.  

The significance decreases to background levels at 0300 UTC (2000 LST), indicating that 

storms that do form are vigorous enough to expand away from the mountain ranges. But, 

moisture availability may be limited in the lower deserts and decrease ability of storms to 

sustain themselves beyond the climatological normal periods when convection dissipates 

(Figure 3).  The amount of precipitation enhancement shown in Figure 10 shows spotty 

areas of local significance of up to 1 mm (3 hr)-1 in the regions that were previously noted 

to have an increased lightning density count.  However, none of the composited cases for 

IV days achieve field significance for precipitation totals.  The increased likelihood of 

lightning is an important consideration that demonstrates the atmosphere has stronger 

updrafts in the region (Adams and Souza 2009).  However, a lack of any increased 

precipitation over climatological normal conditions indicates through thermodynamic 
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reasoning that storm precipitation (despite better organization) is undergoing expected 

evaporation as it descends towards the surface.   

Figure 11 presents the difference in CG density count for days where gulf surges 

are in progress concurrently with mobile IVs passing over or near the study region days 

minus the rest of the days of record.  The composites that show field significance of 

convective enhancement at the 99% level are from 1800 UTC (1100 LST) to 0600 UTC 

(2300 LST).   In addition, despite accounting for only 10% of all sample days, these sets 

of dates account for a plurality of total lightning strikes over Arizona and northern 

Sonora.  The enhancement becomes significant by 1100 LST (Figure 11a), with distinct 

maxima over the climatologically favored high terrain of the Mogollon Rim and SMO.  

Furthermore, enhancements during this time period are noted over the lower Sonoran 

Desert far earlier than is normal, with the lower elevations of the Sonoran Desert in 

Arizona and Sonoran becoming more climatologically active than normal through the late 

afternoon and early evening hours.  This is consistent with the mechanisms advanced by 

some researchers (Hale 1977; Finch and Johnson 2010; Newman and Johnson 2012), 

whereby convective activity is more likely to occur in the Sonoran Desert of south central 

Arizona and northwest Sonora as a result of increased moisture at the surface, increased 

shear profile and radiational cooling of cloud tops.  Largest positive differences are 

centered over southwestern Arizona by early evening (2000 LST, Fig. 11c).  These panels 

provide evidence of increased lightning count enhanced in the western deserts of 

northwest Mexico and southwest Arizona during IV and gulf surge days. 
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Interpretation of the NLDASv2 precipitation dataset provides insight into the role 

played by transient synoptic IVs, gulf surges in modulating precipitation throughout the 

higher elevations of Arizona and the SMO.  The enhancement of accumulated 

precipitation during these days (Figure 12) can be as large as 1 mm (3 hr)-1 to 1.5 mm (3 

hr)-1 over the higher mountains and 0.5 mm (3 hr)-1 to 1 mm (3 hr)-1 over the lower 

deserts for protracted periods of time.  The enhancements occur over all composites and 

are significant to the 99% level.  When precipitation is accumulated over the 24 h day, 

the enhancement on IV + gulf surge + flood days over background days can add up to 

approximately 10 to 15 mm over the lower deserts.  Mountainous areas, such as the 

Mogollon Rim, have statistically significant enhancements of greater magnitude.  These 

results suggest that transient IVs + gulf surges days are conducive for increased 

precipitation over the gulf of the NAMS region, and can point towards the highest risk 

period for consideration of flash flood watches. 

  

5) Conclusions 

An aim of this study was to determine whether the presence of transient IVs and 

gulf surge phenomena could potentially signal periods where and when increased 

lightning and precipitation are likely to occur.   In prior studies it was previously found 

that IVs are important mechanisms for enhanced steering flow and increased shear (Finch 

and Johnson 2010; Newman and Johnson 2012), along with enhancement of the diurnal 

cycle of convection (Bieda et al. 2009).  A motivating question was proposed by 

Newman and Johnson (2012) in that IVs and gulf surges needed to be examined 
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concurrently to assess the interaction of a constant low-level moisture source during the 

monsoon season alongside the introduction of an IV to the region.  In addition, the 

challenge of forecasting the monsoon on a daily basis and whether a “burst” or “break” 

period can be anticipated were also considered for purposes of noting whether an 

increased likelihood of lightning can occur and whether an increased likelihood of flash 

flooding can be anticipated (Watson et al. 1994a; Brandt 2006).  The analysis was 

conducted in manner similar to a ‘wet-dry’ analysis, as proposed by Gochis et al. 

(2003a).   

The occurrence of flash flood reports is found to be significantly coincident with 

the occurrence of gulf surges of passage of IVs over the Sonoran Desert and Arizona.  

