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ABSTRACT 

Atmospheric rivers (ARs) are important contributors to cool season precipitation in the 

Southwestern US, and in some cases can lead to extreme hydrometeorological events in the 

region. We performed a climatological analysis and identified two predominant types of ARs 

that affect the central mountainous region in Arizona: Type 1 ARs originate in the tropics near 

Hawaii (central Pacific) and enhance their moisture in the midlatitudes, with maximum moisture 

transport over the ocean at low-levels of the troposphere. On the other hand, moisture in Type 2 

ARs has a more direct tropical origin and meridional orientation with maximum moisture 

transfer at mid-levels.  

We then analyze future projections of Southwest ARs in a suite of global and regional climate 

models used in the North American Regional Climate Change Assessment Program 

(NARCCAP), to evaluate projected future changes in the frequency and intensity of ARs under 

warmer global climate conditions. We find a consistent and clear intensification of the water 

vapor transport associated with the ARs that impinge upon Arizona and adjacent regions, 

however, the response of AR-related precipitation intensity to increased moisture flux and 

column-integrated water vapor is weak and no robust variations are projected either by the global 

or the regional NARCCAP models.  

To evaluate the effect of horizontal resolution and improve our physical understanding of 

these results, we numerically simulated a historical AR event using the Weather Research and 

Forecasting (WRF) model at a 3-km resolution. We then performed a pseudo-global warming 

experiment by modifying the lateral and lower boundary conditions to reflect possible changes in 
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future ARs (as projected by the ensemble of global model simulations used for NARCCAP). 

Interestingly we find that despite higher specific humidity, some regions still receive less rainfall 

in the warming climate experiments – partially due to changes in thermodynamics, but primarily 

due to AR dynamics. Therefore, we conclude from this analysis that overall future increase in 

atmospheric temperature and water content as projected by global climate models will not 

necessarily translate into generalized heavier AR-related precipitation in the Southwestern US. 
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CHAPTER 1 

INTRODUCTION 

Atmospheric rivers (ARs) are filamentary structures that cover about 10% of the globe at a 

given time and are responsible for most of the moisture flux in the extratropical atmosphere (Zhu 

and Newell 1998). Past studies point out that ARs carry more water than the Amazon or 

Mississippi Rivers (Zhu and Newell 1998; Ralph and Dettinger 2011), hence the use of the term 

“river” to characterize these phenomena. Using integrated water vapor (IWV) content as a proxy 

for AR detection, Ralph and Dettinger (2011) defined them as long and narrow corridors (400-

500 km wide and more than 2000 km long) of concentrated water vapor in the lower troposphere 

(above 2 cm) that are usually coincident with the midlatitude storm tracks and located on the 

eastern edges of extratropical cyclones, where a low-level jet is present (Ralph et al., 2004). 

However, in contrast to the midlatitudes, subtropical poleward moisture transport in the North 

Pacific can occur at mid-levels, and above the planetary boundary layer (Knippertz and Martin, 

2007). Previous studies have made a distinction between mid-level moisture transport and ARs, 

and assigned the term “moisture conveyor belt” (MCB) to enhanced water vapor transport at 

around 700 hPa that occurs in association with quasi-stationary upper level cut-off lows 

(Knippertz and Martin, 2007). While ARs have been extensively linked to flooding events in the 

western US, soil moisture and the precipitation phase also play an important role (Ralph et al., 

2006; Leung and Qian, 2009).  In our analysis we use the term AR for all events occurring in 

narrow bands with enhanced vertically-integrated water vapor transport (IWVT) without 

differentiating between low-level and mid-level transport (similarly to Stohl et al. 2008). 
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Sodeman and Stohl (2013) argue that the simplicity of using a unified perspective is useful when 

analyzing extreme events that are of interest to other communities such as hydrologists.       

ARs are major contributors to the annual precipitation totals in the western coasts of the 

continents (e.g., Ralph et al. 2006; Neiman et al. 2008; 2011; Stohl et al. 2008; Roberge et al. 

2009; Viale and Nuñez 2011; Lavers et al. 2012, Lavers and Villarini 2013). Interaction between 

landfalling ARs and the complex topography in the United States (US) West Coast can lead to 

orographically-enhanced cold season extreme rainfall events and produce important seasonal 

snow accumulations (Neiman et al. 2008; Leung and Qian 2009; Guan et al. 2010; Smith et al. 

2010; Dettinger et al. 2011; Ralph et al. 2011, Rutz et al. 2014). However, the effects of ARs that 

penetrate further inland are less well known and it is only until recently that the scientific 

community has focused attention to this. In the work of Dettinger et al. (2011), it was determined 

that contributions of ARs to the total cool season precipitation in the US Southwest do not 

exceed 10%. Nonetheless, their study did not include any ARs that cross the Baja Peninsula. 

Rutz and Steenburgh (2012) showed that the fraction of AR-related cool season precipitation 

increases by more than 15% in some areas of southern California, Nevada and Arizona when 

extending the analysis of landfalling ARs southward from the US-Mexico border. Neiman et al. 

(2013) and Hughes et al. (2014) provided a very detailed description and numerical simulation of 

a series of ARs that produced very heavy precipitation and flooding in Arizona’s Mogollon Rim 

during late January of 2010. Their results show that these events are comparable to the typical 

West Coast ARs.  

The study of cool season ARs is particularly important in the semiarid Southwestern US 

because this region is dependent on winter precipitation for its water resources (Sheppard et al. 
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2002). Although maximum precipitation in the Southwest occurs during the summer monsoon 

season, this precipitation is significantly depleted due to high evapotranspiration rates, while cool 

season precipitation that falls in the mountainous regions of central Arizona is generally stored as 

snow and released slowly in the warmer part of the year as surface runoff or infiltration. Some 

inland watersheds, such as the Salt and Verde River basins in Arizona, are located in regions in 

which moisture transported from the Pacific Ocean by ARs can eventually interact with local 

mountain barriers to produce intense precipitation. This becomes a relevant topic as water supply 

in urban regions across the Southwestern US, and particularly in Arizona, relies on deliveries 

from some of these watersheds. 

Dettinger (2011) analyzed a set of climate change projections derived from seven 

Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) general 

circulations models (GCMs) under A2 greenhouse emission scenarios and found future increase 

in the number of years with several AR events impacting California, the associated higher-than-

normal water vapor transport and the length of the AR season. In addition, Lavers et al. (2013) 

used IPCC Fifth Assessment Report (AR5) GCM simulations and demonstrated that strong ARs 

impinging the Great Britain and Western Europe could be more intense and more frequent in a 

warmer climate. Climate projections for the southern part of the U.S. Southwest show decreased 

mean winter precipitation, but enhanced extreme precipitation events (Dominguez et al. 2012; 

Gershunov et al. 2013). This could eventually be related to variations in the intensity and 

frequency of AR events.  Given the potential role of the ARs in the determination of total cool 

season precipitation, it is important to examine if any projected change in both water content and 
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moisture flux transport associated with ARs that impact Arizona and adjacent regions can cause 

statistically significant variations in AR-related precipitation intensities.   

Future projections of AR intensity and frequency are highly dependent on coarse-grid GCMs 

with future scenarios of greenhouse gas emissions. However, biases in the GCMs could lead to 

unrealistic representations of the ARs that may affect Arizona. As an example, small errors in the 

GCM’s representation of the large-scale circulation could mean the difference between the AR 

impinging on the local topography or completely missing the region. A simple way to prevent 

this is to drive regional climate model (RCM) simulations of AR events with historical reanalysis 

data that are modified to include projected changes in atmospheric conditions due to global 

warming as simulated by an ensemble of GCMs. This type of downscaling method, known as 

pseudo-global warming (PGW) experiment, has been used in a variety of studies to explore the 

effects of climate change at regional scales (e.g., Sato et al. 2007, Lynn et al. 2009, Kawase et al. 

2009, Rasmussen et al. 2011, Lackmann 2013, Lauer et al. 2013) and can be applied to specific 

AR events in the US Southwest.  However, the main disadvantages of this method is that it 

assumes a linear coupling between the present-day atmospheric conditions and the projected 

climate change and it also assumes that future AR events will have similar characteristics to the 

historical ones. There are also uncertainties associated with the GCM projections themselves, 

which are addressed by using multi-model means. In addition, a regional climate model can be 

used to quantitatively determine AR moisture sources if water vapor tracer capabilities are 

embedded. Sodeman and Stohl (2013), for example, used numerical moisture tracers in a high-

resolution model to study the origin of water vapor in Atlantic ARs that made landfall in the 
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Scandinavian Peninsula. They found that ARs carrying moisture from southerly oceanic regions 

produced greater daily precipitation totals in Norway.  

In this dissertation we first provide a climatological characterization of ARs that transport 

oceanic moisture to Arizona during the cool season (Appendix A). In particular, we focus on the 

connection between ARs and extreme precipitation in the Verde River basin in central Arizona. 

To do this, we follow a “bottom-up” approach, as we first identify extreme precipitation events 

in the basin and then examine the associated atmospheric conditions in order to determine any 

connection with AR occurrence. Statistical and composite analyses are used to characterize the 

dominant moisture transport patterns of the impacting ARs in the region and we compare them 

with the better-known US West Coast ARs. Second, we examine the results from an ensemble of 

dynamically downscaled simulations from the North American Regional Climate Change 

Assessment Program (NARCCAP; Mearns et al. 2009) and their driving GCMs to find 

statistically significant future projected changes in the intensity of the cool season ARs that 

penetrate into Arizona and their related precipitation (Appendix B). Future greenhouse gases 

emissions follow the A2 emission scenario from the Intergovernmental Panel on Climate Change 

(IPCC) Fourth Assessment Report (AR4) simulations. Finally, we use numerical water vapor 

tracers embedded in the Weather Research and Forecast (WRF) model to identify the most 

important moisture sources associated with the AR that caused heavy flooding in Arizona on 

December 29, 2004, and explore, by means of PGW downscaling experiments, the degree to 

which the AR characteristics, moisture sources and hydometeorological effects would differ 

from the historical event if this AR had occurred in a future climate with increased greenhouse 

emissions, as projected by an ensemble of GCMs (Appendix C).  
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CHAPTER 2 

PRESENT STUDY 

The goal of this work is to 1) Perform a climatological analysis of the effect of inland-

penetrating ARs on the cool-season precipitation in the central highlands of Arizona for the 

historical period, and 2) Evaluate how these ARs and associated precipitation are projected to 

change under future climate conditions. The methods, results and conclusions of this study are 

presented in the three papers appended to this dissertation. The following is a summary of the 

most important findings. 

Appendix A. Atmospheric Rivers and Cool Season Extreme Precipitation Events in the 

Verde River Basin of Arizona 

In our first study we present a climatological characterization of AR events that have led to 

cool season extreme precipitation in the Verde River basin in Arizona for the period 1979/80-

2010/11. Using the time series of daily area-averaged precipitation over this basin, we selected 

those days in which the accumulations exceeded a high threshold (98th percentile) and defined 

them as extreme days (events). Next, we identified the subset of extreme precipitation events that 

are associated with impacting ARs. We used two criteria to objectively identify AR occurrence 

for each of the selected events based on the magnitude of the IWVT fields from the European 

Centre for Medium-Range Weather Forecasts (ECMWF) Interim Reanalysis (ERA-Interim; Dee 

et al. 2011) and the North American Regional Reanalysis (NARR; Mesinger et al. 2006). The 

first criterion is an application of the algorithm developed by Zhu and Newell (1998), which 

classifies the moisture transport at each grid point along a given latitude either as AR flux or 
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broad flux. The second criterion consists in the use of IWVT greater than 250 kg m
-1

 s
-1

 as a 

threshold to detect vapor transport regions with lengths of about 2000 km or longer (Ralph et al. 

2012; Rutz et al. 2014). An AR event is said to occur for a particular extreme precipitation day 

when both criteria are met using either of the two reanalysis datasets. 

Using the above methodology we identified 57 AR events, which correspond to almost 60% 

of the total number of extreme precipitation days in the Verde River basin. Notably, these ARs 

provided 25% of the total cool season precipitation in a few extreme events. Intense AR activity 

(three or more non-consecutive AR events) occurred during the cool seasons of 1979/80, 

1981/82, 1982/1983, 1992/93, and 2004/05. However, we did not find a clear relationship 

between these active periods and El Niño – Southern Oscillation (ENSO). The AR events also 

produced snow water equivalent (SWE) increase in the basin, which represented 25-35% of the 

seasonal maximum SWE. These snow contributions are comparable to those estimated by Guan 

et al. (2010, 2012) for the Sierra Nevada in California. Additionally, we found almost half of the 

AR events were related to daily discharge values above the 95th percentile of all daily values 

registered in the lower Verde River from 1979 to 2011. 

We also characterized the dominant patterns of water vapor transport into Arizona by 

identifying the principal modes of variability of the anomalous IWVT fields for the AR days 

using a combined empirical orthogonal function (CEOF) analysis. We found two distinct “types” 

of ARs that affect the region.  The first CEOF pattern (“Type 1 AR”) represents west-to-east 

oriented ARs with strongest anomalies in the region between Hawaii and the west coast of the 

Baja Peninsula. This anomalous IWVT area extends inland over the Verde River basin and other 
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regions in the Southwestern US. Another important characteristic of this type of ARs is that 

maximum water vapor flux takes place in low-levels of the troposphere. This particular mode is 

consistent with the pattern of landfalling ARs that have been analyzed in previous studies for 

California. On the other hand, the second CEOF mode (“Type 2 AR”) describes a meridionally-

oriented pattern of anomalous IWVT into portions of Arizona, New Mexico and Utah. Contrary 

to Type 1 ARs, which seem to originate in the Central Pacific and enhance their water content in 

the midlatitudes, Type 2 ARs tap moisture from the tropical reservoir in the eastern Pacific 

Ocean. Peak moisture transport during these AR events occurs at mid-levels of the atmosphere. 

We also found ARs that have characteristic signatures of both Type 1 and Type 2 events. Based 

on this analysis, it is very possible that other mountainous basins within the US Southwest are 

similarly impacted by ARs. 

Appendix B. Projected Changes in Atmospheric River Events in Arizona as Simulated by 

Global and Regional Climate Models 

The above study (Appendix A) highlighted the relevance of inland-penetrating ARs for 

Arizona. As climate is projected to change in the future, we are interested in determining the 

implications for AR intensity, frequency and associated precipitation. To do this, we examined 

projections from a group of four driving IPCC-AR4 global climate models and the RCMs used in 

the NARCCAP program. We first developed an automated AR detection algorithm to find “AR 

days” in the GCMs during the historical and future cool seasons of 1969/70-1998/99 and 

2039/40-2038/39, respectively.  Following the statistical approach of the previous work, we 

performed a CEOF analysis of the AR IWVT anomalies and found that the four GCMs 
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appropriately represent the two dominant AR types described in Appendix A. Nonetheless, in 

two of those GCMs the second mode, corresponding to Type 2 ARs, was not statistically 

significant due to the small number of AR days classified under this category. 

GCMs consistently project a robust future increase in moisture transport and water vapor 

content associated with ARs that impinge upon Arizona and adjacent regions. The NARCCAP 

RCMs, follow the pattern of IWV change imposed by the forcing GCMs. Higher water vapor in 

the troposphere is a response to higher air temperatures, according to the Clausius-Clapeyron 

relationship, and the stronger IWVT is mainly due to this thermodynamic factor rather than 

increased intensity of the mid-latitude systems that drive the detected AR events. In agreement 

with the arguments from Dettinger (2011) and Lavers et al. (2013), our hypothesis was that 

projected intensification of the AR moisture flux can eventually lead to more intense 

precipitation and this should be reflected in the model simulations. However, our analysis does 

not find a clear and statistically significant change in the future precipitation intensity over 

Arizona either in the IPCC-AR4 models or in the downscaled simulations. The reason for this is 

partly explained by the insignificant changes in large-scale moisture flux convergence, which is 

in turn related to a weakening or small change in the intensity of the mid-latitude systems that 

drive the AR events into Arizona. 

Appendix C. Atmospheric Rivers in a Changing Climate: A Case Study for Arizona Using 

a Pseudo-global Warming Method 

To gain a better understanding of the above results, our final work further explored Arizona 

ARs in a changing climate by performing very high resolution (3 km) experiments of ARs using 
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the WRF model with the added capability of water vapor tracers (Miguez-Macho et al. 2012). 

One of the major issues of the GCM projections is that their biases could eventually lead to 

misrepresentations of the ARs that affect Arizona and other parts of the US Southwest. The 

PGW downscaling method (Schär et al. 1996; Kimura and Kitoh 2007) provides a simple way to 

prevent this by driving WRF regional simulations of AR events with modified historical (ERA-

Interim) reanalysis data to include projected changes in atmospheric conditions due to global 

warming as simulated by the ensemble of GCMs used in the previous study (the global models 

show overall future increase in both air temperature and specific humidity). In our case, two 

PGW simulations were carried out. One in which only projected changes in thermodynamics 

(temperature and specific humidity) were introduced in the ERA-Interim data (“WRF-T”), and 

another that included variations in the AR dynamics (wind, geopotential height, pressure) in 

addition to the imposed thermodynamic forcing (“WRF-TD”).  

We followed the above approach for an AR event that was responsible for extreme 

precipitation in the Salt and Verde River basins in the central highlands of Arizona on December 

29th, 2004 (area-averaged precipitation in the Verde basin for this day exceeded 50 mm; see 

Appendix A). Although this event presented intense zonal moisture transport that is 

characteristic of Type 1 ARs, it also showed strong south-to-north water vapor flux from the 

eastern tropical Pacific Ocean. The analysis of moisture sources with WRF depicted two regions 

in the Pacific Ocean that significantly contributed moisture to this AR event: the “Subtropics” 

and the “Tropics”. The fraction of precipitation originated in the Subtropics was higher in the 

northwestern part of Arizona, while in the rest of the state most of the AR-related rainfall totals 

derived from evaporation in the Tropics. The orientation of the impinging ARs and the 
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circulation patterns associated with the large-scale systems played an important role in defining 

the oceanic source regions.  

