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Abstract 10 

Inland-penetrating atmospheric rivers (ARs) can affect the Southwestern United States 11 

(US) and significantly contribute to cool season (November to March) precipitation. In 12 

this work, a climatological characterization of AR events that have led to extreme cool 13 

season precipitation in the Verde River Basin (VRB) in Arizona for the period 1979/80-14 

2010/11 is presented. A “bottom-up” approach is used by first evaluating extreme daily 15 

precipitation in the basin associated with AR occurrence, then identifying the two 16 

dominant AR patterns (referred to as Type 1 and Type 2, respectively) using a combined 17 

EOF statistical analysis. The results suggest that Southwestern AR events do not form 18 

and develop in the same regions. Water vapor content in Type 1 ARs is obtained from the 19 

tropics near Hawaii (central Pacific) and enhanced in the midlatitudes, with maximum 20 

moisture transport over ocean at low-levels of the troposphere. On the other hand, 21 

moisture in Type 2 ARs has a more direct tropical origin and meridional orientation with 22 

maximum moisture transfer at mid-levels. Nonetheless, both types of ARs cross the Baja 23 

Peninsula before affecting the VRB. In addition to Type 1 and Type 2 ARs, observations 24 

reveal AR events that are a mixture of both patterns. These cases can have water vapor 25 

transport patterns with both zonal and meridional signatures, and they can also present 26 

double peaks in moisture transport at low-levels and mid-levels. This seems to indicate 27 

that the two “types” can be interpreted as end points of a range of possible directions.  28 
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1. Introduction 29 

Atmospheric rivers (ARs) are filamentary water vapor fluxes that cover about 10% of 30 

the globe and are responsible for most of the meridional water vapor transport in the 31 

extratropical atmosphere (Zhu and Newell 1998). These features are typically located in 32 

the warm sector of major extratropical cyclones where a pre-cold front low-level jet 33 

(LLJ) is present (Ralph et al. 2004, 2005, 2006; Neiman et al. 2008; Dettinger et al. 2011; 34 

Ralph and Dettinger 2011). Generally, ARs are 400-600 km wide and thousands of 35 

kilometers long (Ralph et al. 2004; Ralph and Dettinger 2012). They show integrated 36 

water vapor (IWV) amounts above 2 cm and most of the associated water vapor transport 37 

occurs in the lowest 2.5 km of the atmosphere (Ralph et al. 2005; Neiman et al. 2008).  38 

ARs are typically identified using IWV or integrated water vapor transport (IWVT), 39 

however, integration in the vertical removes the three-dimensional nature of ARs and 40 

their interrelation with synoptic-scale forcing (Sodemann and Stohl, 2013). This is 41 

particularly important for the Southwestern US because, in contrast to the midlatitudes, 42 

subtropical poleward moisture transport in the North Pacific will generally occur at mid-43 

levels, and above the planetary boundary layer (Knippertz and Martin, 2007). Previous 44 

studies have made a distinction between mid-level moisture transport and ARs, and 45 

assigned the term “moisture conveyor belt” (MCB) to enhanced water vapor transport at 46 

around 700 hPa that occurs in association with quasi-stationary upper level cut-off lows 47 

(Knippertz and Martin, 2007). In our study we use the term AR for all events occurring in 48 

narrow bands with enhanced IWVT that satisfy the criteria of Zhu and Newell (1998) and 49 

Ralph et al. (2012), without differentiating between low-level and mid-level transport 50 

(much like Stohl et al. 2008). The simplicity of using a unified perspective is useful when 51 
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analyzing extreme events that are of interest to other communities such as hydrologists 52 