When the diurnal cycle of convection is assessed based upon the passage of IVs and gulf 

surge occurrence, it was found that lightning counts during the hours of 1800 UTC – 

0600 UTC were significantly higher during those days (n = 275) than those dates where 

only one or neither feature were present (n = 1677). According to the conclusions of 

Douglas and Leal (2003) and Higgins et al. (2004), such an anomaly in the diurnal cycle 

is normally in response to the increased moisture from gulf surge events.  Furthermore, 

favorable upper-level dynamics due to increased steering flow and shear allowed for 

increased lightning and precipitation totals in the lower desert floors of the Sonoran 

Desert in studies that noted the coincident occurrences of inverted troughs and gulf 

surges (Higgins et al. 2004; Rogers and Johnson 2007).   These results point to the 

importance of both features being necessary features for “burst” periods of the monsoon, 

as the absence of one feature with the occurrence of the other shows (e.g. gulf surge only, 
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or IV only days) short lived significant precipitation and lightning increases.   Another 

finding points to the fact that the absence either an IV or gulf surge results in “break” 

periods of the monsoon, as precipitation and lightning counts are suppressed significantly 

during the diurnal cycle of convection.   

These results merit future modeling and observational study to determine what 

potential indicators could be ascertained to link the dynamical causes for these flash flood 

causing storms.  Future work is being planned where such an assessment would be 

conducted given the precipitation fields of each of the different scenarios laid out in this 

study to determine how much flooding could be expected within the metropolitan areas 

and U.S. military installations located in the Sonoran Desert.  Furthermore, given our past 

work in linking IVs to sea surface conditions (Bieda et al. 2009), a climatological study 

of IV and gulf surge events will be considered under different Pacific SST conditions to 

ascertain the relationship that these synoptic scale features have on the Sonoran Desert.  

Future work is planned to investigate the surge duration and intensity, along with the 

location of an inverted trough, to characterize the dynamical environment of the NAMS 

region when these features are present.  In addition, a more objective method is being 

assessed to identify inverted troughs (see Serra et al. 2010 for easterly wave 

identification) for future study of these features.    
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Figure Captions 
 
Figure 1:  The study domain region, highlighted in blue, and the North American 
Monsoon Experiment (NAME) Tier I and Tier II domains. 
 
Figure 2: Water vapor satellite image of a subtropical upper low, moving west from 
through the core monsoon region, 3:01 pm MST, July 2, 2012. This low later triggered a 
mesoscale convective complex that resulted in flash flooding in Nogales, Arizona. 
Source:  National Weather Service Office, Tucson, AZ 
 
Figure 3a-f:  Updated normalized lightning climatology (1 Jun – 30 Sep 1996-2011) 
count km-2 (3 hr)-1 for the lightning region, with counts above 10 km-2 (3 hr)-1 shown, 
after Bieda et al. (2009).  Hours in UTC are noted within each figure caption. 
 
Figure 4a-f:  NASA Land Data Assimilation Systems (NLDAS) version 2 normalized 
accumulated precipitation climatology (1 Jun – 30 Sep 1996-2011) every 0.05 mm  
(3 hr)-1. 
 
Figure 5a-f: Normalized lightning climatological difference of means between days 
without any surges or inverted troughs minus all other days during the monsoon season 
every 5 counts km-2 (3 hr)-1 for the lightning region.  Shading indicates regions of local 
significance at 95%.  Hours in UTC and field significance are noted within each figure 
caption. 
 
Figure 6a-f:  Same as Figure 5a-f, except for NLDAS version 2 accumulated precipitation 
every 0.5 mm day-1. 
 
Figure 7a-f: Normalized lightning climatological difference of means between days with 
gulf surges minus all other days during the monsoon season every 5 counts km-2 (3 hr)-1 
for the lightning region.  Shading indicates regions of local significance at 95%.  Hours in 
UTC and field significance are noted within each figure caption. 
 
Figure 8a-f:  Same as Figure 7a-f, except for NLDAS version 2 accumulated precipitation 
every 0.5 mm day-1. 
 
Figure 9a-f:  Normalized lightning climatological difference of means between days with 
inverted troughs minus all other days during the monsoon season every 5 counts km-2 (3 
hr)-1 for the lightning region.  Shading indicates regions of local significance at 95%.  
Hours in UTC and field significance are noted within each figure caption. 
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Figure 10a-f: Same as Figure 9a-f, except for NLDAS version 2 accumulated 
precipitation every 0.5 mm day-1. 
 