The WRF simulation for the historical event realistically captures the spatial distribution of 

the AR-related precipitation in Arizona, although there is a slight shift in the angle of 

impingement that reduced simulated precipitation in the Verde basin as compared to 

observations. WRF-T produced changes in the AR intensity and location, which led to increased 

(decreased) precipitation over the Verde (Salt) River basin, while in the rest of the state 

variations where relatively small. WRF-TD strongly reduced the IWV and IWVT over the Salt 

River basin. This produced a larger decrease in total AR precipitation as compared with the 

WRF-T results. Our conclusion from this study is that generalized future increase in atmospheric 

temperature and water content as projected by GCMs will not necessarily translate into 

generalized heavier AR-related precipitation events at regional scales. This agrees with the 

findings of the previous study (Appendix B). Variations in AR dynamics must also be considered 

in order to better determine the potential implications of climate change on the 

hydrometerological impacts of ARs in Arizona and other portions of the Southwestern US. 
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Abstract 

Inland-penetrating atmospheric rivers (ARs) can affect the Southwestern United States (US) 

and significantly contribute to cool season (November to March) precipitation. In this work, a 

climatological characterization of AR events that have led to cool season extreme precipitation in 

the Verde River Basin (VRB) in Arizona for the period 1979/80-2010/11 is presented. A 

“bottom-up” approach is used by first evaluating extreme daily precipitation in the basin 

associated with AR occurrence, then identifying the two dominant AR patterns (referred to as 

Type 1 and Type 2, respectively) using a combined EOF statistical analysis. The results suggest 

that Southwestern AR events do not form and develop in the same regions. Water vapor content 

in Type 1 ARs is obtained from the tropics near Hawaii (central Pacific) and enhanced in the 

midlatitudes, with maximum moisture transport over ocean at low-levels of the troposphere. On 

the other hand, moisture in Type 2 ARs has a more direct tropical origin and meridional 

orientation with maximum moisture transfer at mid-levels. Nonetheless, both types of ARs cross 

the Baja Peninsula before affecting the VRB. In addition to Type 1 and Type 2 ARs, 

observations reveal AR events that are a mixture of both patterns. These cases can have water 

vapor transport patterns with both zonal and meridional signatures, and they can also present 

double peaks in moisture transport at low-levels and mid-levels. This seems to indicate that the 

two “types” can be interpreted as end points of a range of possible directions.  
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1. Introduction 

Atmospheric rivers (ARs) are filamentary water vapor fluxes that cover about 10% of the 

globe and are responsible for most of the meridional water vapor transport in the extratropical 

atmosphere (Zhu and Newell 1998). These features are typically located in the warm sector of 

major extratropical cyclones where a pre-cold front low-level jet is present (Ralph et al. 2004, 

2005, 2006; Neiman et al. 2008; Dettinger et al. 2011; Ralph and Dettinger 2011). Generally, 

ARs are 400-600 km wide and thousands of kilometers long (Ralph et al. 2004; Ralph and 

Dettinger 2012). They show integrated water vapor (IWV) amounts above 2 cm and most of the 

associated water vapor transport occurs in the lowest 2.5 km of the atmosphere (Ralph et al. 

2005; Neiman et al. 2008).  

ARs are typically identified using IWV or integrated water vapor transport (IWVT), however, 

integration in the vertical removes the three-dimensional nature of ARs and their interrelation 

with synoptic-scale forcing (Sodemann and Stohl, 2013). This is particularly important for the 

Southwestern US because, in contrast to the midlatitudes, subtropical poleward moisture 

transport in the North Pacific will generally occur at mid-levels, and above the planetary 

boundary layer (Knippertz and Martin, 2007). Previous studies have made a distinction between 

mid-level moisture transport and ARs, and assigned the term “moisture conveyor belt” (MCB) to 

enhanced water vapor transport at around 700 hPa that occurs in association with quasi-

stationary upper level cut-off lows (Knippertz and Martin, 2007). In our study we use the term 

AR for all events occurring in narrow bands with enhanced IWVT that satisfy the criteria of Zhu 

and Newell (1998) and Ralph et al. (2012), without differentiating between low-level and mid-

level transport (much like Stohl et al. 2008). The simplicity of using a unified perspective is 
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useful when analyzing extreme events that are of interest to other communities such as 

hydrologists (Sodemann and Stohl, 2013).       

Due to the complex topography in the West Coast of the United States (US) and the proximity 

to water vapor sources from the Pacific Ocean, orographically-enhanced cold season extreme 

precipitation events and seasonal snow accumulations have been extensively related to the 

occurrence of landfalling ARs (Leung and Qian 2009; Smith et al. 2010; Dettinger et al. 2011; 

Ralph et al. 2011). Currently, IWV fields either from composite daily Special Sensor Microwave 

Imager (SSM/I) (Hollinger et al. 1990) satellite retrievals or atmospheric models are analyzed 

using objective and automated tools in order to detect ARs (e.g., Wick et al. 2013). SSM/I 

measurements indicate that the wintertime ARs affecting the western coast of North America 

extend northeastward from the tropical Pacific Ocean. The ARs with the largest IWV (> 3 cm) 

are typically associated with stronger storms and higher precipitation accumulations (Neiman et 

al. 2008). 

As an example, Ralph et al. (2006) used meteorological measurements from field campaigns 

and IWV observations from the SSM/I to establish a connection between a landfalling AR and 

the flooding that occurred in the Russian River in February 2004. During this event, more than 

250 mm of rain in a 2.5-day period was registered in the coastal mountains of northern 

California. In fact, their study reveals that all of the seven floods in the Russian River between 

October 1997 and December 2005 were related to AR episodes.  More recently, a succession of 

strong ARs produced between 250 and 670 mm of rain in mountainous areas extending from 

Washington to California during a 14-day period in December 2010 (Ralph and Dettinger 2012). 

That series of ARs were responsible for heavy rain and flooding and substantially increased 
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snowpack in the region. Guan et al. (2010) analyzed in situ, remotely-sensed and assimilated 

data for the water years 2004–2010 and concluded that wintertime ARs contribute to 

approximately 30-40% of the total annual snow water equivalent accumulations in the Sierra 

Nevada. Additionally, Dettinger et al. (2011) determined that, on long-term average, about 20-

50% of the annual precipitation in California is produced by ARs. They also found similar 

contributions to the overall streamflow. 

Although most of the research on ARs has addressed the importance of these phenomena in 

the generation of precipitation extremes and flooding events in regions such as the western coasts 

of the continents (e.g., Ralph et al. 2006; Neiman et al. 2008; 2011; Stohl et al. 2008; Roberge et 

al. 2009; Viale and Nuñez 2011; Lavers et al. 2012, Lavers and Villarini 2013), little is known to 

date about the effects of the ARs that penetrate further inland. Knippertz and Martin (2007) 

studied the influence of a mid-level cut-off low in the generation of elongated poleward water 

vapor flux from the tropics (MCB), which produced a heavy precipitation event in the 

Southwestern US during November 2003. The work by Dettinger et al. (2011) shows that the 

contribution of ARs to the total cool season precipitation in the Southwest, particularly in several 

portions of Arizona and New Mexico, during the water years 1998–2008 is less than 10%. 

However, their analysis only took into account the ARs that made landfall between 32.5° N 

(international US - Mexico border) and 52.5°N. In a following study, Rutz and Steenburgh 

(2012) argue that this percentage is underestimated because the contribution of ARs intersecting 

the west coast of the Baja Peninsula in Mexico (between 24° N and 32.5° N) was not considered. 

These authors showed that the fraction of AR-related cool season precipitation increases by more 

than 15% in some areas of southern California, Nevada and Arizona when extending the analysis 
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of landfalling ARs southward from 32.5° N. More recently, Neiman et al. (2013) provided a very 

detailed description of a series of ARs that produced very heavy precipitation and flooding in 

Arizona’s Mogollon Rim during late January of 2010 using an array of observations and gridded 

datasets. Their results show that these events are comparable to the typical West Coast ARs. 

Moore et al. (2012) also found a connection between an AR episode and a major flooding event 

in the Southeastern US in May 2010. 

The analysis of ARs is particularly important in the semiarid Southwestern US because this 

region is dependent on winter precipitation for its water resources. Despite the fact that peak 

precipitation in the Southwest occurs during the summer monsoon season, this precipitation is 

significantly depleted due to high evapotranspiration rates. On the other hand, cool season 

precipitation is generally stored as snow and released slowly in the warmer part of the year as 

surface runoff or infiltration. The most important moisture source of winter precipitation in the 

Southwestern US is the westerly storm tracks that form over the Pacific Ocean (Redmond and 

Koch 1991; Adams and Comrie 1997; Sheppard et al. 2002). When these tracks shift southward, 

the region may experience periods of more intense rains (e.g., Sheppard et al. 2002; Cavazos and 

Rivas 2004). In addition, some inland watersheds, such as the Verde and Salt River basins in 

central Arizona, are located in regions in which moisture transported from the Pacific Ocean can 

interact with local mountain barriers to produce orographic precipitation. In the historical 

records, we find that some cool season extreme precipitation events have severely impacted the 

region. In January and February 1993, a very active storm season led to the occurrence of heavy 

flooding events in portions of Arizona (House and Hirschboeck 1997) which resulted in human 

casualties and injuries as well as damages in excess of US$400 million (US Army Corps of 
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Engineers 1994). The intense storms of 11-13 February 2005 caused US$6.5 million in damage 

in the Phoenix area (The Flood Control District of Maricopa County, 

http://www.fcd.maricopa.gov/education/history.aspx). As we will show in this work, both of 

these events are characteristic AR-related floods in the region. 

In this work we provide the first climatological characterization of ARs that bring oceanic 

moisture to the Southwestern US during the cool season. In particular, we explore the connection 

between ARs and extreme precipitation in the Verde River Basin (VRB) (see Figure A.1) in 

central Arizona. The VRB is a relatively large watershed of about 14,115 km
2
 that encompasses 

part of the Coconino Plateau in its northern portion, with the Mogollon Rim defining its eastern 

boundary (http://www.azwater.gov). Water supply to the city of Phoenix relies on allocations 

from the Colorado River, as well as deliveries from the Salt and Verde River basins. For this 

reason, it is important to understand how ARs can affect cool season extreme precipitation in 

these inland watersheds.  

Similarly to Neiman et al. (2011), our work has a “bottom-up” approach, as we first identify 

extreme precipitation events in the VRB and then evaluate the atmospheric conditions that lead 

to these extreme episodes in order to determine any connection with AR occurrence. Then, we 

perform both statistical and composite analyses to characterize the dominant spatial patterns 

associated with the impacting ARs in the region and compare them with the better-known US 

West Coast ARs.  

This paper is organized as follows: a description of the data and the methodology is provided 

in Section 2. In Section 3 we present the results of the AR identification method, the regional 

hydrological impacts of the impacting ARs as well as the statistical and composite analyses to 
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characterize the dominant atmospheric patterns related to AR occurrence. Additionally, we 

examine two intense AR events that produced heavy precipitation and floods in the region of 

study. The discussion and concluding remarks are presented in Section 4. 

2. Data and methods 

a. Observational and reanalysis data 

We use daily precipitation from the North American Regional Reanalysis (NARR) dataset 

(Mesinger et al. 2006) to characterize cool season extreme (November to March) precipitation 

events in the VRB and ARs during the period 1979/80-2010/11. Additionally, we analyze daily 

IWVT, 500-hPa geopotential height (HGT), 850-hPa wind, and low and high cloud cover fields 

from both NARR and the European Centre for Medium-Range Weather Forecasts (ECMWF) 

Interim Reanalysis (ERA-Interim) (Dee et al. 2011). In order to infer synoptic-scale vertical 

motion, we also (a) calculate Q-vectors and Q-vector convergence for the 700-400 hPa layer, 

and (b) examine pressure, specific humidity and system-relative winds at the 300-K isentropic 

surface derived from NARR data that were regridded to lower resolution to remove the noise in 

the calculations. 

The NARR assimilation project is an extension of the National Centers for Environmental 

Prediction (NCEP) Global Reanalysis and provides data for North America and adjacent oceans. 

The NARR model uses the high resolution NCEP Eta Model (32-km grid spacing) in conjunction 

with the Regional Data Assimilation System (RDAS) which assimilates precipitation from 

NCEP / Climate Prediction Center (CPC) along with other variables. On the other hand, ERA-

Interim is the latest global atmospheric reanalysis produced by ECWMF and uses a coupled 
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atmosphere-land-ocean forecast model with a horizontal spectral resolution of T255 (about 80 

km) and 60 vertical model levels, with the model top at 0.1 hPa. Data from the SSM/I 

instruments are assimilated into this reanalysis system. 

For the two extreme cases discussed in this work, we produce composite IWV fields using 

measurements from the SSM/I and SSMIS (SSM/I with sounding capabilities) instruments 

onboard the polar-orbiting Defense Meteorological Satellite Program (DMSP) F08, F10, F11, 

F13, F14, F15, F16 and F17 satellites. The SSMIS instruments operate in the latter two.  

In addition, we use daily snow water equivalent (SWE) observations collected at three 

stations of the US Natural Resources Conservation Service SNOpack TELemetry (SNOTEL) 

network located within the VRB to evaluate the contribution of impacting ARs to the total snow 

accumulation in the basin for the 1983-2011 water years (WYs). We also examine daily-

averaged streamflow data from the US Geological Survey (USGS) gauging sites for the period 

1979-2011. The description of the SNOTEL and USGS stations is provided in Table A.1 and the 

location of these measuring sites is presented in Figure A.1. 

b. Extreme precipitation events and AR detection 

As a first step, we calculate daily area-average precipitation over the VRB. Using this time 

series, we then select the days that exceed the 98th percentile and define them as extreme events. 

The next step is to identify the subset of extreme precipitation events that are associated with AR 

occurrence. We use two criteria to objectively identify AR occurrence for each of the selected 

events based on the magnitude of the IWVT fields from ERA-Interim and NARR. The first 

criterion is an application of the algorithm developed by Zhu and Newell (1998) to classify the 



 

41 

 

flux at each grid point along a given latitude either as AR flux or broad flux. An AR flux is 

defined as the flux whose magnitude (
AR

IWVT ) satisfies: 

 
meanmaxmeanAR

IWVTIWVT0.3IWVTIWVT  , 

where 
mean

IWVT  denotes the zonal mean of the magnitude of the IWVT along the 

corresponding latitude, and 
max

IWVT  is the magnitude of the maximum flux along that latitude. 

The constant 0.3 is an adjustable parameter chosen to appropriately represent the horizontal 

filamentary structure of the ARs. The second criterion uses a threshold of IWVT  ≥ 250 kg m
-1

 

s
-1

 to detect the presence of vapor transport corridors with lengths of about 2000 km or longer 

(Ralph et al. 2012). For a given extreme precipitation day, an AR event is said to occur when 

both criteria are met using either of the two reanalysis datasets.  

c. Statistical and composite analyses 

The spatial patterns associated with ARs affecting the Southwest can be different from those 

that impact the West Coast of the US. To characterize the dominant spatial patterns we identify 

the principal modes of variability of the anomalous water vapor flux (AR “types”) by performing 

a combined empirical orthogonal function (CEOF) analysis of the daily zonal and meridional 

IWVT anomalies for the days classified as “AR days”. The IWVT anomalies are defined as 

departures from the 30-year daily climatological (November to March 1980/81-2009/10) values. 

The advantage of using CEOF is that it allows a simultaneous analysis of the modes of 

variability of multiple or vector-valued fields (Navarra and Simoncini 2010; Wilks 2011). We 

use the methodology of North et al. (1982) to assess the robustness of a given CEOF by 

calculating the 95% confidence error of the associated eigenvalue. A particular CEOF is 
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statistically significant if the error bar does not overlap with the error bars of neighboring 

CEOFs. 

To further characterize the atmospheric conditions associated with ARs that impacted the 

VRB, we perform a composite analysis of total IWVT, precipitation, 500-hPa HGT, 850-hPa 

winds, horizontal water vapor flux, Q-vector convergence, and cloud fraction fields for the days 

that are characteristic of each of the relevant modes identified in the CEOF analysis. To do this, 

we select the AR days in which the normalized principal component (PC) value exceeded one 

standard deviation. 

3. Results 

a. ARs and extreme precipitation events 

Table A.2 shows the list of the 97 extreme precipitation events. Based on our detection 

criteria, 57 of the events were associated with ARs. Most of the cool seasons listed have one or 

two AR events associated with extreme precipitation, but some of them present intense activity 

(three or more non-consecutive AR events) such as 1979/80, 1981/82, 1982/1983, 1992/93, and 

2004/05. We find no clear relationship between the cool seasons of intense activity and El Niño - 

Southern Oscillation (ENSO) occurrence.  

The extreme precipitation associated with ARs provided, on average, 25% of the total cool 

season precipitation in a few extreme events (the percentage ranges from 10% to 50%, 

depending on the season). In terms of snow accumulations, an analysis of the SNOTEL data, 

similar to that by Guan et al. (2010, 2012), for the three stations within the basin indicates that 

AR-related extreme events produced SWE gains of approximately 25-35% of the seasonal peak 
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SWE accumulation (SWEmax). Such SWE percentages resemble those found by Guan et al. 

(2010, 2012) for the Sierra Nevada in California. 

Extreme AR-related precipitation can also lead to flooding events in the VRB, depending on 

the precipitation phase and antecedent soil moisture conditions. For example, during the January 

and February 1993 AR events, the flow gages at both the lower Verde River below Tangle Creek 

and the upper Verde River near Clarkdale registered their largest daily discharge in the 1979-

2011 record (January 8th and February 20th, respectively). Notably, in the lower part of the 

basin, the measured streamflow exceeded the 95th percentile in 28 out of 57 AR events. This is 

true for 24 out of 57 AR events on the upper VRB, and indicates that extreme discharge in the 

basin is largely associated with the occurrence of ARs.  

b. CEOF analysis 

We performed the CEOF analysis to identify some of the most important atmospheric 

conditions associated with the occurrence of the 57 AR episodes. The two dominant CEOF 

modes of NARR IWVT anomalies and their corresponding PCs are presented in Figure A.2. We 

also applied this statistical method on the ERA-Interim data and the results between the two 

reanalyses were consistent. Therefore, we only present information derived from the NARR 

regional assimilation product.  