(Sodemann and Stohl, 2013).       53 

Due to the complex topography in the West Coast of the United States (US) and the 54 

proximity to water vapor sources from the Pacific Ocean, orographically-enhanced cold 55 

season extreme precipitation events and seasonal snow accumulations have been 56 

extensively related to the occurrence of landfalling ARs (Leung and Qian 2009; Smith et 57 

al. 2010; Dettinger et al. 2011; Ralph et al. 2011). Currently, IWV fields either from 58 

composite daily Special Sensor Microwave Imager (SSM/I) (Hollinger et al. 1990) 59 

satellite retrievals or atmospheric models are analyzed using objective and automated 60 

tools in order to detect ARs (e.g., Wick et al. 2013). SSM/I measurements indicate that 61 

the wintertime ARs affecting the western coast of North America extend northeastward 62 

from the tropical Pacific Ocean. The ARs with the largest IWV (> 3 cm) are typically 63 

associated with stronger storms and higher precipitation accumulations (Neiman et al. 64 

2008). 65 

As an example, Ralph et al. (2006) used meteorological measurements from field 66 

campaigns and IWV observations from the SSM/I to establish a connection between a 67 

landfalling AR and the flooding that occurred in the Russian River in February 2004. 68 

During this event, more than 250 mm of rain in a 2.5-day period was registered in the 69 

coastal mountains of northern California. In fact, their study reveals that all of the seven 70 

floods in the Russian River between October 1997 and December 2005 were related to 71 

AR episodes.  More recently, a succession of strong ARs produced between 250 and 670 72 

mm of rain in mountainous areas extending from Washington to California during a 14-73 

day period in December 2010 (Ralph and Dettinger 2012). That series of ARs were 74 
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responsible for heavy rain and flooding and substantially increased snowpack in the 75 

region. Guan et al. (2010) analyzed in situ, remotely-sensed and assimilated data for the 76 

water years 2004–2010 and concluded that wintertime ARs contribute to approximately 77 

30-40% of the total annual snow water equivalent accumulations in the Sierra Nevada. 78 

Additionally, Dettinger et al. (2011) determined that, on long-term average, about 20-79 

50% of the annual precipitation in California is produced by ARs. They also found 80 

similar contributions to the overall streamflow. 81 

Although most of the research on ARs has addressed the importance of these 82 

phenomena in the generation of precipitation extremes and flooding events in regions 83 

such as the western coasts of the continents (e.g., Ralph et al. 2006; Neiman et al. 2008; 84 

2011; Stohl et al. 2008; Roberge et al. 2009; Viale and Nuñez 2011; Lavers et al. 2012, 85 

Lavers and Villarini 2013), little is known to date about the effects of the ARs that 86 

penetrate further inland. Knippertz and Martin (2007) studied the influence of a mid-level 87 

cut-off low in the generation of elongated poleward water vapor flux from the tropics 88 

(MCB), which produced a heavy precipitation event in the Southwestern US during 89 

November 2003. The work by Dettinger et al. (2011) shows that the contribution of ARs 90 

to the total cool season precipitation in the Southwest, particularly in several portions of 91 

Arizona and New Mexico, during the water years 1998–2008 is approximately less than 92 

10%. However, their analysis only took into account the ARs that made landfall between 93 

32.5° N (international US - Mexico border) and 52.5°N. In a following study, Rutz and 94 

Steenburgh (2012) argue that this percentage is underestimated because the contribution 95 

of ARs intersecting the west coast of the Baja Peninsula in Mexico (between 24° N and 96 

32.5° N) was not considered. These authors showed that the fraction of AR-related cool 97 
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season precipitation increases by more than 15% in some areas of southern California, 98 

Nevada and Arizona when extending the analysis of landfalling ARs southward from 99 

32.5° N. More recently, Neiman et al. (2013) provided a very detailed description of a 100 

series of ARs that produced very heavy precipitation and flooding in Arizona’s Mogollon 101 

Rim during late January of 2010 using an array of observations and gridded datasets. 102 

Their results show that these events are comparable to the typical West Coast ARs. 103 

Moore et al. (2012) also found a connection between an AR episode and a major flooding 104 

event in the Southeastern US in May 2010. 105 

The analysis of ARs is particularly important in the semiarid Southwestern US 106 

because this region is dependent on winter precipitation for its water resources. Despite 107 

the fact that peak precipitation in the Southwest occurs during the summer monsoon 108 

season, this precipitation is significantly depleted due to high evapotranspiration rates. On 109 

the other hand, cool season precipitation is generally stored as snow and released slowly 110 

in the warmer part of the year as surface runoff or infiltration. The most important 111 

moisture source of winter precipitation in the Southwestern US is the westerly storm 112 

tracks that form over the Pacific Ocean (Redmond and Koch 1991; Adams and Comrie 113 