Figure 11a-f: Normalized lightning climatological difference of means between days with 
both inverted troughs and gulf surges minus all other days during the monsoon season 5 
counts km-2 (3 hr)-1 for the lightning region.  Shading indicates regions of local 
significance at 95%.  Hours in UTC and field significance are noted within each figure 
caption. 
 
Figure 12a-f: Same as Figure 11a-f, except for NLDAS version 2 accumulated 
precipitation every 0.5 mm day-1. 
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Table Captions 
 
Table 1:  Contingency table identifying the number of flash flood storm reports 
associated with gulf surges (GS) and inverted troughs (IV).  Regions with p < 0.005 are 
statistically significant utilizing the Chi-Square method at 99.5%. 
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Table 1:  Contingency table identifying the number of flash flood storm reports 
associated with gulf surges (GS) and inverted troughs (IV).  Regions with p < 0.005 are 

statistically significant utilizing the Chi-Square method at 99.5%. 
 
Table 1 
 

AZ	   IV	  Yes	   IV	  No	   	  	   Totals	  
	  GS	  Yes	   305	   38%	   216	   27%	   521	   65%	  

GS	  No	   132	   17%	   147	   18%	   279	   35%	  
Totals	   437	   55%	   363	   45%	   800	   p	  <	  0.005	  

 
CA	   IV	  Yes	   IV	  No	   	  	   Totals	  

	  GS	  Yes	   43	   52%	   21	   25%	   64	   77%	  
GS	  No	   14	   17%	   5	   6%	   19	   23%	  
Totals	   57	   69%	   26	   31%	   83	   p	  =	  0.59	  

 
Sonoran	  Desert	   IV	  Yes	   IV	  No	   	  	   Totals	  

	  GS	  Yes	   348	   39%	   237	   27%	   585	   66%	  
GS	  No	   146	   17%	   152	   17%	   298	   34%	  
Totals	   494	   56%	   389	   44%	   883	   p	  <	  0.005	  

 
Tucson	  Metro	   IV	  Yes	   IV	  No	   	  	   Totals	  

	  GS	  Yes	   121	   45%	   72	   27%	   193	   72%	  
GS	  No	   42	   16%	   32	   12%	   74	   28%	  
Totals	   163	   61%	   104	   39%	   267	   p	  =	  0.373	  

 
Phoenix	  Metro	   IV	  Yes	   IV	  No	   	  	   Totals	  

	  GS	  Yes	   34	   36%	   30	   32%	   64	   67%	  
GS	  No	   14	   15%	   17	   18%	   31	   33%	  
Totals	   48	   51%	   47	   49%	   95	   p	  =	  0.466	  
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Figure 1 

 

Figure 1:  The study domain region, highlighted in blue, and the North American 
Monsoon Experiment (NAME) Tier I and Tier II domains. 
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Figure 2 
 

 
 

Figure 2: Water vapor satellite image of a subtropical upper low, moving west from 
through the core monsoon region, 3:01 pm MST, July 2, 2012. This low later triggered a 

mesoscale convective complex that resulted in flash flooding in Nogales, Arizona. 
Source:  National Weather Service Office, Tucson, AZ 

 
 
 
 
 
 
 
 
 

 



 

134 

Figure 3 
 

 
 

 

 
 

Figure 3a-f:  Updated normalized lightning climatology (1 Jun – 30 Sep 1996-2011) 
count km-2 (3 hr)-1 for the lightning region, with counts above 10 km-2 (3 hr)-1 shown, 

after Bieda et al. (2009).  Hours in UTC are noted within each figure caption. 
 

a. 1800UTC-2100UTC b. 2100UTC-0000UTC 

c. 0000UTC-0300UTC d. 0300UTC-0600UTC 

e. 0600UTC-0900UTC f. 0900UTC-1200UTC 
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Figure 4 
 

 

 
 

Figure 4a-f:  NASA Land Data Assimilation Systems (NLDAS) version 2 normalized 
accumulated precipitation climatology (1 Jun – 30 Sep 1996-2011) every 0.05 mm  

(3 hr)-1. 
 

a. 1800UTC-2100UTC b. 2100UTC-0000UTC 

c. 0000UTC-0300UTC d. 0300UTC-0600UTC 

e. 0600UTC-0900UTC f. 0900UTC-1200UTC 
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Figure 5 
 

 
 

 
 
 
 

a. 1800UTC-2100UTC     f > 99% 

e. 0600UTC-0900UTC     f = 84% 

c. 0000UTC-0300UTC     f > 99% 

b. 2100UTC-0000UTC    f > 99% 

d. 0300UTC-0600UTC    f > 99% 

f. 0900UTC-1200UTC     f = 32% 
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Figure 5 (cont.) 
 