The first CEOF explains about 35% of the total variance. This particular mode of variability 

(Figure A.2a) depicts a long area of strong eastward IWVT anomalies (above 300 kg m
-1

 s
-1

 at 

the core) extending from Hawaii across the Pacific Ocean. The figure clearly shows how the ARs 

penetrate inland, after crossing the Baja Peninsula, and impact not only the VRB but also other 
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regions in the Southwestern US (Arizona, New Mexico, southern California, southeastern 

Nevada, southern Utah, western Colorado) and northwestern Mexico. 

The above results suggest that the CEOF 1 of the IWVT anomalies is closely related to the 

characteristic long AR water vapor transport corridor that is known to impact portions of the US 

West Coast. We will refer to this pattern as Type 1 AR. The common name given to some AR 

events of this type is “pineapple express”, because sometimes they allow direct entrainment of 

water vapor from the tropics near Hawaii that can contribute to extreme precipitation over the 

continent (e.g., Bao et al. 2006; Ralph et al. 2011).  

The second CEOF, which explains 17% of the total variance, shows northward IWVT 

anomalies associated with heavy precipitation in the VRB with magnitudes of about 100-150 kg 

m
-1

 s
-1

 over the Gulf of California and the Baja Peninsula (Figure A.2b). The anomalous 

southwesterly transport of water vapor impacts most parts of Arizona, New Mexico, southern 

Utah and northern Mexico. This CEOF mode corresponds to ARs that bring moisture from the 

tropical eastern Pacific waters and will be referred to as Type 2 ARs. Figure A.2b suggests these 

ARs are shorter than Type 1 ARs. Figure A.2c presents the normalized PC time series for both 

Type 1 and Type 2 ARs. In this figure, the x-axis corresponds to the dates of ARs presented in 

Table A.2. The dates that have a PC value larger than one are representative of each type of AR.  

The corresponding eigenvalue spectrum for CEOFs 1 to 10 is depicted in Figure A.2d. Using 

the North et al. (1982) rule, we find that both the first and second CEOF patterns are statistically 

significant at the 95% confidence level. As we will show in the following subsection, the two 

types of patterns seem to develop under distinct atmospheric conditions. However, it is important 

to note that because of the orthogonality constrain imposed in the CEOF analysis, we cannot 
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state that there are only two fixed orientations of the impacting moisture flux bands. The data 

suggests that the dominant patterns are the end points of a range of possible directions.  

c. Composite analysis 

We generated a composite for those AR days in which the normalized PC values of each of 

the first two CEOF modes were greater than one standard deviation (see Table A.2 and Figure 

A.2c). In the days in which both PC values were above one standard deviation, we only 

considered the larger of the two. Table A.2 lists the days used in the composite analysis for each 

mode. Figure A.3a shows the composite IWVT field for Type 1 ARs. In this case, the column-

integrated vapor flux into the VRB has a prominent zonal component over the low midlatitudes 

(as depicted by the first CEOF mode) and intensities that exceeded 300 kg m
-1

 s
-1

 in the core 

region off the west coast of the Baja Peninsula and 150-200 kg m
-1

 s
-1

 in several portions of 

Arizona. The composite precipitation patterns associated with this type of AR events are 

presented in Figure A.3b. In central Arizona, the precipitation rate exceeds 20-30 mm day
-1

, with 

maximum values above 40 mm day
-1

 in the eastern part of the VRB. Additionally, during the 

occurrence of Type 1 AR events, the largest precipitation intensities near the coast of southern 

California approximately range from 30 to 40 mm day
-1

, and in the Sierra Nevada the rates are 

above 20 mm day
-1

. 

The cross section of horizontal water vapor flux along the NW-SE line offshore (L1 in Figure 

A.3a) in Figure A.3c shows greater transport below 850 hPa between 115°W and 120°W with a 

near surface maximum of 80 g kg
-1

 m s
-1

 at 118°W. The cross-section along the NW-SW line 

over land (Figure A.3d, corresponding to line L2 in Figure A.3a) shows that horizontal flux core 

values (> 60 g kg
-1

 m s
-1

) are almost perpendicular to the topography and constrained to the 
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lower levels above the surface across 106°W-114°W, i.e., Western Sierra Madre of Mexico, 

southern Arizona and the VRB region (111°W-114°W). 

The composite 850-hPa winds and 500-hPa HGT in Figure A.3e reveal a mid-level offshore 

trough, southwesterly low level winds of about 10 m s
-1

 crossing the Baja Peninsula and a ridge 

over the Gulf of Alaska. Additionally, over both Western US and the north Pacific there is a 

broad area of negative 500-hPa HGT anomalies (Figure A.3f). This pattern resembles the 

anomalous atmospheric circulation conditions identified by Grotjahn and Faure (2008) for heavy 

precipitation in California and Ely et al. (1994) in their analysis of major winter floods in several 

basins in Arizona. 

Figure A.4a shows the composite IWVT for Type 2 ARs. Two of the most notable 

characteristics of these ARs are that they draw moisture directly from the tropical eastern Pacific 

and, as also indicated in the second CEOF mode of the IWVT anomalies, they are significantly 

shorter than Type 1 ARs. The core of the northward IWVT into the Southwestern US has values 

greater than 350-400 kg m
-1

 s
-1

 (similar to the IWVT intensity for Type 1 ARs). Over central 

Arizona, including the VRB, IWVT intensities are of about 200-250 kg m
-1

 s
-1

.  

The resulting composite precipitation for Type 2 ARs (Figure A.4b) shows a similar spatial 

distribution as the first type of AR events. In Arizona, the largest precipitation rates (up to about 

30-40 mm day
-1

) occur in parts of the central highlands of Arizona, around the southern 

boundaries of the VRB. It is important to note that because of the mean orientation and position 

of the Type 2 ARs, the Sierra Nevada is not as strongly affected as in the case of Type 1 ARs. 

Hence, this particular region experiences lower precipitation rates. 
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The cross section along L1 (Figure A.4c) indicates that the maximum horizontal vapor flux 

(about 80 g kg
-1

 m s
-1

) is located at mid-levels of the troposphere (700 hPa) in the region between 

112°W and 114°W. Additionally, the near surface flux has a major southerly component with 

intensities of 20-40 g kg
-1

 m s
-1

. Cross-section L2 over land  (Figure A.4d), shows that the core 

horizontal water vapor flux is more intense and approximately located in the same geographical 

region as Type 1 ARs, but with a higher vertical extension. This may be due to the widespread 

vertical intrusion of water vapor from the oceanic source. Toward the VRB, the moisture flux 

reaches about 60 g kg
-1

 m s
-1

 at 750 hPa. 

Figure A.4e shows a 500-hPa trough off the US West Coast that penetrates into the 

subtropics. To the east of the trough there is a blocking ridge over the central US. Another ridge 

can be observed over the Gulf of Alaska. The same figure shows southerly 850-hPa flow into the 

Southwest. The position of the anomalous 500-hPa offshore low and the high pressure anomaly 

to the east favor the inland transport of tropical moist air from the eastern Pacific reservoir 

(Figure A.4f). 

Type 1 ARs also differ from Type 2 in the scale of the precipitation forming mechanisms. We 

use Q-vector convergence as a diagnostic tool to assess the impact of synoptic-scale processes on 

vertical motion (Lackmann, 2011). In Figure A.5, the composites of Q-vector convergence in the 

700-400 hPa layer show synoptic scale upward motion across the Southwestern US for both 

types of ARs. However, the convergence over Arizona for Type 1 ARs (Figure A.5a) is less than 

that for Type 2 ARs (Figure A.5b). Additionally, a close look at the composite low cloud cover 

for the former (Figure A.5c) reveals that the higher fractions (above 80%-85%) are located along 

the state’s central highlands, while relatively smaller fractions and more widespread low cloud 
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cover distribution occur across the region in the latter (Figure A.5d). In the case of high clouds, 

Figure A.5e shows that for Type 1 ARs the covered fraction is smaller over the VRB and 

southern Arizona as compared to the coverage depicted in Figure A.5f for Type 2 ARs. Smaller 

synoptic-scale forcing and predominance of low-level clouds suggest that both lifting and heavy 

rainfall during Type 1 ARs are strongly forced by orography at the mesoscale. On the other hand, 

precipitation during Type 2 ARs is not only affected by orographic forcing, but also shows 

stronger synoptic-scale forcing which results in a larger fraction of high-level clouds. 

d. Selected AR cases 

Below, we describe some of the most important hydrometeorological characteristics of two 

intense AR episodes that were responsible for major societal and economic impacts in the VRB 

and Arizona in general.  

The first AR event occurred in 17 January 1993 (Case 1) and is related to a Type 1 AR that 

penetrated into the Southwestern US (PC1 > 1 > PC2). The episode was characterized by heavy 

precipitation in southern Arizona and parts of the central highlands, major flooding in the Santa 

Cruz River, and increase of snowpack (House and Hirschboeck 1997). As observed in the 

composite SSM/I IWV for the local morning of 17 January 1993 (Figure A.6a), an AR is 

directed towards the west coast of the Baja Peninsula. The IWV core for this particularly strong 

AR exceeds 3 cm up to about 4 cm. The maximum IWVT intensities (Figure A.6b) during the 

above day reached values greater than 450 kg m
-1

 s
-1

, which are very similar to those reported for 

some strong ARs that have impacted California (e.g. Dettinger et al. 2011).  The cross section 

along L1 (Figure A.6c) shows a low level maximum in the horizontal water vapor flux field (80 

g kg
-1

 m s
-1

) between 116°W and 120°W (northern Baja Peninsula). In that same region, 
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southwesterly horizontal transport, with intensities exceeding 60 g kg m
-1

 s
-1

, dominates from 

surface up to about 600 hPa. Along L2, a maximum horizontal water vapor flux was directed 

toward the VRB (Figure A.6d), therefore favoring the intensification of orographic precipitation 

in this area.  

On the same day, a 500-hPa HGT gradient over the low midlatitudes in the north Pacific 

reveals the existence of a baroclinic zone. The associated westerly low-level jet showed 

maximum intensities of the order of 15 m s
-1

 at the 850-hPa level and the magnitude of winds off 

the northern Baja Peninsula was about 10 m s
-1

 (not shown). The 500-hPa HGT anomaly field 

(Figure A.6e) presents a large region of anomalous low pressure over western US and the Pacific 

and an anomalous high pressure in the southern Baja Peninsula that favors the anomalous 

southwesterly flow (10-15 m s
-1

) into the Southwest.  

Extreme precipitation accumulations (30-50 mm) during Case 1 day were observed in the 

eastern VRB, as depicted in Figure A.6f. The western portion of the basin received about 20-30 

mm. The Q-vector convergence in Figure A.6g shows very weak synoptic scale vertical motion 

over the basin and most parts of Arizona, which means that orographic forcing at the mesoscale 

is playing the dominant role on the generation of the extreme precipitation in the region, while 

the strongest upward motion is located mainly off the western coast of California. This is 

confirmed by isentropic analysis at the 300-K surface shown in Figure A.6h (more intense 

system-relative upglide off the coast of California toward the low isentropic pressure and weak 

ascent of moist air over Arizona). 

This AR episode also contributed to snow accumulations and high discharge in the region. 

During the period 16-18 January 1993, the White Horse Lake SNOTEL station registered 
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positive SWE changes of about 69 mm. This represented 20% of the station’s SWEmax for the 

WY 1993. Other two stations, Fry and Baker Butte, reported SWE increases of 51 mm (13% of 

SWEmax) and 46 mm (15% of SWEmax), respectively. On 17 January 1993, daily hydrological 

data for the period 1979-2011 show that the measuring site on the lower Verde River below 

Tangle Creek registered the third largest daily discharge for all Januaries (1022 m
3
 s

-1
). On the 

upper Verde River near Clarkdale, the streamflow reported on this particular day (368 m
3
 s

-1
) 

was the fourth largest for all Januaries. 

The second event (Case 2) took place during 11 February 2005 and is classified as a Type 2 

AR event (PC2 > 1 > PC1). During this period, excessive precipitation caused flooding as well 

as rock and mud slides in portions of Arizona (The Flood Control District of Maricopa County, 

http://www.fcd.maricopa.gov/education/history.aspx). Figure A.7a shows a broad area of large 

IWV, with values of approximately 3-4 cm, directed towards the Southwest on the local evening 

of 11 February 2005. The IWVT field in Figure A.7b for this particular day provides a clearer 

depiction of the impacting AR, with the south to north vertically integrated vapor flux exceeding 

500 kg m
-1

 s
-1

. In this case, it is evident that the moisture transported by this AR comes from the 

tropical reservoir in the eastern Pacific.  

The horizontal water vapor flux along L1 (Figure A.7c) has a maximum intensity of about 

100 g kg
-1

 m s
-1

 off the coast of the southern part of the Baja Peninsula (112°W-114°W) between 

the vertical levels of 900 hPa and 800 hPa. Northward moisture transport exceeds 60 g kg
-1

 m s
-1

 

from surface up to 450 hPa in the 110°W-114°W region. The cross section of moisture flux 

along L2 (Figure A.7d), shows that the core of the vapor transport (> 80-100 g kg
-1

 m s
-1

) spans 

from 108°W to 113°W.    
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Intense northward low level anomalous winds of the order of 15 m s
-1

 into Arizona and a 500-

hPa cut-off low over the Pacific to the west of the Baja Peninsula, with anomalies 100 m below 

climatology (Figure A.7e) represent some the most significant weather patterns associated with 

this landfalling AR. Daily precipitation values above 50 mm due to this AR event were observed 

in the western vicinity of the VRB. The eastern portion of the basin did not receive as much 

precipitation (Figure A.7f). This precipitation distribution is affected by the relatively strong 

synoptic scale upward motion to the west of the basin as depicted in the Q-vector convergence 

analysis (Figure A.7g). In contrast to Case 1, this event shows stronger isentropic rising motion 

of moist air over central and northern Arizona (including the VRB region), southern California 

and the northern Baja Peninsula (Figure A.7h). 

During Case 2, the three SNOTEL stations located in the VRB reported SWE changes of less 

than 10% relative to the SWEmax. Based on the 32-year record used in this work, the USGS gage 

on the lower Verde River below Tangle Creek registered the fifth largest daily discharge for all 

Februaries (1140 m
3
 s

-1
 on 12 February 2005). Similarly, on the upper Verde River near 

Clarkdale, the third largest daily streamflow value for all Februaries (500 m
3
 s

-1
) was measured 

on the same day.  

In addition to the Type 1 and Type 2 ARs, a close inspection of the observations reveals AR 

events that are a mixture of both patterns. In particular, some days such as February 19th, 1993 

and November 30th, 2007 have PC values larger than one for both modes. These cases can have 

IWVT patterns that are both zonal and meridional signatures, and they can also present double 

peaks in moisture transport at low-levels and mid-levels (not shown). This seems to indicate that 

the two “types” can be interpreted as end points of a range of possible directions. 
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4. Discussion and Conclusions 

In this work we presented the first climatological characterization of AR events that affect the 

Southwestern US, with emphasis on Arizona, and discussed their role in generating cool season 

extreme (November to March) precipitation in the VRB for the period 1979/80-2010/11. We 

followed a “bottom-up” approach by first evaluating extreme daily precipitation in the VRB and 

selecting those extreme precipitation events that were associated with AR conditions. We then 

identified the dominant atmospheric patterns associated with these AR events by using a CEOF 

statistical tool.  

Previous studies have developed different methodologies for AR identification. In our study, 

the criteria of Zhu and Newell (1998) and the criteria of Ralph et al. (2012) must be satisfied for 

a particular event to be labeled as AR. Using this method we identified 57 AR events. Notably, 

the extreme precipitation associated with ARs provided 25% of the total cool season 

precipitation in a few extreme events. Intense AR activity (three or more non-consecutive AR 

events) occurred during the cool seasons of 1979/80, 1981/82, 1982/1983, 1992/93, and 2004/05. 

However, we did not find a clear relationship between these active periods and ENSO. AR-

related extreme events also produced SWE increases that represented 25-35% of the seasonal 

SWEmax. These SWE percentages are comparable to those estimated by Guan et al. (2010, 2012) 

for the Sierra Nevada in California. Additionally, almost half (49%) of the AR events were 

related to daily discharge above the 95th percentile of all daily values registered in the lower 

Verde River from 1979 to 2011. 

Using CEOF analysis of zonal and meridional IWVT during the days of AR occurrence, we 

found two distinct “types” of ARs that affect the region.  The first IWVT anomaly pattern 
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represents west-to-east oriented ARs with core values above 300 kg m
-1

 s
-1

 in the region between 

Hawaii and the west coast of the Baja Peninsula. The anomalous IWVT extends inland over the 

VRB and other regions in the Southwestern US. The cross section along the trajectory over the 

Pacific Ocean shows strong near surface horizontal vapor flux and as the AR penetrates inland, 

the core of the vapor transport (> 60 g kg
-1

 m s
-1

) into the VRB (111°W-114°W) is concentrated 

in the lower levels above the surface. This mode resembles the long and narrow water vapor 

corridor associated with the landfalling ARs that have been analyzed in previous studies over the 

Western US, specifically in California (e.g., Ralph et al. 2004, 2005, 2006, Neiman et al. 2008, 

Dettinger et al. 2011, Ralph and Dettinger 2012), and we referred to it as Type 1 AR. 

The interaction between the local topography and Type 1 ARs can lead to precipitation rates 

in the range of 20-50 mm day
-1

 across of the basin. Similarly, the coast of southern California 

and the Sierra Nevada receive 20-40 mm day
-1

 during the occurrence of these episodes. The 

extreme event in Arizona of 17 January 1993 is a specific example of Type 1 ARs. During this 

day, precipitation accumulations of 30-50 mm were observed in the eastern VRB. Additionally, 

the ARs of 20-22 January 2010, which we identified and characterized as Type 1 events (Table 

A.2), were analyzed in depth by Neiman et al. (2013). 