1997; Sheppard et al. 2002). When these tracks shift southward, the region may 114 

experience periods of more intense rains (e.g., Sheppard et al. 2002; Cavazos and Rivas 115 

2004). In addition, some inland watersheds, such as the Verde and Salt River basins in 116 

central Arizona, are located in regions in which moisture transported from the Pacific 117 

Ocean can interact with local mountain barriers to produce orographic precipitation. In 118 

the historical records, we find that some cool season extreme precipitation events have 119 

severely impacted the region. In January and February 1993, a very active storm season 120 
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led to the occurrence of heavy flooding events in portions of Arizona (House and 121 

Hirschboeck 1997) which resulted in human casualties and injuries as well as damages in 122 

excess of US$400 million (US Army Corps of Engineers 1994). The intense storms of 123 

11-13 February 2005 caused US$6.5 million in damage in the Phoenix area (The Flood 124 

Control District of Maricopa County, 125 

http://www.fcd.maricopa.gov/education/history.aspx). As we will show in this work, both 126 

of these events are characteristic AR-related floods in the region. 127 

In this work we provide the first climatological characterization of ARs that bring 128 

oceanic moisture to the Southwestern US during the cool season. In particular, we 129 

explore the connection between ARs and extreme precipitation in the Verde River Basin 130 

(VRB) (see Figure 1) in central Arizona. The VRB is a relatively large watershed of 131 

about 14,115 km
2
 that encompasses part of the Coconino Plateau in its northern portion, 132 

with the Mogollon Rim defining its eastern boundary (http://www.azwater.gov). Water 133 

supply to the city of Phoenix relies on allocations from the Colorado River, as well as 134 

deliveries from the Salt and Verde River basins. For this reason, it is important to 135 

understand how ARs can affect extreme cool season precipitation in these inland 136 

watersheds.  137 

Similarly to Neiman et al. (2011), our work has a “bottom-up” approach, as we first 138 

identify extreme precipitation events in the VRB and then evaluate the atmospheric 139 

conditions that lead to these extreme episodes in order to determine any connection with 140 

AR occurrence. Then, we perform both statistical and composite analyses to characterize 141 

the dominant spatial patterns associated with the impacting ARs in the region and 142 

compare them with the better-known US West Coast ARs.  143 
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This paper is organized as follows: a description of the data and the methodology is 144 

provided in Section 2. In Section 3 we present the results of the AR identification 145 

method, the regional hydrological impacts of the impacting ARs as well as the statistical 146 

and composite analyses to characterize the dominant atmospheric patterns related to AR 147 

occurrence. Additionally, we examine two intense AR events that produced heavy 148 

precipitation and floods in the region of study. The discussion and concluding remarks 149 

are presented in Section 4. 150 

2. Data and methods 151 

a. Observational and reanalysis data 152 

We use daily precipitation from the North American Regional Reanalysis (NARR) 153 

dataset (Mesinger et al. 2006) to characterize extreme cool season (November to March) 154 

precipitation events in the VRB and ARs during the period 1979/80-2010/11. 155 

Additionally, we analyze daily IWVT, 500-hPa geopotential height (HGT), 850-hPa 156 

wind, and low and high cloud cover fields from both NARR and the European Centre for 157 

Medium-Range Weather Forecasts (ECMWF) Interim Reanalysis (ERA-Interim) (Dee et 158 

al. 2011). In order to infer synoptic-scale vertical motion, we also (a) calculate Q-vectors 159 

and Q-vector convergence for the 700-400 hPa layer, and (b) examine pressure, specific 160 

humidity and system-relative winds at the 300-K isentropic surface derived from NARR 161 

data that were regridded to lower resolution to remove the noise in the calculations. 162 

The NARR assimilation project is an extension of the National Centers for 163 

Environmental Prediction (NCEP) Global Reanalysis and provides data for North 164 