Figure 5a-f: Normalized lightning climatological difference of means between flood days 
without any surges or inverted troughs minus all other days during the monsoon season 
every 5 counts km-2 (3 hr)-1 for the lightning region.  Shading indicates regions of local 
significance at 95%.  Hours in UTC and field significance are noted adjacent to each 

map. 
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Figure 6 
 

 

 
 
Figure 6a-f:  Same as Figure 5a-f, except for NLDAS version 2 accumulated precipitation 

every 0.5 mm (3 hr)-1. 
 
 
 

a. 1800UTC-2100UTC     f > 99% b. 2100UTC-0000UTC    f > 99% 

c. 0000UTC-0300UTC     f > 99% d. 0300UTC-0600UTC    f > 99% 

e. 0600UTC-0900UTC     f > 99% f. 0900UTC-1200UTC     f > 99% 



 

139 

Figure 7 
 

 

 
 

 
 
Figure 7a-f: Normalized lightning climatological difference of means between days with 
gulf surges minus all other days during the monsoon season every 5 counts km-2 (3 hr)-1 

for the lightning region.  Shading indicates regions of local significance at 95%.  Hours in 
UTC and field significance are noted adjacent to each map. 

a. 1800UTC-2100UTC     f = 87% b. 2100UTC-0000UTC    f = 98% 

c. 0000UTC-0300UTC     f = 96% d. 0300UTC-0600UTC    f = 20% 

e. 0600UTC-0900UTC      f = 1% f. 0900UTC-1200UTC      f = 6% 
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Figure 8 
 

 
 
Figure 8a-f:  Same as Figure 7a-f, except for NLDAS version 2 accumulated precipitation 

every 0.5 mm (3 hr)-1. 
  
 

a. 1800UTC-2100UTC     f = 98% b. 2100UTC-0000UTC    f > 99% 

c. 0000UTC-0300UTC     f > 99% d. 0300UTC-0600UTC    f = 68% 

e. 0600UTC-0900UTC      f < 1% f. 0900UTC-1200UTC     f = 11% 
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Figure 9 
 

 

 

 
 
Figure 9a-f:  Normalized lightning climatological difference of means between days with 
inverted troughs minus all other days during the monsoon season every 5 counts km-2 (3 

hr)-1 for the lightning region.  Shading indicates regions of local significance at 95%.  
Hours in UTC and field significance are noted adjacent to each map. 

 

a. 1800UTC-2100UTC     f = 94% b. 2100UTC-0000UTC    f > 99% 

c. 0000UTC-0300UTC     f = 92% d. 0300UTC-0600UTC    f = 82% 

e. 0600UTC-0900UTC    f = 64% f. 0900UTC-1200UTC     f = 84% 
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Figure 10 
 

 

 

 
 
 

Figure 10a-f: Same as Figure 9a-f, except for NLDAS version 2 accumulated 
precipitation every 0.5 mm (3 hr)-1. 

 
 

a. 1800UTC-2100UTC     f = 66% b. 2100UTC-0000UTC    f = 52% 

c. 0000UTC-0300UTC     f = 26% d. 0300UTC-0600UTC    f = 76% 

e. 0600UTC-0900UTC    f = 96% f. 0900UTC-1200UTC     f = 98% 
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Figure 11 
 

 

 

 
 
Figure 11a-f: Normalized lightning climatological difference of means between days with 
both inverted troughs and gulf surges minus all other days during the monsoon season 5 

counts km-2 (3 hr)-1 for the lightning region.  Shading indicates regions of local 
significance at 95%.  Hours in UTC and field significance are noted adjacent to each map 
 

a. 1800UTC-2100UTC     f > 99% b. 2100UTC-0000UTC    f > 99% 

c. 0000UTC-0300UTC     f > 99% d. 0300UTC-0600UTC    f > 99% 

e. 0600UTC-0900UTC    f = 74% f. 0900UTC-1200UTC     f = 8% 



 

144 

Figure 12 
 

 

 

 
 

Figure 12a-f: Same as Figure 11a-f, except for NLDAS version 2 accumulated 
precipitation every 0.5 mm day-1. 

a. 1800UTC-2100UTC     f > 99% b. 2100UTC-0000UTC    f > 99% 

c. 0000UTC-0300UTC     f > 99% d. 0300UTC-0600UTC    f > 99% 

e. 0600UTC-0900UTC    f > 99% f. 0900UTC-1200UTC    f > 99% 