The second CEOF pattern describes a meridionally-oriented mode of anomalous water vapor 

transport into several parts of Arizona, New Mexico and southern Utah. We defined this pattern 

as Type 2 AR. These ARs are shorter than Type 1 ARs and draw moisture from the tropical 

reservoir in the eastern Pacific. The synoptic analysis of Type 2 ARs reveals the presence of a 

500-hPa trough off the West Coast of the US that penetrates into lower latitudes. The cross 

section of horizontal vapor flux over the ocean shows core values at 700 hPa (i.e., at higher 
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elevations than in Type 1 ARs). In addition, the composites indicate that both the intensities and 

spatial distribution of the precipitation are similar to those of Type 1 ARs, except for the lower 

rates in the Sierra Nevada. This is due to the meridional orientation of Type 2 ARs. The extreme 

precipitation episodes in Type 2 ARs seem to be associated with synoptic-scale vertical motion 

in addition to the orographic lifting mechanisms predominant in Type 1 ARs. A specific example 

of Type 2 AR occurred during 11 February 2005. A 500-hPa cut-off low off the coast of 

California and strong IWVT and low level winds from the tropical eastern Pacific characterized 

this event. Over the western vicinity of the VRB, the daily precipitation exceeded 50 mm while 

the eastern portion of the basin did not receive as much precipitation. The relationship between 

cut-off lows in the subtropical eastern Pacific that favor strong transport of tropical moisture into 

the Southwest and extreme precipitation events was previously examined by Knippertz and 

Martin (2007). Consistent with our results, their study finds that peak moisture transport during 

these events occurs at mid-levels, approximately 700 hPa, in contrast to the lower-level transport 

of midlatitude ARs. We also found dates of ARs events that have characteristic signatures of 

both Type 1 and Type 2 events. 

It is very likely that nearby mountainous basins in the Southwestern US are affected by these 

water vapor corridors as well. One of the main characteristics of the impacting ARs is that they 

cross the Baja California Peninsula, which agrees with the findings of Rutz and Steenburgh 

(2012). Our study suggests that these Southwestern ARs do not form and develop in the same 

regions. While water vapor content in Type 1 ARs is obtained from the tropics near Hawaii 

(central Pacific) and enhanced in the midlatitudes, in Type 2 ARs moisture has a more direct 

tropical origin and meridional orientation. 
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Given the importance of the ARs in the distribution of cool season precipitation and extremes 

in the Southwestern US, it is important to understand their potential changes in intensity and 

frequency under a warmer climate. In previous work, Dettinger (2011) analyzed climate change 

projections under an A2 greenhouse-gas emissions scenario derived from seven general 

circulations models (GCMs) and found that the number of West Coast ARs with higher-than-

average water vapor transport rates may increase and the length of the AR season would 

eventually extend in the future. Dominguez et al. (2012) analyzed an ensemble of regional 

climate models (RCMs) driven by IPCC AR4 GCMs under A2 emissions, and found a consistent 

and statistically significant increase in the intensity of future extreme winter precipitation events 

over the Southwestern US. While the statistical analysis was consistent among the models, the 

authors did not explore the physical mechanisms that were responsible for these changes. 

Because ARs may account for a large percentage of winter precipitation in many watersheds of 

the Southwestern US, we hypothesize that some of the increase in intensity of future extreme 

events projected by the RCMs may be due to changes in the intensity of the impacting ARs. This 

will be the focus of future studies. 
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Table A.1. Description of the SNOTEL and USGS stations used in this study. (See Figure A.1 

for location of the sites.) 

 

Dataset Variable Station name 
Latitude 

(°N) 

Longitude 

(°W) 

Elevation 

(m) 

SNOTEL 
Daily SWE 

(mm) 

Baker Butte 34.45 111.40 2225 

Fry 35.07 111.83 2195 

White Horse Lake 35.13 112.13 2190 

USGS 
Daily discharge 

(m
3
 s

-1
) 

Tangle Creek 34.07 111.72 618 

Clarkdale 34.85 112.07 1067 
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Table A.2. Cool season (November to March) extreme events in the VRB during 1979/80 – 

2010/11 based on area-averaged extreme daily precipitation accumulations (pcp; units of mm) 

exceeding the 98th percentile. Dates (event numbers) in bold indicate the occurrence of AR days 

(events). An asterisk (*) denotes days used in the Type 1 AR composites. A pound sign (#) 

denotes days used in the Type 2 AR composites. 

Event Year Month Day 
pcp 

(mm) 
Event Year Month Day 

pcp 

(mm) 
Event Year Month Day 

pcp 

(mm) 

1 1980 01 10
*
 27.7 34 1990 02 19 22.9 67 1998 03 26 18.5 

2 1980 01 29
*
 35.2 35 1991 01 04 23.7 68 2001 12 04 19.9 

3 1980 02 14
*
 41.6 36 1991 02 28

*
 47.3 69 2003 02 13

*
 41.7 

4 1980 02 15
*
 20.3 37 1991 03 01

*
 45.6 70 2003 02 26 18.7 

5 1980 02 20
*
 31.8 38 1991 11 15 19.5 71 2003 03 16 15.5 

6 1981 02 09
*
 17.5 39 1991 11 30 15.6 72 2003 11 12

#
 21.0 

7 1981 03 02 20.0 40 1992 01 06 23.7 73 2003 11 13 18.8 

8 1981 11 27
#
 17.5 41 1992 02 13

*
 24.5 74 2004 11 08 22.4 

9 1981 11 28
#
 18.7 42 1992 03 08 17.1 75 2004 11 21 21.5 

10 1981 11 29 20.5 43 1992 12 04 33.2 76 2004 12 29
*
 50.7 

11 1982 01 21 20.6 44 1992 12 28
#
 35.0 77 2005 01 04

*
 35.7 

12 1982 02 11
*
 24.7 45 1993 01 06

*
 23.2 78 2005 02 11

#
 16.2 

13 1982 03 12 15.8 46 1993 01 07
*
 28.9 79 2005 02 12 35.8 

14 1982 11 09 23.0 47 1993 01 08
*
 25.4 80 2005 02 19 16.6 

15 1982 11 30 31.7 48 1993 01 17
*
 28.2 81 2007 03 23 16.1 

16 1982 12 09 16.3 49 1993 01 18 16.7 82 2007 11 30
#
 18.9 

17 1983 01 28 19.7 50 1993 01 30 15.5 83 2007 12 01
*
 42.1 

18 1983 02 03
#
 18.0 51 1993 02 08

*
 35.2 84 2008 01 07 25.8 

19 1983 03 03
*
 24.7 52 1993 02 09 20.9 85 2008 01 27

#
 29.3 

20 1983 12 25
*
 20.2 53 1993 02 19

*
 19.7 86 2008 02 04 17.3 

21 1984 11 23 20.4 54 1993 02 20 18.6 87 2008 11 27 18.9 

22 1984 12 13 21.4 55 1993 03 27 19.2 88 2008 12 17
#
 15.5 

23 1984 12 27
#
 36.0 56 1994 02 08 25.2 89 2008 12 26 16.3 

24 1985 11 12
*
 28.5 57 1994 12 06 15.7 90 2009 12 08 17.4 

25 1985 11 25
*
 28.5 58 1995 01 05 28.4 91 2010 01 20

*
 18.1 

26 1985 11 26 18.5 59 1995 01 26 19.8 92 2010 01 21
*
 54.3 

27 1986 12 06 21.5 60 1995 02 14
*
 23.3 93 2010 01 22

*
 37.9 
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28 1987 02 24 27.6 61 1995 02 15
*
 18.0 94 2010 02 07 16.5 

29 1987 11 01
*
 36.0 62 1995 03 06 19.4 95 2010 03 07 17.3 

30 1988 01 18 32.7 63 1997 01 13 35.0 96 2010 12 23 21.1 

31 1989 01 04
#
 33.2 64 1997 01 26 17.5 97 2011 02 19 21.5 

32 1989 03 26 27.6 65 1997 02 28 18.3      

33 1989 12 29 21.7 66 1997 12 22 17.8      
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Figure captions  

Figure A.1. Topographical map of the Southwestern US. The Verde River Basin in Arizona is 

delineated in black. Triangles denote the SNOTEL stations: Baker Butte (black), Fry (white), and 

White Horse Lake (gray). Circles denote the USGS stations: Verde River below Tangle Creek 

(black), and Verde River near Clarkdale (white). (See Table A.1 for description of the measuring 

sites.) 

Figure A.2. Spatial pattern of the IWVT anomalies (kg m
-1

 s
-1

; gray shadings with vectors 

superimposed) for (a) CEOF 1, and (b) CEOF 2. (c) Normalized principal component (PC) time 

series of CEOFs 1 and 2 where the x axis corresponds to the dates of events presented in Table 

A.2. The horizontal line denotes the one standard deviation and is used to determine those AR 

days in which the normalized PC exceeds one standard deviation. (d) Eigenvalue spectrum of the 

first ten CEOFs of the IWVT field. 

Figure A.3. Composite (a) IWVT (kg m
-1

 s
-1

; gray shadings with vectors superimposed), (b) 

precipitation (mm day
-1

), (c) – (d) cross section of horizontal water vapor flux (g kg
-1

 m s
-1

; 

contours with vectors superimposed) along L1 and L2, respectively, (e) total fields and (f) 

anomalies of  500-hPa HGT (m; contours) and 850-hPa winds (barbs = 10 m s
-1

, half barbs = 5 m 

s
-1

) for the selected Type 1 ARs (see Table A.2). The NW-SE lines, L1 and L2, in panel (a) are 

the lines for the cross sections in panels (c) and (d), respectively. 

Figure A.4. Same as Figure A.3 but for Type 2 ARs. 

Figure A.5. Composite (a) – (b) Q-vectors (×10
-10

 K m
-1

 s
-1

) and 2×Q-vector convergence (×10
-

16
 K m

-2
 s

-1
; contours; gray shadings for convergence or upward motion) for the 700-400 hPa 
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layer, (c) – (d) low cloud fraction (%), and (e) – (f) high cloud fraction (%) for Type 1  and Type 

2 ARs, respectively. 

Figure A.6. (a) SSM/I IWV (cm), (b) IWVT (kg m
-1

 s
-1

; gray shadings with vectors 

superimposed), (c) – (d) cross section of horizontal water vapor flux (g kg
-1

 m s
-1

; contours with 

vectors superimposed) along L1 and L2, respectively, (e) anomalies of 500-hPa HGT (m; 

contours) and 850-hPa winds (barbs = 10 m s
-1

, half barbs = 5 m s
-1

), (f) accumulated 

precipitation (mm), (g) Q-vectors (×10
-10

 K m
-1

 s
-1

) and 2×Q-vector convergence (×10
-16

 K m
-2

 s
-

1
; contours; gray shadings for convergence or upward motion) for the 700-400 hPa layer, and (h) 

pressure (hPa; contours), system-relative winds (barbs = 10 m s
-1

, half barbs = 5 m s
-1

) and 

specific humidity (g kg
-1

; gray shadings) on the 300-K isentropic surface for 17 January 1993. 

The NW-SE lines, L1 and L2, in panel (b) are the lines for the cross sections in panels (c) and 

(d), respectively. 

Figure A.7. Same as Figure A.6 but for 11 February 2005.  
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Figure A.1. Topographical map of the Southwestern US. The Verde River Basin in Arizona is 

delineated in black. Triangles denote the SNOTEL stations: Baker Butte (black), Fry (white), and 

White Horse Lake (gray). Circles denote the USGS stations: Verde River below Tangle Creek 

(black), and Verde River near Clarkdale (white). (See Table A.1 for description of the measuring 

sites.)  
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Figure A.2. Spatial pattern of the IWVT anomalies (kg m
-1

 s
-1

; gray shadings with vectors 

superimposed) for (a) CEOF 1, and (b) CEOF 2. (c) Normalized principal component (PC) time 

series of CEOFs 1 and 2 where the x axis corresponds to the dates of events presented in Table 

A.2. The horizontal line denotes the one standard deviation and is used to determine those AR 

days in which the normalized PC exceeds one standard deviation. (d) Eigenvalue spectrum of the 

first ten CEOFs of the IWVT field.  
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Figure A.3. Composite (a) IWVT (kg m
-1

 s
-1

; gray shadings with vectors superimposed), (b) 

precipitation (mm day
-1

), (c) – (d) cross section of horizontal water vapor flux (g kg
-1

 m s
-1

; 

contours with vectors superimposed) along L1 and L2, respectively, (e) total fields and (f) 

anomalies of  500-hPa HGT (m; contours) and 850-hPa winds (barbs = 10 m s
-1

, half barbs = 5 m 

s
-1

) for the selected Type 1 ARs (see Table A.2). The NW-SE lines, L1 and L2, in panel (a) are 

the lines for the cross sections in panels (c) and (d), respectively.   
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Figure A.4. Same as Figure A.3 but for Type 2 ARs. 
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Figure A.5. Composite (a) – (b) Q-vectors (×10

-10
 K m

-1
 s

-1
) and 2×Q-vector convergence (×10

-

16
 K m

-2
 s

-1
; contours; gray shadings for convergence or upward motion) for the 700-400 hPa 

layer, (c) – (d) low cloud fraction (%), and (e) – (f) high cloud fraction (%) for Type 1  and Type 

2 ARs, respectively.  



 

72 

 

 



 

73 

 

Figure A.6. (a) SSM/I IWV (cm), (b) IWVT (kg m
-1

 s
-1

; gray shadings with vectors 

superimposed), (c) – (d) cross section of horizontal water vapor flux (g kg
-1

 m s
-1

; contours with 

vectors superimposed) along L1 and L2, respectively, (e) anomalies of 500-hPa HGT (m; 

contours) and 850-hPa winds (barbs = 10 m s
-1

, half barbs = 5 m s
-1

), (f) accumulated 

precipitation (mm), (g) Q-vectors (×10
-10

 K m
-1

 s
-1

) and 2×Q-vector convergence (×10
-16

 K m
-2

 s
-

1
; contours; gray shadings for convergence or upward motion) for the 700-400 hPa layer, and (h) 

pressure (hPa; contours), system-relative winds (barbs = 10 m s
-1

, half barbs = 5 m s
-1

) and 

specific humidity (g kg
-1

; gray shadings) on the 300-K isentropic surface for 17 January 1993. 

The NW-SE lines, L1 and L2, in panel (b) are the lines for the cross sections in panels (c) and 

(d), respectively.  
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Figure A.7. Same as Figure A.6 but for 11 February 2005.  
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Abstract 

Inland-penetrating atmospheric rivers (ARs) affect the U.S. Southwest and significantly 

contribute to cool season precipitation. In this study, we examine the results from an ensemble of 

dynamically downscaled simulations from the North American Regional Climate Change 

Assessment Program (NARCCAP) and their driving general circulation models (GCMs) in order 

to determine statistically significant changes in the intensity of the cool season ARs impacting 

Arizona and the associated precipitation. Future greenhouse gases emissions follow the A2 

emission scenario from the Intergovernmental Panel on Climate Change (IPCC) Fourth 

Assessment Report (AR4) simulations. We find that there is a consistent and clear intensification 

of the AR-related moisture transport in both the global and regional simulations which reflects 

the increase in precipitable water due to warmer atmospheric temperatures, according to the 

Clausius-Clapeyron relationship. However, the response of AR-related precipitation intensity to 

increased moisture flux and column-integrated water vapor is weak and no significant changes 

are projected either by the GCMs or the NARCCAP models. This lack of robust precipitation 

variations can be explained in part by a weakening or small change in the large-scale water vapor 

flux convergence and decrease in the maximum positive relative vorticity in some of the GCMs 

that indicate a reduction in storm intensity and weaker synoptic-scale vertical motion. 

Additionally, some global models show a robust decrease in relative humidity which may also be 

responsible for projected precipitation pattern. 
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1. Introduction 

Water resources in the U.S. Southwest are heavily dependent on winter precipitation. During 

this time of year, moisture is stored in the form of snow and then released in the warm season as 

runoff or infiltration (Sheppard et al. 2002). For instance, streamflow in the Salt and Verde 

rivers, which provides water for municipal, agriculture and industrial users in the city of Phoenix 

in Arizona (Arizona Department of Water Resources, http://www.azwater.gov), is controlled to 

some extent by snowmelt in the state’s central highlands. Focusing particularly on the Verde 

River basin (VRB), Rivera et al. (2014; R14 henceforth) analyzed a group of cool season heavy 

precipitation events and found that about 60% of them were associated with inland-penetrating 

atmospheric rivers (ARs). These intense AR-related precipitation episodes were responsible for 

major floods in the region and contributed on average to approximately 25% of total cool season 

precipitation in the basin. While their analysis was constrained to a single watershed, other 

regions of the topographically complex central parts of Arizona are likely to be affected in a 

similar way. 

Typically, ARs have been characterized as narrow corridors of water vapor transport located 

in the warm sector of major extratropical cyclones in close relation to the presence of a pre-cold 

front low-level jet (Ralph et al. 2004; Neiman et al. 2008; Dettinger et al. 2011; Ralph and 

Dettinger 2011). In addition to the traditional definition of ARs, cut-off lows in subtropical 

latitudes can also induce moisture fluxes with maxima at midlevels of the troposphere as 

discussed by Knippertz and Martin (2007). R14 performed an objective analysis and showed the 

importance of both of these AR patterns for the VRB and referred to them as “AR types”. Water 

vapor content in the more common Type 1 ARs generally originates in the tropics near the 
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central Pacific and increases in the low midlatitudes, with maximum water vapor flux near the 

surface. In the case of Type 2 ARs, moisture into the basin shows a more direct link to the 

tropical reservoir in the eastern Pacific and maximum transport at midlevels. 