America and adjacent oceans. The NARR model uses the high resolution NCEP Eta 165 
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Model (32-km grid spacing) in conjunction with the Regional Data Assimilation System 166 

(RDAS) which assimilates precipitation from NCEP / Climate Prediction Center (CPC) 167 

along with other variables. On the other hand, ERA-Interim is the latest global 168 

atmospheric reanalysis produced by ECWMF and uses a coupled atmosphere-land-ocean 169 

forecast model with a horizontal spectral resolution of T255 (about 80 km) and 60 170 

vertical model levels, with the model top at 0.1 hPa. Data from the SSM/I instruments are 171 

assimilated into this reanalysis system. 172 

For the two extreme cases discussed in this work, we produce composite IWV fields 173 

using measurements from the SSM/I and SSMIS (SSM/I with sounding capabilities) 174 

instruments onboard the polar-orbiting Defense Meteorological Satellite Program 175 

(DMSP) F08, F10, F11, F13, F14, F15, F16 and F17 satellites. The SSMIS instruments 176 

operate in the latter two.  177 

In addition, we use daily snow water equivalent (SWE) observations collected at three 178 

stations of the US Natural Resources Conservation Service SNOpack TELemetry 179 

(SNOTEL) network located within the VRB to evaluate the contribution of impacting 180 

ARs to the total snow accumulation in the basin for the water years (WYs) 1983-2011. 181 

We also examine daily-averaged streamflow data from the US Geological Survey 182 

(USGS) gauging sites for the period 1979-2011. The description of the SNOTEL and 183 

USGS stations is provided in Table 1 and the location of these measuring sites is 184 

presented in Figure 1. 185 

b. Extreme precipitation events and AR detection 186 
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As a first step, we calculate daily area-average precipitation over the VRB. Using this 187 

time series, we then select the days that exceed the 98th percentile and define them as 188 

extreme events. The next step is to identify the subset of extreme precipitation events that 189 

are associated with AR occurrence. We use two criteria to objectively identify AR 190 

occurrence for each of the selected events based on the magnitude of the IWVT fields 191 

from ERA-Interim and NARR. The first criterion is an application of the algorithm 192 

developed by Zhu and Newell (1998) to classify the flux at each grid point along a given 193 

latitude either as AR flux or broad flux. An AR flux is defined as the flux whose 194 

magnitude (
AR

IWVT ) satisfies: 195 

 AR mean max mean
IWVT IWVT 0.3 IWVT IWVT   , 196 

where 
mean

IWVT  denotes the zonal mean of the magnitude of the IWVT along the 197 

corresponding latitude, and 
max

IWVT  is the magnitude of the maximum flux along that 198 

latitude. The constant 0.3 is an adjustable parameter chosen to appropriately represent the 199 

horizontal filamentary structure of the ARs. The second criterion uses a threshold of 200 

IWVT  ≥ 250 kg m
-1

 s
-1

 to detect the presence of vapor transport corridors with lengths 201 

of about 2000 km or longer (Ralph et al. 2012). For a given extreme precipitation day, an 202 

AR event is said to occur when both criteria are met using either of the two reanalysis 203 

datasets.  204 

c. Statistical and composite analyses 205 

The spatial patterns associated with ARs affecting the Southwest can be different from 206 

those that impact the West Coast of the US. To characterize the dominant spatial patterns 207 
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we identify the principal modes of variability of the anomalous water vapor flux (AR 208 

“types”) by performing a combined empirical orthogonal function (CEOF) analysis of the 209 

daily zonal and meridional IWVT anomalies for the days classified as “AR days”. The 210 

IWVT anomalies are defined as departures from the 30-year daily climatological 211 

(November to March 1980/81-2009/10) values. The advantage of using CEOF is that it 212 

allows a simultaneous analysis of the modes of variability of multiple or vector-valued 213 

fields (Navarra and Simoncini 2010; Wilks 2011). We use the methodology of North et 214 

al. (1982) to assess the robustness of a given CEOF by calculating the 95% confidence 215 

error of the associated eigenvalue. A particular CEOF is statistically significant if the 216 

error bar does not overlap with the error bars of neighboring CEOFs. 217 

To further characterize the atmospheric conditions associated with ARs that impacted 218 

the VRB, we perform a composite analysis of total IWVT, precipitation, 500-hPa HGT, 219 

850-hPa winds, horizontal water vapor flux, Q-vector convergence, and cloud fraction 220 

fields for the days that are characteristic of each of the relevant modes identified in the 221 

CEOF analysis. To do this, we select the AR days in which the normalized principal 222 

component (PC) value exceeded one standard deviation. 223 

3. Results 224 

a. ARs and extreme precipitation events 225 

Table 2 shows the list of the 97 extreme precipitation events. Based on our detection 226 

criteria, 57 of the events were associated with ARs. Most of the cool seasons listed have 227 

one or two AR events associated with extreme precipitation, but some of them present 228 

intense activity (three or more non-consecutive AR events) such as 1979/80, 1981/82, 229 
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1982/1983, 1992/93, and 2004/05. We find no clear relationship between the cool seasons 230 

of intense activity and El Niño - Southern Oscillation (ENSO) occurrence.  231 

The extreme precipitation associated with ARs provided, on average, 25% of the total 232 

cool season precipitation in a few extreme events (the percentage ranges from 10% to 233 

50%, depending on the season). In terms of snow accumulations, an analysis of the 234 

SNOTEL data, similar to that by Guan et al. (2010, 2012), for the three stations within 235 

the basin indicates that AR-related extreme events produced SWE gains of approximately 236 

25-35% of the seasonal peak SWE accumulation (SWEmax). Such SWE percentages 237 

resemble those found by Guan et al. (2010, 2012) for the Sierra Nevada in California. 238 

Extreme AR-related precipitation can also lead to flooding events in the VRB, 239 

depending on the precipitation phase and antecedent soil moisture conditions. For 240 

example, during the January and February 1993 AR events, the flow gages at both the 241 

lower Verde River below Tangle Creek and the upper Verde River near Clarkdale 242 

registered their largest daily discharge in the 1979-2011 record (January 8th and February 243 

20th, respectively). Notably, in the lower part of the basin, the measured streamflow 244 

exceeded the 95th percentile in 28 out of 57 AR events. This is true for 24 out of 57 AR 245 

events on the upper VRB, and indicates that extreme discharge in the basin is largely 246 

associated with the occurrence of ARs.  247 

b. CEOF analysis 248 

We performed the CEOF analysis to identify some of the most important atmospheric 249 

conditions associated with the occurrence of the 57 AR episodes. The two dominant 250 

CEOF modes of NARR IWVT anomalies and their corresponding PCs are presented in 251 
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Figure 2. We also applied this statistical method on the ERA-Interim data and the results 252 

between the two reanalyses were consistent. Therefore, we only present information 253 

derived from the NARR regional assimilation product.  254 

The first CEOF explains about 35% of the total variance. This particular mode of 255 

variability (Figure 2a) depicts a long area of strong eastward IWVT anomalies (above 256 

300 kg m
-1

 s
-1

 at the core) extending from Hawaii across the Pacific Ocean. The figure 257 

clearly shows how the ARs penetrate inland, after crossing the Baja Peninsula, and 258 

impact not only the VRB but also other regions in the Southwestern US (Arizona, New 259 

Mexico, southern California, southeastern Nevada, southern Utah, western Colorado) and 260 

northwestern Mexico. 261 

The above results suggest that the CEOF 1 of the IWVT anomalies is closely related to 262 

the characteristic long AR water vapor transport corridor that is known to impact portions 263 

of the US West Coast. We will refer to this pattern as Type 1 AR. The common name 264 

given to some AR events of this type is “pineapple express”, because sometimes they 265 

allow direct entrainment of water vapor from the tropics near Hawaii that can contribute 266 

to extreme precipitation over the continent (e.g., Bao et al. 2006; Ralph et al. 2011).  267 

The second CEOF, which explains 17% of the total variance, shows northward IWVT 268 

anomalies associated with heavy precipitation in the VRB with magnitudes of about 100-269 