Anthropogenic climate change will likely bring changes to the intensity and frequency of 

intense precipitation events (e.g., Emori and Brown 2005; Lenderink and van Meijgaard 2008; 

Trenberth 2011, Dominguez et al. 2012). The primary mechanism for these changes is increased 

atmospheric moisture that arises from warmer atmospheric temperatures that allow the 

tropospheric air to hold more moisture, according to the Clausius-Clapeyron relation (Allen and 

Ingram 2002; Trenberth et al. 2003; Held and Soden 2006). Focusing specifically on ARs, 

Dettinger (2011) analyzed climate change projections derived from seven Intergovernmental 

Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) general circulations models 

(GCMs) under A2 greenhouse emission scenarios and found that the number of years with 

several AR events impacting California may increase in the future as well as both the higher-

than-normal water vapor flux and the length of the AR season. Similarly, Lavers et al. (2013) 

have demonstrated that strong ARs impinging the Great Britain and Western Europe are more 

intense and more frequent in a changing climate, as simulated by a group of GCMs used in the 

IPCC Fifth Assessment Report (AR5). These authors suggest that such conditions could lead to 

increased AR-induced precipitation accumulations and greater winter floods in the studied 

regions. In addition, the authors determine that most of the projected change in AR intensity and 

frequency is thermodynamically-driven in response to warming as the projected increase in low-

level specific humidity dominates over small changes in wind magnitude.  
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Wehner (2013) points out that a complex combination of factors including not only variations 

in temperature but also changes in atmospheric circulation are crucial to determine the possible 

future behavior of extreme precipitation events. Bengtsson et al. (2009) analyzed historical and 

future simulations performed with a single GCM to explore potential changes in extratropical 

cyclones in terms of their associated precipitation, wind, pressure and relative vorticity fields, 

with the latter three variables being considered as measures of storm intensity. For the northern 

hemisphere, the authors did not find significant variations in either in the maximum positive 

vorticity at 850 hPa or the wind fields. Only wintertime extreme precipitation showed 

intensification north of 45°N, corresponding to a northward shift of the storm tracks, and 

reduction at lower latitudes. It is expected that any change in the properties of cool season storms 

can impact the future characteristics of AR events, as these are closely tied to extratropical 

cyclones. 

Climate projections for the southern part of the U.S. Southwest show decreased mean winter 

precipitation, but enhanced extreme precipitation events (Dominguez et al. 2012; Gershunov et 

al. 2013). This could eventually be related to variations in the intensity and frequency of AR 

events, which are known to end drought periods in the U.S. West Coast (Dettinger 2013).  

Because of the importance of the ARs in the determination of the total cool season precipitation, 

our objective in this work is to determine if changes in water content and moisture flux 

associated with ARs impacting Arizona and adjacent regions can cause statistically significant 

variations in AR-related precipitation intensities.  Our analysis does not only focus on the 

characteristics of all the ARs combined, but also in the particular behavior of the precipitation for 

each of the AR types that have been previously identified. To analyze the large-scale 
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representation and projected future changes of ARs, we use GCMs from the IPCC-AR4. We 

focus of AR4, as opposed to AR5, because in addition to the GCMs, we analyze seven regional 

climate model (RCM) dynamically downscaled simulations that are part of Phase II of the North 

American Regional Climate Change Program (NARCCAP). In Phase II, NARCCAP models are 

driven by a set of AR4 GCMs forced with the Special Report on Emissions Scenarios (SRES) A2 

emissions scenario for the 21st century (Mearns et al. 2009)– these type of multi-model 

dynamically downscaled simulations are not yet available for AR5. Our motivation for using 

NARCCAP is that due to the coarse resolution of the GCMs (see an example of GCM 

topography in Figure B.1), the resulting precipitation over the mountainous regions of the 

southwestern US would likely be unrealistic, so our hypothesis is that the higher resolution of the 

RCMs will improve the representation of precipitation associated with ARs over the complex 

terrain. 

This paper is organized as follows: in Section 2 we describe the data and methods, including 

the AR detection tool for Arizona and the statistical analyses that were performed. Section 3 

presents the results from the IPCC-AR4 GCMs and the NARCCAP simulations. Here, we 

examine the statistical robustness of the projected variations in AR intensity and AR-related 

precipitation for our region of interest. A summary and discussion is provided in Section 4. Main 

conclusions of the present study are described in Section 5. 

2. Data and methods 

a. Model data 
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We identify and characterize the projected behavior of ARs that impact Arizona and adjacent 

regions by analyzing cool season (November to March) 1) temperature, precipitation, specific 

humidity, and wind fields from the four driving atmosphere-ocean general circulation models 

(GCMs) used in NARCCAP, and 2) precipitation and precipitable water (PW) from seven 

regional climate model (RCM) simulations included in the NARCCAP dataset (Mearns et al. 

2007, updated in 2012). The analysis was done at the daily timescale for 30 cool seasons of both 

1969/70-1998/99 (historical period) and 2039/40-2038/39 (future). Once the AR days were 

selected in the GCMs, we calculated daily average values of vertically-integrated water vapor 

transport (IWVT), PW, vertically-integrated moisture flux convergence (MFC), relative vorticity 

at 850 hPa (ζ850), and relative humidity (RH) for each of the AR days in order to explore the 

dynamical and thermodynamical mechanisms associated with any robust change in the AR-

related precipitation intensity. 

NARCCAP is an international effort that has generated 3-hourly high-resolution projections at 

a 50-km horizontal grid spacing for Canada, the United States and northern Mexico. The RCM 

simulations produced by this program cover the periods 1968-2000 and 2038-2070. Boundary 

conditions were provided by four GCMs under A2 scenarios from the IPCC AR4 model 

projections. The description of the global and regional models and the combination of RCMs and 

GCMs used in this work are presented in Tables B.1 and B.2, respectively. For comparison 

purposes, all of the GCM data were interpolated to a 3.75° x 3.75° grid which corresponds to the 

coarsest available grid. 

b. AR detection 
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We developed a detection algorithm based on the magnitude of the interpolated daily IWVT 

fields from the GCMs to objectively identify the occurrence of atmospheric-river events (“AR 

days”) over Arizona. This routine is a simplified version of the Wick et al. (2013) algorithm; our 

method uses moisture flux as input instead of PW. Our purpose is to find contiguous regions of 

IWVT, 2000 km or longer (i.e. at least five 3.75-degree grid cells), that intersect the Baja 

Peninsula region and exceed a particular threshold. Rutz and Steenburgh (2012) and R14 show 

that ARs that impinge Arizona and produce cool season heavy precipitation events in the region 

generally cross the Baja Peninsula. The value of the threshold is empirically determined and 

depends on the location of the grid cell: 96.5th percentile over ocean, 93.5th percentile for low 

coastal lands, and 90.5th percentile over higher elevations, including Arizona (blue, brown and 

red hatched areas in Figure B.1, respectively). The reason for selecting of a lower percentile over 

land is that IWVT values decrease at higher terrain elevations due to lower surface pressure and 

occurrence of precipitation, as discussed by Rutz et al. (2014). Although R14 and Rutz et al. 

(2014) use IWVT >= 250 kg m
-1

 s
-1

 in reanalysis products as the defining contour of ARs, we 

have recognized that some of the GCMs tend to produce more intense water vapor transports 

than those observed in the reanalyses. This justifies the use of percentiles instead of fixed values. 

By using moisture flux, it is not necessary to exclude regions in the tropical Pacific Ocean due to 

their large background PW values as done by Wick et al. (2013). This is important for the 

detection of ARs in the subtropics. We did not directly apply this routine over the IWVT fields 

from the RCM simulations because the NARCCAP domain does not include a sufficiently large 

oceanic region to appropriately identify the long corridors of moisture flux associated with ARs.  
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Our algorithm was tested against a visual detection of ARs (as in R14) using the European 

Centre for Medium-Range Weather Forecasts (ECMWF) Interim Reanalysis (ERA-Interim; Dee 

et al. 2011). The IWVT data was interpolated to the same resolution of the coarser global model 

grid (3.75° x 3.75°) to determine the occurrence of historical AR cases associated with cool 

season heavy precipitation days in the Verde River basin of Arizona. To assess the performance 

of the detection routine, we employed some of the metrics described by Wick et al. (2013). 

These are 1) the critical success index (CSI), which quantifies the overall accuracy and is defined 

as the number of correct AR identifications divided by the number of ARs identified 

automatically and/or visually, 2) the probability of detection (POD) and 3) the probability of 

false detection (POFD). 

c. Statistical and composite analyses 

Once the AR days were detected in both the historical and future periods, we performed a 

combined empirical orthogonal function (CEOF) analysis (Navarra and Simoncini 2010; Wilks 

2011) of the global models’ IWVT vector anomalies in order to determine if the GCMs are able 

to capture the two dominant AR patterns (“Type 1” and “Type 2”) that were identified by R14. 

The daily IWVT vector anomalies were defined as deviations from either the historical or future 

30-year daily mean values. We apply the selection criteria of North et al. (1982) as a way to 

evaluate the robustness of an AR pattern associated with a particular CEOF at the 5% level. This 

procedure allows us to evaluate the statistical significance of each mode. 

For all of the significant ARs we obtained historical and future composite maps of 

precipitation and PW for both the IPCC AR4 GCMs and the NARCCAP simulations. In 

addition, for the GCMs we obtained MFC, ζ850 and RH. To construct the composites, we classify 



 

84 

 

a particular day as an AR event when its corresponding value of the normalized principal 

component (PC) timeseries exceeds one standard deviation. Additionally, we require this PC 

value to be larger than the PC of any other statistically significant mode. We are also interested 

in determining if the projected changes in the characteristics of the meteorological fields in 

question are statistically significant. To do so, we used a bootstrapping resampling technique in 

which 1000 samples are produced at every interpolated grid cell of the domain. This allowed us 

to calculate the 95% confidence intervals of the mean historical and future values. If those 

confidence intervals do not overlap, then the difference between the two values is statistically 

significant at the 5% level. 

3. Results 

a. Atmospheric rivers in the GCMs 

As a first step we compared our visual inspection of ARs with the automated procedure using 

the evaluation metrics of Wick et al. (2013). Our goal is to identify which of the most intense 

precipitation events (top 2 percent) in the VRB have been associated with ARs, as in R14. Using 

visual detection in the interpolated ERA-Interim product, we found that 51 out of 97 heavy 

precipitation events related to ARs. The automated procedure shows a CSI of 79.2%, a POD of 

82.4% (9 of the 51 AR events were not detected) and a POFD of 4.3% (2 events were not 

identified visually). Our detection routine is not as efficient as that of Wick et al. (2013) for ARs 

along the west coast of North America using data at 0.25-degree resolution (they reported a CSI 

of 92.4%, a POD of 98.5%, and a POFD of 2.8%). Nonetheless, we consider that for our study it 

is sufficient to detect the majority of AR events that impacted Arizona given the much coarser 
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resolution of the global climate model output that we are analyzing, and the fact that as ARs 

penetrate inland, their characteristics change and they become more difficult to objectively 

capture. 

We also applied the above algorithm to identify ARs in the IPCC-AR4 GCMs. For the cool 

seasons of 1979/80-1998/1999, there is a total of 87 AR days in the ERA-Interim Reanalysis. We 

find that in the CCSM and HADCM models the number of AR detections is similar to that of the 

reanalysis, with percent differences of 8.0% and -3.4%, respectively. On the other hand, CGCM 

and GFDL show much smaller number of AR events as compared to ERA-Interim, with 

differences of -31.0% and -25.3%, respectively (see Table B.3). Regarding the mean AR 

intensity over land into Arizona (boxed region in Figure B.1) for the same period, we find that all 

the GCMs overestimate the magnitude of the IWVT (Figure B.2). However, this is more 

dramatic in the case of CCSM and GFDL. HADCM is, in general, the model that better captures 

the frequency and intensity of the ARs.  

The number of both historical and future AR days detected is presented in Table B.4. Two of 

the models, CCSM and GFDL, present relatively small decrease in the projected number of 

events (-3.5% and -6.3%, respectively). On the other hand, more substantial increase in the 

number of ARs impacting Arizona is found in CGCM and HADCM (26.7% and 8.6%, 

respectively). Because of the large inter-model variability it is difficult to distinguish a marked 

tendency in the frequency of ARs, but it is evident that the models that show a positive trend 

have more dramatic changes. 

All of the GCMs show generalized increase in future IWVT associated with ARs and, with 

the exception of GFDL, they show statistically significant increase (5% level) in the water vapor 
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flux towards Arizona and other portions of the Southwest (Figure B.3). The four global models 

show largest IVT intensities over the Baja Peninsula, with CCSM (CGCM) showing the largest 

(smallest) AR mean IWVT values (Figure B.3). Similarly, throughout our domain of interest 

(15°N – 50°N; 100°W – 140°W) the global models show, on average, increased lower 

tropospheric specific humidity in the future following approximately the Clausius-Clapeyron 

relationship (~7.9% K
-1

 at 700 hPa). In CCSM, significant projected increase in IWVT across 

Arizona and most of the Southwestern US ranges between 10-20% (Figure B.3c). More dramatic 

changes (above 35%) are found in CGCM for southern California, Nevada and Utah (Figure 

B.3f). In Arizona, the variations in the CGCM model are similar to those in CCSM. In the GFDL 

model, statistically robust increase in PW is found only in southern Arizona, the Baja Peninsula 

and northwest Mexico (Figure B.3i). Significant positive changes of 10-20% in IWVT are 

projected to occur throughout the region in the HADCM simulation (Figure B.3l).  

AR-related precipitation available for three of the global models is presented in Figure B.4 

(HADCM does not report precipitation). Because of the coarse resolution of these GCMs, fine-

scale patterns are not properly represented. Our purpose is to identify the projected changes in 

precipitation intensity and distribution given the increased water vapor flux and precipitable 

water. Further details on the representation of precipitation are discussed in the analysis of the 

higher-resolution NARCCAP results. CGCM and GFDL show maximum precipitation intensity 

over Arizona for both the historical and future periods (Figures B.4d-e and 4g-h, respectively), 

while in CCSM this maximum is located further west in the central California region (Figures 

B.4a-b). The three global models do not present significant variations across Arizona. 

Statistically significant increase of 2-3 mm day 
-1

 occurs over Nevada, Utah and southern 
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California in the CGCM model (Figure B.4f). In CCSM only the Baja Peninsula region presents 

a significant reduction in AR precipitation intensity (a decrease of 2-3 mm day
-1

) as shown in 

Figure B.4c. In the GFDL model there are no robust variations, except in southern California 

(Figure B.4i). As opposed to the IWVT and PW, AR precipitation does not show a clear 

tendency in the future. 

To better understand the reasons for insignificant changes in precipitation, we analyze the 

MFC fields from the IPCC-AR4 models (Figure B.5). For both historical and future periods, the 

models show convergence over land, except in California and most of Arizona in GFDL (Figures 

B.5g-h), while divergence occurs over ocean. In general terms, the areas of convergence closely 

match the regions of AR-related precipitation in Figure B.4.  There is large inter-model 

variability regarding the projected sign of the change of the large-scale MFC associated with the 

impacting ARs over the Southwestern US (decreased MFC in CCSM and HADCM and the 

opposite in CGCM and GFDL), but these changes are not statistically significant (Figures 

B.5c,f,i,l), which can partially explain the lack of noticeable change in the AR-related 

precipitation over the region . This suggests that the intensity of the midlatitude cyclone systems 

that drive the atmospheric river events is either decreasing (in CCSM) or not varying.  

Our hypothesis is confirmed when we examine the relative vorticiy field ζ850 (Figure B.6). 

Two of the IPCC-AR4 models, CGCM and HADCM, do not show any significant change in the 

maximum positive ζ850 across the western US and offshore (Figures B.6f,l). On the other hand, 

decreased positive vorticity is projected over the Pacific Ocean off the coasts of southern 

California and northern Baja Peninsula in the CCSM model (Figure B.6c) while the reduction is 

more evident over Nevada and Utah in the GFDL model (Figure B.6i). In the latter two GCMs, 
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this may be an indication of weaker synoptic-scale vertical motion associated with a reduction in 

the intensity of the midlatitude systems that drive the AR events in the region. 

From a thermodynamic point of view, the lack of robust response of the precipitation to 

increased IWVT and PW can also be due to the significant decrease of about 5% in RH over 

portions of the U.S. Southwest, between 105°W and 130°W, projected by CCSM (Figure B.7c) 

and, to a lesser extent, GFDL (Figure B.7i) as shown in the vertical cross section along 34°N (L1 

in Figure B.1). In the case of CGCM, the future changes in RH over land are small and not 

statistically significant (Figure B.7f), the same is the case for HADCM (Figure B.7l). It is 

interesting to note that, while not all models show statistically significant changes, they all show 

decrease RH above regions of high elevations. 

b. CEOF analysis of ARs in the GCMs 

Using the CEOF analysis of the IWVT anomaly fields, we find that the four driving GCMs 

are generally able to capture the two relevant patterns of ARs identified in R14 in both the 

historical and future periods. In Figure B.8 we only present the analysis for ARs occurring 

during 1970-1999 as the spatial modes of variability are very similar to those for 2040-2069. 

Nonetheless, the Type 2 modes for the historical CGCM (Figure B.8f) and the future HadCM3 

(not shown) simulations are not statistically significant at the 5% level, according to the North et 

al. (1982) rule. This is likely due to the small number of Type 2 AR events that were identified. 

The first CEOF mode in most of the IPCC-AR4 models (Figures B.8a,d,g,j) shows the long 

west-to-east IWVT anomalies extending from the central Pacific near Hawaii to the Baja 

Peninsula and Arizona. However, it is also evident that historical Type 1 IWVT anomalies in 

CGCM (Figure B.8d) show a prevailing meridional component that is not entirely consistent 
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with previous findings. In the case of the second CEOF mode (Figures B.8b,e,h,k), all models 

are able to represent the comparatively weaker south-to-north water vapor transport anomalies 

corresponding to Type 2 ARs, as described in R14, which tap moisture more directly from the 

eastern tropical Pacific reservoir. 