150 kg m
-1

 s
-1

 over the Gulf of California and the Baja Peninsula (Figure 2b). The 270 

anomalous southwesterly transport of water vapor impacts most parts of Arizona, New 271 

Mexico, southern Utah and northern Mexico. This CEOF mode corresponds to ARs that 272 

bring moisture from the tropical eastern Pacific waters and will be referred to as Type 2 273 
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ARs. Figure 2b suggests these ARs are shorter than Type 1 ARs. Figure 2c presents the 274 

normalized PC time series for both Type 1 and Type 2 ARs. In this figure, the x-axis 275 

corresponds to the dates of ARs presented in Table 2. The dates that have a PC value 276 

larger than one are representative of each type of AR.  277 

The corresponding eigenvalue spectrum for CEOFs 1 to 10 is depicted in Figure 2d. 278 

Using the North et al. (1982) rule, we find that both the first and second CEOF patterns 279 

are statistically significant at the 95% confidence level. As we will show in the following 280 

subsection, the two types of patterns seem to develop under distinct atmospheric 281 

conditions. However, it is important to note that because of the orthogonality constrain 282 

imposed in the CEOF analysis, we cannot state that there are only two fixed orientations 283 

of the impacting moisture flux bands. The data suggests that the dominant patterns are the 284 

end points of a range of possible directions.  285 

Composite analysis 286 

We generated a composite for those AR days in which the normalized PC values of 287 

each of the first two CEOF modes were greater than one standard deviation (see Table 2 288 

and Figure 2c). In the days in which both PC values were above one standard deviation, 289 

we only considered the larger of the two. Table 2 lists the days used in the composite 290 

analysis for each mode. Figure 3a shows the composite IWVT field for Type 1 ARs. In 291 

this case, the column-integrated vapor flux into the VRB has a prominent zonal 292 

component over the low midlatitudes (as depicted by the first CEOF mode) and 293 

intensities that exceeded 300 kg m
-1

 s
-1

 in the core region off the west coast of the Baja 294 

Peninsula and 150-200 kg m
-1

 s
-1

 in several portions of Arizona. The composite 295 
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precipitation patterns associated with this type of AR events are presented in Figure 3b. 296 

In central Arizona, the precipitation rate exceeds 20-30 mm day
-1

, with maximum values 297 

above 40 mm day
-1

 in the eastern part of the VRB. Additionally, during the occurrence of 298 

Type 1 AR events, the largest precipitation intensities near the coast of southern 299 

California approximately range from 30 to 40 mm day
-1

, and in the Sierra Nevada the 300 

rates are above 20 mm day
-1

. 301 

The cross section of horizontal water vapor flux along the NW-SE line offshore (L1 in 302 

Figure 3a) in Figure 3c shows greater transport below 850 hPa between 115°W and 303 

120°W with a near surface maximum of 80 g kg
-1

 m s
-1

 at 118°W. The cross-section 304 

along the NW-SW line over land (Figure 3d, corresponding to line L2 in Figure 3a) 305 

shows that horizontal flux core values (> 60 g kg
-1

 m s
-1

) are almost perpendicular to the 306 

topography and constrained to the lower levels above the surface across 106°W-114°W, 307 

i.e., Western Sierra Madre of Mexico, southern Arizona and the VRB region (111°W-308 

114°W). 309 

The composite 850-hPa winds and 500-hPa HGT in Figure 3e reveal a mid-level 310 

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

 crossing the Baja 311 

Peninsula and a ridge over the Gulf of Alaska. Additionally, over both Western US and 312 

the north Pacific there is a broad area of negative 500-hPa HGT anomalies (Figure 3f). 313 

This pattern resembles the anomalous atmospheric circulation conditions identified by 314 

Grotjahn and Faure (2008) for heavy precipitation in California and Ely et al. (1994) in 315 

their analysis of major winter floods in several basins in Arizona. 316 
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Figure 4a shows the composite IWVT for Type 2 ARs. Two of the most notable 317 

characteristics of these ARs are that they draw moisture directly from the tropical eastern 318 