Composites of IWVT and precipitation for Type 1 ARs (not shown) based on those AR days 

in which the value of the normalized PC exceeded one standard deviation, show spatial 

distributions, intensities and variations very similar to those for the analysis of all ARs presented 

in Figures B.3 and B.4, respectively. This is not unexpected since the majority of the ARs 

detected fall in the Type 1 category, and about 30% to 45% of the total variance is explained by 

this particular mode. On the other hand, the relatively low number of Type 2 ARs does not allow 

us to make any robust interpretation of the projections of moisture flux and precipitation 

intensity. Therefore, we will only focus on the results for all the identified ARs without 

exploring the behavior of the individual AR types.  

c. Atmospheric rivers in NARCCAP models 

The NARCCAP simulations can represent fine-scale characteristics of both the historical and 

future precipitable water and precipitation intensity fields associated with ARs that penetrate into 

Arizona and adjacent regions due to their better representation of topographical features. When 

analyzing all of the AR events, we find that the ensemble mean historical AR-related PW (Figure 

B.9a) presents values up to 3 cm over the Baja Peninsula while the southwestern corner of 

Arizona presents PW between 2 cm and 2.5 cm. In the future, the ensemble mean PW in those 

two regions increases by about 0.5 cm (Figure B.9b). Overall, the projections show a 10% to 

15% increase in PW throughout the U.S. Southwest, northwestern Mexico and the Baja 
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Peninsula.  In each of the NARCCAP model simulations the future increase in PW is statistically 

significant across Arizona and portions of the Southwest as well as areas in the Pacific Ocean 

(Figure B.10). The patterns of PW change closely match those of the IWVT fields from the 

parent IPCC-AR4 models, which basically reflect the influence of the large scale forcing 

imposed on the regional models by the GCMs. 

In the two CCSM-driven simulations (CRCM and WRF in Figures B.10a and b, respectively), 

the largest PW changes (15-20% or more) in regions with PW greater than 2 cm occur in a 

relatively narrow band off the west coast of the Baja Peninsula. The RCMs forced by the CGCM 

model (CRCM and WRF in Figures B.10c and d, respectively) present PW increase above 15% 

in a band that includes the Pacific, southern California, and Arizona. In the case of ECP2-GFDL 

and HRM3-GFDL (Figures B.10e-f), greater significant percent changes in the AR water content 

occur basically in the same region as in the NARCCAP models forced by CCSM, but they do not 

exceed 20%. Statistically significant positive variations above 15% and 20% in HRM3-HADCM 

and MM5-HADCM (Figures B.10g,h) dominate in the oceanic area away from the Baja 

Peninsula with the latter showing the largest percent variations over Arizona (10% to 20%). 

The RCMs clearly capture AR-related precipitation intensity maxima over the central 

highlands in Arizona, southern California and even the Sierra Nevada to a much greater detail 

than their GCM drivers (Figures B.11a-b), but there is no clear evidence of widespread future 

changes across the Southwest, particularly in Arizona (Figure B.11c). Despite increased water 

vapor transport and precipitable water over our study region, we find that precipitation changes 

are not statistically significant in any of the NARCCAP models (Figure B.12), except for some 

isolated regions. This is similar to the situation presented in the driving global models. The 
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projected variations in AR-related precipitation from the regional simulations clearly reflect the 

influence of their driving GCMs in the determination of areas of increased or decreased 

intensities.  In the CCSM-driven cases (Figures B.12a-b), there is a projected decrease in AR-

related precipitation over Arizona and northwest Mexico, although the variations are only 

significant in parts of central Arizona, which is also present in the driving GCM (Figure B.4c). In 

agreement with the parent GCM, which shows significant precipitation increase in southern 

California, Utah and around the Arizona-Nevada border (Figure B.4f), the CRCM-CGCM and 

WRF-CGCM simulations show a similar response (Figures B.12c-d). On the other hand, both 

ECP2-GFDL and HRM3-GFDL project no robust changes across the Southwest (Figures B.12e-

f), which resembles the results from its driving GCM (Figure B.4i). Only HRM3-HADCM and 

MM5-HADCM show generalized increased precipitation intensity in our domain of interest, but 

these variations are significant only in the higher elevations of central and southern California, 

and no meaningful changes are projected in Arizona in the former simulation (Figures B.12g-h). 

Given the strong control exerted by the GCM, we expect that the future behavior of the 

precipitation intensity in HADCM may resemble that of the regional simulation.  Additionally, it 

is interesting to note that all of the regional models tend to produce more precipitation in those 

areas in which the PW change exceeds 15%. See for example the plots for WRF-CCSM, CRCM-

CGCM, ECP2-GFDL, and HRM3-HadCM3 in Figures B.12b, c, e, and g, respectively.  

4. Summary and discussion 

In this work we have analyzed output from the group of IPCC-AR4 models and the RCMs 

used in the NARCCAP program in order to identify changes in IWVT and PW patterns 

associated with ARs penetrating into Arizona. Our goal was also to determine if AR-related 
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precipitation intensity and/or frequency show statistically significant variations. To accomplish 

this, we used an automated AR detection algorithm to find the “AR days” in both historical and 

future cool seasons for the periods 1969/70-1998/99 and 2039/40-2038/39, respectively.  By 

performing a CEOF analysis of the IWVT anomalies, we found that the four GCMs used in this 

study show ability to represent the two dominant AR types that have been previously discussed 

by R14, although in two of them (CGCM and HADCM) the second mode (Type 2 ARs) was not 

statistically significant in both historical and future periods because of the small number of AR 

days that are usually classified under this category. The results in this work indicate that global 

models used to force the high resolution NARCCAP simulations consistently show a robust 

increase in the projected moisture transport and column integrated water vapor associated with 

ARs that impinge on Arizona and adjacent regions. The NARCCAP RCMs, follow the pattern of 

PW change imposed by the GCMs. Higher water vapor in the troposphere is a response to higher 

air temperatures, according to the Clausius-Clapeyron relationship, and the stronger IWVT we 

have identified is mainly due to this thermodynamic factor rather than increased intensity of the 

mid-latitude systems that drive the detected AR events.  

Studies such as those from Dettinger (2011) and Lavers et al. (2013) suggest that 

intensification of the AR-related moisture flux can lead to more extreme precipitation and 

flooding events. However, our analysis does not find a clear and robust future change in the 

precipitation intensity over Arizona either in the IPCC-AR4 models or in the downscaled 

simulations. The NARCCAP projections of changes in AR-related precipitation intensity are 

very similar to those from their driving GCMs. This is true when all the ARs are considered and 

also for the two types of ARs. There are, of course, some fine scale-features in the RCMs that 
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reflect the improved representation of regional characteristics such as topography. To better 

illustrate this, we have found that regional models forced by CCSM tend to project reductions in 

AR-related precipitation intensity over Arizona. Nonetheless, the differences are statistically 

significant in only some portions of the state’s central highlands. In these cases, the variations in 

the RCMs are broadly consistent with that of the GCM. Furthermore, the AR precipitation rate in 

the CGCM model is expected to increase in the Arizona-Nevada border region as well as 

southern California and Utah.  The two RCM simulations driven by this global model (CRCM-

CGCM and WRF-CGCM) basically present the same behavior. Despite the lack of robustness in 

the change of precipitation, it is important to note that higher positive precipitation rate 

variations concentrate in regions where the PW change is larger than 15%. It is important, 

therefore, for the RCMs to correctly capture the angle of impingement of the ARs in order to 

gain confidence about their future effects (see for example Hughes et al. 2014).  We also 

consider that analyzing longer periods can provide more significant statistics, especially for Type 

2 ARs because their number of events is smaller than that of Type 1 ARs. 

We have identified that the sign of the change in precipitation intensity is linked to increased 

or decreased MFC in the IPCC-AR4 models. However, the projected variations in the MFC field 

are not significant. In terms of the dynamics of the ARs, this has led us to hypothesize that there 

is little change or decreasing trend in the intensity of the midlatitude storms that are related to 

Arizona ARs. Decreased positive relative vorticity at 850 hPa off the coasts of California and 

Baja Peninsula in CCSM and GFDL as well as the absence of meaningful changes in the above 

regions in the CGCM and HADCM models support our hypothesis. In addition, thermodynamics 
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may also be playing an important role. In the former GCMs, the projected RH over parts of the 

Southwest decreases with respect to its historical values – particularly at higher elevations. 

At this point, we have not found strong evidence to assert that future AR-related precipitation 

intensity over Arizona is going to increase, despite the clear positive trend in AR moisture flux 

and water content. Mahoney et al. (2013) produced very high resolution simulations (1.3-km grid 

spacing) of warm season extreme precipitation events over Colorado by dynamical downscaling 

of NARCCAP results and found that localized maxima of extreme events can increase even 

when the lower-resolution RCM simulations show area-averaged decrease in intensity. In future 

work we will focus on the implications of performing higher resolution experiments to determine 

the projected changes in cool season AR-related precipitation in our region of interest. 

Additionally, we expect to expand our analysis to include results from the IPCC-AR5 GCMs and 

the North America Coordinated Regional Downscaling Experiment (NA-CORDEX). 

5. Conclusions 

The main conclusions of this work are summarized as follows: 

1) There is a consistent and clear intensification of the water vapor transport associated with the 

ARs that impinge Arizona and adjacent regions. 

2) The intensified moisture flux mainly reflects the increase in precipitable water due to warmer 

atmospheric temperatures, following the Clausius-Clapeyron relationship. This is evident in 

both the global and regional model simulations. 

3) The response of AR-related precipitation intensity to increased moisture flux and column-

integrated water vapor is weak and no robust variations are projected either by the GCMs or 

the NARCCAP models. 
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4) This lack of meaningful changes in the precipitation intensity can be explained in part by the 

insignificant variations in large-scale moisture flux convergence. This is related to a 

weakening or small change in the intensity of the mid-latitude systems that drive the AR 

events in Arizona. A decrease in the maximum positive relative vorticity depicted by some of 

the GCMs may also indicate a reduction in storm intensity and weaker synoptic-scale vertical 

motion.  

5) Additionally, some global models show robust decrease in relative humidity over land at 

higher elevations, which may also be responsible for the statistically significant projected 

reduction of AR-related precipitation in some portions of Arizona and the US Southwest. 
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Table B.1. Description of the selected global and regional models. 

General Circulation Models 

National Center for Atmospheric Research (NCAR) Community Climate System 

Model version 3 (Collins et al. 2006) 
CCSM 

Canadian Global Climate Model version 3 (Flato 2005) CGCM 

Geophysical Fluid Dynamics Laboratory (GFDL) Climate Model version 2.1 (GFDL 

2004) 
GFDL 

United Kingdom Hadley Centre Climate Model version 3 (Gordon et al. 2000; Pope 

et al. 2000) 
HADCM 

Regional Climate Models 

Canadian Regional Climate Model version 4 (Music and Caya 2007) CRCM 

Experimental Climate Prediction Center (ECPC) Regional Spectral Model (Juang et 

al. 1997) 
ECP2 

Hadley Centre Regional Model version 3 (Jones et al. 2003) HRM3 

Pennsylvania State University - NCAR Mesoscale Model version 5 (Grell et al. 1993) MM5 

NCAR Weather Research and Forecasting Model (Skamarock et al. 2005) WRF 
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Table B.2. Combination of NARCCAP RCMs and GCMs used in this study. 

 CCSM CGCM GFDL HADCM 

CRCM X X   

ECP2   X  

HRM3   X X 

MM5    X 

WRF X X   
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Table B.3. Number of AR days detected during the cool seasons of 1979/80-1998/99 in the 

ERA-Interim reanalysis and each of the driving GCMs and the corresponding percent difference 

with respect to the reanalysis. 

 AR days % Difference 

ERA-Interim 87  

CCSM 94 8.0 

CGCM 60 -31.0 

GFDL 65 -25.3 

HADCM 84 -3.4 
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Table B.4. Number of both historical and future AR days detected in each of the driving GCMs 

and the corresponding percent change. 

 Historical Future % Difference 

CCSM 142 137 -3.5 

CGCM 90 114 26.7 

GFDL 112 105 -6.3 

HADCM 116 126 8.6 
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Figure captions  

Figure B.1. GCM topography map (gray shadings) showing the region (colored hatched area) 

over which ARs are detected using an algorithm that evaluates the exceedance of a IWVT 

threshold. The value of the threshold is given by the 96.5th percentile over ocean (blue hatching), 

the 93.5th percentile for low coastal lands (brown hatching), and the 90.5th percentile over 

higher elevations, including Arizona (red hatching). The boxed region is used for the calculation 

of the area-averaged IWVT magnitude for the cool seasons of 1979/80-1998/99. L1 is the line 

for the RH cross sections in Figure 6. 

Figure B.2. Mean cool season IWVT (kg m
-1

 s
-1

) calculated over the boxed region in Figure 1 for 

ERA-Interim and the four GCMs for the period 1979/80-1998/99. 

Figure B.3. Historical (left panels), future (center panels), and future minus historical (right 

panels) IWVT fields (kg m
-1

 s
-1

) as simulated by the GCMs used in this work. The stippled areas 

in the right panels denote statistically significant differences at the 5% level. 

Figure B.4. Same as Figure B.3 but for precipitation (mm day
-1

). 

Figure B.5. Same as Figure B.3 but for MFC (×10
-5

 kg m
-2

 s
-1

). 

Figure B.6. Same as Figure B.3 but for ζ850 (×10
-5

 s
-1

). 

Figure B.7. Same as Figure B.3 but for RH (%) along the line L1 in Figure B.1. 

Figure B.8. Spatial pattern of the GCM-simulated historical IWVT anomalies (kg m
-1

 s
-1

; color 

shadings with vectors superimposed) for CEOF 1 (left panels), and CEOF 2 (center panels). The 

eigenvalue spectrum of the first ten CEOFs of the IWVT field for each of the GCMs is presented 

in the right panels. 



 

106 

 

Figure B.9. Ensemble mean (a) historical, (b) future PW (cm), and (c) percent change (defined as 

[future minus historical]/historical) of PW (%) as simulated by the NARCCAP RCMs used in 

this work. 

Figure B.10. Percent change of PW (%) as simulated by the NARCCAP RCMs driven by (a)-(b) 

CCSM, (c)-(d) CGCM, (e)-(f) GFDL, and (g)-(h) HADCM. The stippled areas denote 

statistically significant differences at the 5% level. 

Figure B.11. Ensemble mean (a) historical, (b) future, and (c) difference (future minus historical) 

precipitation field (mm day
-1

) as simulated by the NARCCAP RCMs used in this work.  

Figure B.12. Same as Figure B.10 but for precipitation change (mm day
-1

). 
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Figure B.1. GCM topography map (gray shadings) showing the region (colored hatched area) 

over which ARs are detected using an algorithm that evaluates the exceedance of a IWVT 

threshold. The value of the threshold is given by the 96.5th percentile over ocean (blue hatching), 

the 93.5th percentile for low coastal lands (brown hatching), and the 90.5th percentile over 

higher elevations, including Arizona (red hatching). The boxed region is used for the calculation 

of the area-averaged IWVT magnitude for the cool seasons of 1979/80-1998/99. L1 is the line 

for the RH cross sections in Figure 6. 
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Figure B.2. Mean cool season IWVT (kg m
-1

 s
-1

) calculated over the dotted boxed region in 

Figure 1 for ERA-Interim and the four GCMs for the period 1979/80-1998/99. 
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Figure B.3. Historical (left panels), future (center panels), and future minus historical (right 

panels) IWVT fields (kg m
-1

 s
-1

) as simulated by the GCMs used in this work. The stippled areas 

in the right panels denote statistically significant differences at the 5% level. 
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Figure B.4. Same as Figure B.3 but for precipitation (mm day
-1

). 
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Figure B.5. Same as Figure B.3 but for MFC (×10
-5

 kg m
-2

 s
-1

). 
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Figure B.6. Same as Figure B.3 but for ζ850 (×10
-5

 s
-1

). 



 

113 

 

 

Figure B.7. Same as Figure B.3 but for RH (%) along the line L1 in Figure B.1. 
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Figure B.8. Spatial pattern of the GCM-simulated historical IWVT anomalies (kg m
-1

 s
-1

; color 

shadings with vectors superimposed) for CEOF 1 (left panels), and CEOF 2 (center panels). The 

eigenvalue spectrum of the first ten CEOFs of the IWVT field for each of the GCMs is presented 

in the right panels. 
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Figure B.9. Ensemble mean (a) historical, (b) future PW (cm), and (c) percent change (defined as 

[future minus historical]/historical) of PW (%) as simulated by the NARCCAP RCMs used in 

this work. 
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Figure B.10. Percent change of PW (%) as simulated by the NARCCAP RCMs driven by (a)-(b) 

CCSM, (c)-(d) CGCM, (e)-(f) GFDL, and (g)-(h) HADCM. The stippled areas denote 

statistically significant differences at the 5% level. 
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Figure B.11. Ensemble mean (a) historical, (b) future, and (c) difference (future minus historical) 

precipitation field (mm day
-1

) as simulated by the NARCCAP RCMs used in this work.  
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Figure B.12. Same as Figure B.10 but for precipitation change (mm day
-1

). 
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Abstract 

Atmospheric rivers (ARs) are important contributors to cool season precipitation in the 

topographically complex regions of the Southwestern US. Global and regional model projections 

for Arizona indicate that future AR-related precipitation intensity does not show significant 

variations despite increased AR moisture transport and precipitable water. To evaluate the effect 

of horizontal resolution and improve our physical understanding of these results, we numerically 

simulated a historical AR event using the Weather Research and Forecasting (WRF) model with 

moisture tracer capabilities at a very high resolution (3 km). We then performed a pseudo-global 

warming experiment by modifying the lateral and lower boundary conditions provided by a 

global reanalysis product to reflect possible changes in future ARs (as projected by a group of 

global model simulations). We find that despite higher specific humidity, some regions still 

receive less rainfall in the warming climate experiments – partially due to changes in 

thermodynamics, but primarily due to AR dynamics. Therefore, we conclude from this study that 

overall future increase in atmospheric temperature and water content, as projected by global 

models, will not necessarily translate into generalized heavier AR-related precipitation in 

Arizona. 
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1. Introduction 

Atmospheric rivers (ARs) are important contributors to cool season precipitation in the 

Southwestern US , and in some cases can lead to extreme hydrometeorological events in the 

region (Neiman et al. 2008; Rutz and Steenburgh 2012; Rivera et al. 2014; Rutz et al. 2014). In 

the particular case of Arizona, Rivera et al. (2014) identified two dominant AR patterns (Type 1 

and Type 2 ARs, respectively) and determined that each of them forms and develops in different 

regions. Similarly to the US West Coast ARs, Type 1 ARs tap moisture from the central Pacific 

near Hawaii, with contributions from the low midlatitudes, and are characterized by strong low-

level moisture transport over the ocean. Neiman et al. (2013) studied the origin of the water 

vapor that fell as heavy precipitation in Arizona during a series of Type 1 ARs that impacted the 

region during January 2010 by computing back-trajectories using a Lagrangian model and 

determined that the AR formed in the low midlatitudes without any tropical connection. 

Conversely, in Type 2 ARs moisture has a more direct tropical origin and south-to-north 

orientation with maximum water vapor flux at mid tropospheric levels. There are cases, however, 

in which the water vapor transported by ARs shows both zonal and meridional signatures, with 

double maxima at low- and mid-levels. The best way to determine AR moisture sources within a 

numerical simulation is to have water vapor tracers embedded within the regional model. 

Sodeman and Stohl (2013) used numerical moisture tracers in the climate High-Resolution 

Model (CHRM) to study the origin of water vapor in ARs that made landfall in the Scandinavian 

Peninsula. They found that ARs carrying moisture originated from oceanic evaporation in 

southerly latitudes produced greater daily precipitation accumulations in Norway. In this work 

we will use numerical water vapor tracers embedded in the Weather Research and Forecasting 
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(WRF) model (Miguez-Macho et al. 2012) to study the moisture sources of an AR event that 

impacted the Arizona on December 29th, 2004 and was responsible for extreme precipitation and 

costly damages in the Salt and Verde River basins (FEMA, http://www.fema.gov). 

As global climate is projected to be warmer, questions arise regarding the potential 

implications for AR intensity and frequency in the Western U.S., a region that is dependent on 

winter precipitation for its water resources (Sheppard et al. 2002). Dettinger (2011) analyzed the 

projections from a group of global climate models (GCMs) under an A2 emission scenario and 

qualitatively determined that extreme precipitation associated with very intense ARs that make 

landfall in California could potentially increase in a warmer climate due to projected higher AR 

moisture content and water vapor transport. Nonetheless, the projections analyzed by the authors 

also show decreased wind intensities, which possibly means weaker interactions between the 

ARs and the local topography and reduction of the expected AR extreme precipitation. 

Rivera and Dominguez (2014) highlight that despite the agreement in global climate model 

(RCM) and regional climate model (RCM) simulations from the North American Regional 

Climate Change Assessment Program (NARCCAP; Mearns et al. 2009) about the future increase 

in AR vertically-integrated water vapor transport (IWVT) and/or precipitable water (PW), the 

precipitation intensity over Arizona does not show a robust change in the future. Among the 

reasons for this behavior, the authors suggest that higher resolution simulations with explicitly 

resolved cumulus convection and more detailed representation of the topography can provide 

further insight about the regional changes of AR precipitation. In fact, to correctly represent the 

precipitation associated with ARs in the Salt and Verde basin, it is important to capture not only 

the local topography (Mogollon Rim) but also the detailed upstream topography in the Baja 
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Peninsula, and appropriately capture the angle of impingement of the AR event (Hughes et al. 

2014).  

Future projections of AR intensity and frequency are highly dependent on the coarse-grid 

global circulation models (GCMs) that project the global atmospheric changes associated with 

future scenarios of greenhouse gas (GHG) emissions. However, biases in the GCMs could lead 

to unrealistic representations of the ARs that affect Arizona. As an example, small errors in the 

GCM’s representation of the large-scale circulation could mean the difference between the AR 

impinging on the local topography or completely missing the region. A simple way to prevent 

this is to drive regional simulations of AR events with historical reanalysis data that are modified 

to include projected changes in atmospheric conditions due to global warming as simulated by an 

ensemble of GCMs. This procedure is known as pseudo-global warming (PGW; Schär et al. 

1996; Kimura and Kitoh 2007) downscaling and has been used in a variety of studies to explore 

the effects of climate change at regional scales (e.g., Sato et al. 2007, Lynn et al. 2009, Kawase 

et al. 2009, Rasmussen et al. 2011, Lackmann 2013, Lauer et al. 2013). We perform two PGW 

downscaling experiments in which 1) thermodynamic variables (temperature and specific 

humidity), and 2) both thermodynamics and dynamics (wind, geopotential height and pressure) 

in a selected reanalysis product are perturbed with projected changes from a set of CMIP3 GCMs 

used in the NARCCAP simulation. We chose these GCMs (as opposed to the newer CMIP5) to 

be able to directly compare with our previous results using both the NARCCAP and associated 

CMIP3 GCMs, and test our hypothesis that higher resolution simulations would provide a better 

representation of AR-related precipitation (Rivera and Dominguez, 2014).   
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The specific questions we are addressing in this work are 1) what are the moisture sources 

associated with the AR that caused heavy flooding in Arizona on December 29, 2004, and 2) if 

this AR had occurred in a future climate with increased GHG emissions, as projected by an 

ensemble of GCMs, how would the AR characteristics, moisture sources and hydroclimatic 

effects be different? 

This paper is organized as follows: in Section 2 we describe the data and methods, including 

the WRF model configuration and physical parameterizations, the design of the high-resolution 

regional simulations, and the variables used to diagnose the characteristics and impacts of the 

inland-penetrating AR. Section 3 present the results of the historical and PGW simulations, 

including the fractions of total precipitation originated in different source regions as estimated by 

the moisture tracer module added to WRF. The discussion and main conclusions of this work are 

provided in Section 4.  

2. Data and methods 

a. Model configuration 

To study the evolution, characteristics and moisture sources of the inland-penetrating AR that 

impacted Arizona, specifically the Verde and Salt river basins (Figure 1a), and other portions of 

the US Southwest on 29 December 2004, we use the WRF model, version 3.4.1 (Skamarock et 

al. 2008) with the moisture tracers capabilities (Miguez-Macho et al. 2012) to produce a set of 

144-hour simulations starting on 24 December 2004 at 00Z and ending on 30 December 2004 at 

00Z.  The regional model has an outer domain that covers a large area spanning the central 

Pacific Ocean near Hawaii, the US, Mexico and Central America, the Gulf of Mexico and the 
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western edge of the Caribbean Sea at a grid spacing of 15 km.  This domain is sufficiently large 

to allow us to identify not only the large scale properties of the impinging AR, but also the 

regions in the Pacific Ocean that contribute the most to the total AR-related precipitation. As we 

have previously indicated, simulated AR precipitation in Arizona is sensitive to the model 

representation of the topography (including the Mogollon Rim and the Baja Peninsula), and the 

angle of impingement (Hughes et al. 2014). Therefore, we configured a two-way interacting 

nested domain with an inner-domain resolution of 3 km that includes most of the above region as 

well as Arizona and southern California to explore in detail the interaction of the AR with the 

complex regional topography.  The model domains are presented in Figure C.1a.  

Due to the large size of the outer domain, we use a spectral nudging technique (Miguez-

Macho et al. 2004) to relax selected long waves in the regional model towards the driving 

reanalysis in order to avoid large scale circulation biases that can possibly arise as the regional 

model run progresses in time (Castro et al. 2005, Miguez-Macho et al. 2005; Rios-Entenza and 

Miguez-Macho 2013). As in Miguez-Macho et al. (2004), we nudged wavelengths of 2500 km 

and longer above the planetary boundary layer for horizontal winds, temperature and 

geopotential height. Specific humidity was excluded from the nudging procedure. The physical 

parameterizations used in our regional model simulations include the WRF Single-Moment 6-

class microphysics scheme (WSM6; Hong and Lim 2006), the Yonsei University scheme (YSU; 

Hong et al. 2006) for planetary boundary layer physics, longwave radiation treatment by the 

Rapid Radiation Transfer Model (RRTM; Iacono et al. 2008), the Dudhia (1989) shortwave 

radiation scheme, and the Noah land surface model (Chen and Dudhia 2001). The updated Kain-

Fritsch cumulus parameterization scheme (Kain and Fritsch 1990; Kain 2004) is activated only 
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in the outer domain, while convection is explicitly resolved in the inner domain. Water vapor is 

traced within the simulation, even when convection is resolved (Miguez-Macho et al. 2012). 

b. Control simulation and pseudo-global warming experiments 

The first 144-hour simulation corresponds to a control simulation (“WRF-CTL”) that uses 

initial and 6-hourly boundary conditions from the European Centre for Medium-Range Weather 

Forecasts (ECMWF) Interim Reanalysis (ERA-Interim; Dee et al. 2011). The reason for 

selecting this particular reanalysis product is that it assimilates oceanic water vapor 

measurements from the Special Sensor Microwave Imager (SSM/I) (Hollinger et al. 1990) 

onboard the satellites of the Department of Defense, which may be crucial for providing a more 

realistic representation of AR characteristics because it represents the vertically-integrated water 

vapor content of the atmosphere. WRF-CTL includes water vapor tracers which give information 

about the fraction of total precipitation that originates in each of the four source regions over the 

Pacific Ocean that we have defined (see Figure C.1b): 1) “Deep tropics” (from the southernmost 

boundary of the outer domain to 10°N), 2) “Tropics” (10°N to 23°N), 3) “Subtropics” (23°N to 

38°N), and 4) “Higher latitudes” (from 38°N to the northernmost boundary of the outer domain). 

We use the PGW downscaling approach to explore potential changes in AR intensity and 

associated effects in a future warmer climate. The methodology consists in the addition of 

projected ensemble mean changes of GCM-derived atmospheric variables to the global 

reanalysis (ERA-Interim in our case) that is used to drive the regional model (WRF) simulations. 

This allows us to estimate the potential changes in future AR intensity and associated 

precipitation distribution at very high spatial resolutions. However, the main caveats of this 

method is that it assumes a linear coupling between the present-day atmospheric conditions and 
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the projected climate change and it also assumes that future AR events will have similar 

characteristics to the one we are studying in this work. There are also uncertainties associated 

with the GCM projections themselves. We address the issue of uncertainty related to specific 

model configurations by using multi-model means. We performed two PWG simulations that 

included moisture source analyses. The first one, referred to as “WRF-T”, considers only 

perturbations in two thermodynamic variables (temperature and specific humidity). The second 

experiment, “WRF-TD”, includes changes in the AR dynamics (horizontal wind, geopotential 

height, mean sea level and surface pressure), in addition to the thermodynamic variation.  

The perturbations correspond to the difference of the means between future and historical 

atmospheric conditions associated with cool season ARs impacting Arizona as simulated by a set 

of four GCMs under an A2 forcing scenario from the Coupled Model Intercomparison Project 

phase 3 (CMIP3) used in the NARCCAP regional projections for the periods 2040-2069 and 

1970-1999, respectively. The models are the National Center for Atmospheric Research (NCAR) 

Community Climate System Model (CCSM) version 3 (Collins et al. 2006), the Canadian Global 

Climate Model (CGCM) version 3 (Flato 2005), the Geophysical Fluid Dynamics Laboratory 

(GFDL) Climate Model version 2.1 (GFDL 2004), and the United Kingdom Hadley Centre 

Climate Model (HADCM) version 3 (Gordon et al. 2000; Pope et al. 2000). Note that in the case 

of the geopotential height, data for this variable is available in only two of the GCMs (CCSM 

and CGCM). For additional details on these global models, refer to the work by Rivera and 

Dominguez (2014). We do not study changes in AR frequency in this work. 

The percentage of the total precipitation change due to variations in the contributions from 

each of the defined source regions (“%S”) is given by: 
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    (1),  

where “Pfutr” and “Phist” are the total daily precipitation for the control and PGW simulations, 

respectively, “Si_futr” and “Si_hist” correspond to the daily precipitation that originated in the 

moisture source region “i” (Deep Tropics, Tropics, Subtropics or Higher Latitudes) in the future 

and the historical simulations, respectively, and “sgn(Pfutr – Phist)” indicates the sign of the 

change in total precipitation. This formulation only applies when the signs of the numerator and 

denominator of the term within the square brackets are the same, i.e., increase (decrease) in 

precipitation originated in a selected source region is related to the increase (decrease) of total 

precipitation. We are excluding the opposite case, which means that change in the precipitation 

originated in a particular source is offset by the contribution change from other regions.  

c. Observational data and atmospheric variables 

To characterize the historical and perturbed AR event over Arizona, we use geopotential 

height (GHT) at 500 hPa, horizontal winds at 850 hPa, PW, IWVT and precipitation fields 

derived from the set of three nested regional model simulations (WRF-CTL, WRF-T, and WRF-

TD). Similarly to Neiman et al. (2008), PW and IWVT are calculated from the surface to 300 

hPa. We compare simulated PW fields with measurements from the SSM/I. Precipitation 

analyses from the National Centers for Environmental Prediction (NCEP) Stage IV dataset 

(Baldwin and Mitchell 1996; Lin and Mitchell 2005) are used to evaluate the precipitation 

simulated by WRF-CTL within the high resolution inner domain. Stage IV consists of multi-

sensor (radar and gauges) measurements mapped by NCEP to a 4-km grid spanning the US for 

the period 2002-present.  
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3. Results 

a. Simulation of the historic event 

1) WRF-CTL SIMULATION 

On December 25, 2004, WRF-CTL depicts a synoptic-scale extratropical cyclone originating 

in the Gulf of Alaska and entering the northern boundary of the 15km-resolution outer domain 

that (Figure C.2). As the system migrates southeastward, it generated a series of ARs that made 

landfall along the coast of British Columbia in Canada and the US West Coast during the period 

24-27 December 2004 (Figures C.2b,d,f). This is in agreement with the AR events reported by 

Neiman et al. (2008) for the same time interval.  On 28 December 2004, an AR with IWVT 

intensities above 400 kg m
-1

 s
-1

 made landfall over the southern portion of California near the 

US-Mexico border (Figure C.2h). In addition, a second moisture flux corridor can be observed 

off the west coast of the Baja Peninsula. The next day, the 15-km simulation shows strong AR-

related IWVT (500 kg m
-1

 s
-1

 and higher) penetrating into Arizona, with water vapor originating 

from both the low midlatitudes and the tropics (Figure C.2j). A trough penetrated into lower 

latitudes (Figure C.2i) and intense moisture-laden southerly low level winds in excess of 15 m s
-1

 

dominated the subtropical eastern Pacific Ocean and land areas over southern California and the 

western half of Arizona (Figure C.3a). It is important to note that GHT patterns from the regional 

model simulation in Figure C.2 closely follow those from the ERA-Interim reanalysis, which 

reflects the importance of the spectral nudging method to avoid biases in the large-scale 

circulations. 
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The model simulation presents a shows region of relatively high PW values (above 2 cm) 

extending from the tropical reservoir in the eastern Pacific Ocean towards the Baja Peninsula and 

southern Arizona (Figure C.3b) very similar to observations (Figure C.3c). Daily precipitation 

accumulations were large in the southeastern portion of Nevada and at high elevations in central 

Arizona and southern California (Figure C.3d). Focusing on Arizona and parts of the US 

Southwest, WRF-CTL simulation for the 3-km inner domain shows two regions of maximum 

IWVT on the day of impingement of the AR (Figure C.4a). The first and more localized one is 

found over the Arizona-California and Arizona-Nevada borders. The second moisture flux 

maximum covers a broader area from the central Baja Peninsula to southern Arizona. The largest 

PW values are concentrated in the above two regions (Figure C.4b), where the 850-hPa winds 

exceeded 20 m s
-1

 in some locations (Figure C.4c). Clearly, the precipitation distribution (Figure 

C.5a) is strongly influenced by all these factors. In the central highlands of Arizona, particularly 

over the Salt River basin in the east, the simulated daily precipitation was greater than 25 mm, 

with local maxima between 50-100 mm. Similar conditions were present in southeastern Nevada 

and the mountainous regions of California. A comparison between WRF-CTL precipitation and 

daily NCEP Stage IV data reveals that the regional model underestimates the AR-related 

accumulations in the Verde River basin and does not capture a localized maximum near the 

Arizona-Utah border. The reason for this is the misrepresentation of the angle of impingement of 

the AR in the regional model. On the other hand, the 3-km WRF simulation shows intense 

precipitation in southern California that is not present in the multi-sensor Stage IV analysis. This 

may be due to limited gauge and radar measurements in areas of high topography as discussed, 

for example, by Hughes et al. (2014) and Smalley et al. (2014).  
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2) MOISTURE SOURCES OF PRECIPITATION IN WRF-CTL 

The analysis of the contributions to daily precipitation from four source regions reveals that 

that two of them provide most of the moisture for precipitation during the day of impingement of 

the AR. These are the “Subtropical” and “Tropical” regions. Our control WRF simulation for 29 

December 2004 shows that the Subtropics provide up to 60% – 70% of the total precipitation for 

the Sierra Nevada and coastal areas of southern California (Figures C.6a,b). In southeast Nevada 

and northwest Arizona, the contributions from the subtropics range between 20% and 40%. For 

the remaining areas of Arizona, this source region is responsible for less than 20% of the 

accumulated precipitation. The tropics are the most important contributor to the AR precipitation 

in over Arizona, where about 20% to 40% of the rainfall comes from evaporation from tropical 

waters (Figures C.6c,d). These results are very consistent with the patterns of water vapor flux 

and synoptic-scale circulation examined in previous sections. The penetration of a trough into 

lower latitudes favors the entrance of moist air from the tropical eastern Pacific Ocean into the 

impinging AR. It is remarkable that between 20% to 30% of the daily precipitation in areas as far 

as Utah and southern Idaho had a tropical origin. The fraction of total precipitation over Arizona 

that originated either in the “High Latitudes” or the “Deep Tropics” does not represent more than 

10% (not shown).  

b. Pseudo-global warming downscaling simulations 

1) PROJECTED ENSEMBLE MEAN CHANGES  

Figure C.7 presents the GCM ensemble mean projected change in 700 hPa air temperature, 

specific humidity, zonal and meridional winds, sea-level pressure and 500 hPa geopotential 
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height that were used to modify the initial and boundary conditions provided by the ERA-Interim 

reanalysis. These data were derived from all the historical and future AR events identified in the 

four GCMs – during the day of occurrence of each AR event. Please note that while we are 

showing one vertical level, we used the entire vertical profile of temperature, specific humidity, 

winds and geopotential height to modify the ERA interim lateral and lower boundary conditions. 

In the case of the thermodynamic variables, we note an increase in 700-hPa air temperature 

across the entire domain of study, with maximum variations of about 3 K off the west coast of 

the Baja Peninsula while in Arizona the change is around 2 – 2.5 K (Figure C.7a). The specific 

humidity also shows positive changes at 700 hPa (Figure C.7b). In the regions surrounding the 

US Southwest, the largest increase (up to 0.8 g kg
-1

) stretches from the Pacific Ocean towards the 

Baja Pensinsula. 

Examination of the variables included in the dynamically-perturbed experiment indicates that 

zonal winds at 700 hPa are stronger by about 0.5 – 1 m s
-1

 over Arizona and the subtropical 

eastern Pacific Ocean (Figure C.7c). At higher latitudes, the increase is higher than 1.5 m s
-l
. 

Conversely, we find that meridional winds at the same vertical level for the US Southwest area 

are weaker (Figure C.7d). This can have negative implications in the AR transport of moisture 

from lower latitudes into Arizona. Additionally, we find that mean sea level pressure increase 

over most of the AR impact region exceeds 50 Pa (Figure C.7e). At 500 hPa, the GHT also 

shows positive variations of 60 – 80 m in the US Southwest, the Baja Peninsula and nearby 

oceanic areas (Figure C.7f). As we will see in the next subsections, important variations in AR 

intensity, angle of impingement and associated precipitation distribution arise from these 

perturbations. 
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2) WRF-T SIMULATION 

WRF-T shows increased GHT at 500 hPa for all of the simulated days. On 29 December 2004 

in particular (Figure C.8a), the results for the 15-km domain depicts GHT changes that range 

between 35-40 m off the west coast of southern California and the northern Baja Peninsula, 

which represent a weakening of the low pressure system that drives the AR event into Arizona. 

The IWVT field for the model’s coarser grid domain in this simulation (Figure C.8c) presents 

important differences as compared with the historical simulation. For the day of the AR event, 

WRF-T shows moisture transport increase of about 100 kg m
-1

 s
-1

 or more over the southern Baja 

Peninsula, northwest Mexico and even New Mexico. This corresponds to a southerly 

displacement of the AR branch that brings water vapor from the tropical region (as we will 

demonstrate later). Additionally, the IWVT maximum with a subtropical origin seems to shift 

northward, which produces increased moisture flux towards the Sierra Nevada in California. This 

“splitting” of the AR leads to weaker IWVT intensity in the same region where GHT at 500 hPa 

increases the most. A combination of other factors also contributes to the described behavior. On 

the one hand, there is an overall large increase in PW across the US Southwest and the Baja 

Peninsula in this PGW simulation (Figures C.8e). On the other, 850-hPa winds over central and 

northern California as well as the southern Baja Peninsula increase in intensity, but they decrease 

in intensity in the same locations where the moisture flux decreases (Figure C.8g). This indicates 

that future dynamics play an important role in the determination of the intensities of the ARs that 

impinge Arizona, even if the overall PW increases. Accumulated precipitation in the outer model 

domain for the AR day is characterized by strong localized changes, but in general the absolute 
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value of changes does not exceed 10 mm (Figure C.8i). We will discuss the precipitation 

distribution in detail when analyzing the results for the high-resolution inner domain. 

Figure C.9 presents the differences between the PGW experiments and the control simulation 

for the inner 3km resolution WRF domain. Over Arizona, WRF-T presents a decrease in IWVT 

close to the western borders of Arizona only (Figure C.9a). In the rest of the state the moisture 

flux is stronger, with changes exceeding 100 kg m
-1

 s
-1

 in several areas, mostly due to 

thermodynamic effects, i.e., larger increase in PW up to 0.8 cm – 1 cm (Figure C.9c) and 

relatively small changes in low-level winds (Figure C.9e). The precipitation in the inner domain 

differs notably as compared to the historical simulation. WRF-T shows larger rainfall 

accumulations over the Verde River basin (Figure C.9g), with exceedances ranging from 10 mm 

day
-1

 to about 40 mm day
-1

. This represents positive percent variations above 100% across most 

of the basin.  In other parts of Arizona, the changes do not exceed 10 mm day
-1

, except in the 

easternmost region of the Salt River basin where there is a reduction in the daily total of 10 mm 

– 20 mm (between -10% to -50%). 

3) WRF-TD SIMULATION 

Similarly to WRF-T at 15-km, WRF-TD depicts an increase in 500-hPa GHT during the AR 

event but the changes are larger than in the WRF-T simulation, especially in the oceanic area 

near southern California and the north of the Baja Peninsula, where the variations are of about 

60-80 m (Figure C.8b). The southerly shift of the tropical AR branch is also present in this 

simulation (Figure C.8d), with IWVT changes similar to those in the thermodynamically-

perturbed experiment. On the other hand, the subtropical IWVT maximum in WRF-TD 

experiences a greater intensification, and the region with weaker moisture flux values, coincident 
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with the highest GHT changes, extends further inland into parts of Arizona. We also find that the 

increase in PW in WRF-TD across the US Southwest and the Baja Peninsula is smaller than in 

WRF-T (Figure C.8f). The patterns of low-level wind and precipitation change (Figures C.8h and 

j, respectively) are similar in both PGW experiments, although there is strongest 850-hPa wind 

into coastal areas of California in the WRF-TD simulation. 

In the case of the inner domain of WRF-TD, there is increase in moisture flux in the northern 

and southwestern portions of Arizona on 29 December 2004, as well as in the eastern part of the 

central highlands (Figure C.9b). However, there is a clear decrease in moisture flux in two 

distinct regions: southeastern Arizona and the areas near the state’s western borders. The 

implications for precipitation, as we will see, are important because the reduction occurs in two 

regions where the IWVT values were the largest in the historical run. Over southeastern Arizona, 

the reduction in moisture transport is mainly due to decreased PW (-0.2 to -0.4 cm; see Figure 

C.9d) since the low-level winds show relatively small variations (not greater than 2 m s
-1

; Figure 

C.9f). Over the western border with California and Nevada, the mechanism responsible for lower 

IWVT are the much weaker 850-hPa winds (a decrease between 2 and 8 m s
-1

) even though there 

is a small increase in PW no greater than 0.4 cm.  

The effect of including projected variations in AR dynamics on the precipitation distribution 

in the Salt basin is more dramatic in WRF-TD (Figure C.9h), since there is a marked decrease in 

precipitation of 30 mm to 50 mm or more (approximately -70% to -90%) linked to the weaker 

IWVT as discussed previously. For the same reason, the precipitation accumulated during the 

AR event in southeastern Nevada is lower with respect to the control model simulation. Similarly 
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to WRF-T, over the Verde basin, especially in its central portion, there are positive changes in 

precipitation in excess of 20 mm (above 300%). 

4) MOISTURE SOURCES OF PRECIPITATION IN THE PGW SIMULATIONS 

Using Equation (1), we find that in the PGW simulations the Subtropics contribute the most to 

changes in total precipitation over California (Figures C.10a,b). In the Verde (Salt) River basin, 

the above source region is responsible for about 10% - 20% (less than 10%) of the increase 

(decrease) in AR precipitation in both WRF-T and WRF-TD (Figures C.10c,d). For the US 

Southwest and the central and southern parts of the Baja Peninsula, a greater fraction of the total 

precipitation change depends on variations in the contributions from the Tropics (Figures 

C.10e,f). Specifically in Arizona, WRF-T shows that about 20% – 30% (30% – 50%) of the 

positive (negative) change in rainfall accumulation in the Verde (eastern portion of the Salt) 

basin is related to increased (decreased) input from this source region (Figure C.10g).  WRT-TD 

shows that over almost the entire state 30% – 40% of the change in AR precipitation is a result of 

changes in moisture of tropical origin (Figure C.10h). Therefore, most of the AR rainfall 

difference over Arizona due to the imposed variations in the AR thermodynamics and/or 

dynamics is related to contribution changes from the Tropics. 

4. Discussion and conclusions 

In this work, we performed a high-resolution regional model simulation to characterize an AR 

event that impacted Arizona and other parts of the US Southwest on December 29, 2004. Two 

additional simulations used perturbed initial and boundary conditions as part of a PGW 

downscaling experiment to provide an estimate of the potential variations in AR characteristics 
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in response to projected climate change. The first of the PGW runs considers only projected 

variations in thermodynamic variables (temperature and specific humidity) of the driving 

reanalysis, while the second includes, in addition, changes in the AR dynamics (wind, 

geopotential height, pressure). The perturbations consisted of ensemble mean differences from a 

set of GCMs used to force the NARCCAP regional climate projections and considered the 

atmospheric conditions associated with AR events that were objectively identified in historical 

and future periods.   

The AR event that we analyzed was related to a southeastward moving extratropical cyclone 

that originated in the Gulf of Alaska. This system also produced a series of ARs that made 

landfall over the western coasts of Canada and the US along its path. The control simulation, 

WRF-CTL, shows high precipitation totals associated with the impinging AR over the central 

highlands of Arizona, including the Verde and Salt River basins. Precipitation reached maximum 

accumulations within the Salt basin, according to the regional model. In the inner 3-km model 

domain, the regions that presented higher precipitation accumulations were closely tied to the 

IWVT maxima over land. A comparison with NCEP Stage IV data shows that WRF 

underestimates the totals in the Verde basin, which could be explained by a lower model skill for 

continuous multi-day simulations. However, we find that the regional model is generally able to 

properly capture the spatial distribution of the AR-related precipitation in Arizona.  

Regarding the moisture sources of the AR precipitation in Arizona during 29 December 2004, 

the use of a moisture tracer capability added in WRF allows us to delineate the two regions in the 

Pacific Ocean that significantly contributed moisture to this event: the “Subtropics” and the 

“Tropics”. Precipitation from the Subtropics area dominates in the northwestern portion of the 
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state, while in the rest of the state most of the accumulations derived from evaporation in the 

Tropics. The orientation of the impinging ARs and the circulation patterns associated with the 

large-scale systems define the oceanic source regions, in particular, the penetration of a trough 

into lower latitudes favored the intrusion of tropical moisture into Arizona.  For this particular 

event, we identified mixed sources; however, the ARs analyzed by Neiman et al. (2013) using a 

Lagrangian approach did not show any tropical connection.  

Changing the thermodynamic fields in the ERA-Interim reanalysis (WRF-T experiment), 

which results in increased temperature and specific humidity, produces some variations in 

intensity and position of the impacting AR. This leads to increase (decrease) in daily 

precipitation over the Verde (Salt) River basin, while in the rest of the state the absolute value of 

the changes do not exceed 10 mm. In WRF-TD, the inclusion of projected changes in AR 

dynamics drastically reduces the PW and IWVT over the Salt River basin, which leads to a 

larger decrease in accumulated AR precipitation in that particular region as compared with the 

results from WRF-T. We find that the Tropics is the most important contributor to the change in 

AR precipitation over Arizona, particularly in the above two basins. We conclude from our 

analysis that overall future increase in atmospheric temperature and water content as projected 

by GCMs will not necessarily translate into generalized intensity of AR-related precipitation 

events at regional scales. Changes in AR dynamics must also be considered in order to better 

determine the potential implications of climate change on the hydrometerological impacts of 

ARs in Arizona. This is in agreement with the findings of Rivera and Dominguez (2014), which 

found that 35-km NARCCAP regional climate projections show a statistically significant 
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increase in AR precipitable water and moisture transport over the US Southwest, however, there 

was no robust change in AR-related precipitation. 
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Figure captions  

Figure C.1. (a) WRF domains used in the control and PGW simulations (15 km: dark gray; 3 km: 

light gray), and (b) moisture source regions in the Pacific Ocean (1: Deep Tropics; 2: Tropics; 3: 

Subtropics; 4: Higher Latitudes). The Verde (Salt) River basin is delineated in blue (magenta) in 

panel (a). 

Figure C.2. (left) 500-hPa GHT (m) and (right) IWVT (kg m
-1

 s
-1

) as simulated by WRF-CTL 

(15-km outer domain) for 25 – 29 December 2004. The blue contours in the left panels represent 

the daily 500-hPa GHT from ERA-Interim, while the black are WRF-simulated. 

Figure C.3. (a) 850-hPa winds (m s-1), (b) PW (cm), (c) SSM/I PW (cm), and (d) total 

precipitation for 29 December 2004. Panels (a), (b) and (d) correspond to the results from the 

WRF-CTL simulation (15-km outer domain). 

Figure C.4. (a) IWVT (kg m
-1

 s
-1

), (b) PW (cm), and (c) 850-hPa winds (m s
-1

) as simulated by 

WRF-CTL (3-km inner domain) for 29 December 2004. 

Figure C.5. (a) WRF-CTL (3-km inner domain), and (b) NCEP Stage IV precipitation (mm) for 

29 December 2004.  

Figure C.6. Contribution (%) to the total precipitation from (a)-(b) the Subtropics, and (c)-(d) the 

Tropics for 29 December 2004, according to WRF-CTL. 

Figure C.7. GCM ensemble mean projected change in (a) air temperature (K), (b) specific 

humidity (g kg
-1

), (c) zonal wind, (d) meridional wind at 700 hPa, (e) mean sea-level pressure, 

and (f) 500-hPa geopotential height. 

Figure C.8. Differences in (a)-(b) 500-hPa GHT (m), (c)-(d) IWVT (kg m
-1

 s
-1

), (e)-(f) PW (cm), 

(g)-(h) 850-hPa winds (m s
-1

), and (i)-(j) precipitation (mm) corresponding to WRF-T minus 
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WRF-CTL (left column) and WRF-TD minus WRF-CTL (right column), respectively, in the 

outer domain for the AR event. 

Figure C.9. Differences in daily (a)-(b) IWVT (kg m
-1

 s
-1

), (c)-(d) PW (cm), (e)-(f) 850-hPa 

winds (m s
-1

), and (g)-(h) precipitation (mm) corresponding to WRF-T minus WRF-CTL (left 

column) and WRF-TD minus WRF-CTL (right column), respectively, in the inner domain for 

the AR event. 

Figure C.10. Fraction (%) of the total precipitation change due to variations in the contributions 

from (a)-(d) the Subtropics, and (e)-(h) the Tropics (%S in Equation 1). The left (right) panels 

correspond to the comparison between the WRF-T (WRF-TD) experiment and the control 

simulation for the AR event. 
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Figure C.1. (a) WRF domains used in the control and PGW simulations (15 km: dark gray; 3 km: 

light gray), and (b) moisture source regions in the Pacific Ocean (1: Deep Tropics; 2: Tropics; 3: 

Subtropics; 4: Higher Latitudes). The Verde (Salt) River basin is delineated in blue (magenta) in 

panel (a).  
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Figure C.2. (left) 500-hPa GHT (m) and (right) IWVT (kg m
-1

 s
-1

) as simulated by WRF-CTL 

(15-km outer domain) for 25 – 29 December 2004. The blue contours in the left panels represent 

the daily 500-hPa GHT from ERA-Interim, while the black are WRF-simulated. 
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Figure C.3. (a) 850-hPa winds (m s-1), (b) PW (cm), (c) SSM/I PW (cm), and (d) total 

precipitation for 29 December 2004. Panels (a), (b) and (d) correspond to the results from the 

WRF-CTL simulation (15-km outer domain). 
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Figure C.4. (a) IWVT (kg m
-1

 s
-1

), (b) PW (cm), and (c) 850-hPa winds (m s
-1

) as simulated by 

WRF-CTL (3-km inner domain) for 29 December 2004. 
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Figure C.5. (a) WRF-CTL (3-km inner domain), and (b) NCEP Stage IV precipitation (mm) for 

29 December 2004.  
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Figure C.6. Contribution (%) to the total precipitation from (a)-(b) the Subtropics, and (c)-(d) the 

Tropics for 29 December 2004, according to WRF-CTL. 
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Figure C.7. GCM ensemble mean projected change in (a) air temperature (K), (b) specific 

humidity (g kg
-1

), (c) zonal wind, (d) meridional wind at 700 hPa, (e) mean sea-level pressure, 

and (f) 500-hPa geopotential height. 
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Figure C.8. Differences in (a)-(b) 500-hPa GHT (m), (c)-(d) IWVT (kg m
-1

 s
-1

), (e)-(f) PW (cm), 

(g)-(h) 850-hPa winds (m s
-1

), and (i)-(j) precipitation (mm) corresponding to WRF-T minus 

WRF-CTL (left column) and WRF-TD minus WRF-CTL (right column), respectively, in the 

outer domain for the AR event. 
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Figure C.9. Differences in daily (a)-(b) IWVT (kg m
-1

 s
-1

), (c)-(d) PW (cm), (e)-(f) 850-hPa 

winds (m s
-1

), and (g)-(h) precipitation (mm) corresponding to WRF-T minus WRF-CTL (left 

column) and WRF-TD minus WRF-CTL (right column), respectively, in the inner domain for 

the AR event. 
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Figure C.10. Fraction (%) of the total precipitation change due to variations in the contributions 

from (a)-(d) the Subtropics, and (e)-(h) the Tropics (%S in Equation 1). The left (right) panels 

correspond to the comparison between the WRF-T (WRF-TD) experiment and the control 

simulation for the AR event. 