Pacific and, as also indicated in the second CEOF mode of the IWVT anomalies, they are 319 

significantly shorter than Type 1 ARs. The core of the northward IWVT into the 320 

Southwestern US has values greater than 350-400 kg m
-1

 s
-1

 (similar to the IWVT 321 

intensity for Type 1 ARs). Over central Arizona, including the VRB, IWVT intensities 322 

are of about 200-250 kg m
-1

 s
-1

.  323 

The resulting composite precipitation for Type 2 ARs (Figure 4b) shows a similar 324 

spatial distribution as the first type of AR events. In Arizona, the largest precipitation 325 

rates (up to about 30-40 mm day
-1

) occur in parts of the central highlands of Arizona, 326 

around the southern boundaries of the VRB. It is important to note that because of the 327 

mean orientation and position of the Type 2 ARs, the Sierra Nevada is not as strongly 328 

affected as in the case of Type 1 ARs. Hence, this particular region experiences lower 329 

precipitation rates. 330 

The cross section along L1 (Figure 4c) indicates that the maximum horizontal vapor 331 

flux (about 80 g kg
-1

 m s
-1

) is located at mid-levels of the troposphere (700 hPa) in the 332 

region between 112°W and 114°W. Additionally, the near surface flux has a major 333 

southerly component with intensities of 20-40 g kg
-1

 m s
-1

. Cross-section L2 over land  334 

(Figure 4d), shows that the core horizontal water vapor flux is more intense and 335 

approximately located in the same geographical region as Type 1 ARs, but with a higher 336 

vertical extension. This may be due to the widespread vertical intrusion of water vapor 337 

from the oceanic source. Toward the VRB, the moisture flux reaches about 60 g kg
-1

 m s
-338 

1
 at 750 hPa. 339 
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Figure 4e shows a 500-hPa trough off the US West Coast that penetrates into the 340 

subtropics. To the east of the trough there is a blocking ridge over the central US. 341 

Another ridge can be observed over the Gulf of Alaska. The same figure shows southerly 342 

850-hPa flow into the Southwest. The position of the anomalous 500-hPa offshore low 343 

and the high pressure anomaly to the east favor the inland transport of tropical moist air 344 

from the eastern Pacific reservoir (Figure 4f). 345 

Type 1 ARs also differ from Type 2 in the scale of the precipitation forming 346 

mechanisms. We use Q-vector convergence as a diagnostic tool to assess the impact of 347 

synoptic-scale processes on vertical motion (Lackmann, 2011). In Figure 5, the 348 

composites of Q-vector convergence in the 700-400 hPa layer show synoptic scale 349 

upward motion across the Southwestern US for both types of ARs. However, the 350 

convergence over Arizona for Type 1 ARs (Figure 5a) is less than that for Type 2 ARs 351 

(Figure 5b). Additionally, a close look at the composite low cloud cover for the former 352 

(Figure 5c) reveals that the higher fractions (above 80%-85%) are located along the 353 

state’s central highlands, while relatively smaller fractions and more widespread low 354 

cloud cover distribution occur across the region in the latter (Figure 5d). In the case of 355 

high clouds, Figure 5e shows that for Type 1 ARs the covered fraction is smaller over the 356 

VRB and southern Arizona as compared to the coverage depicted in Figure 5f for Type 2 357 

ARs. Smaller synoptic-scale forcing and predominance of low-level clouds suggest that 358 

both lifting and heavy rainfall during Type 1 ARs are strongly forced by orography at the 359 

mesoscale. On the other hand, precipitation during Type 2 ARs is not only affected by 360 

orographic forcing, but also shows stronger synoptic-scale forcing which results in a 361 

larger fraction of high-level clouds. 362 
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c. Selected AR cases 363 

Below, we describe some of the most important hydrometeorological characteristics of 364 

two intense AR episodes that were responsible for major societal and economic impacts 365 

in the VRB and Arizona in general.  366 

The first AR event occurred in 17 January 1993 (Case 1) and is related to a Type 1 AR 367 

that penetrated into the Southwestern US (PC1 > 1 > PC2). The episode was 368 

characterized by heavy precipitation in southern Arizona and parts of the central 369 

highlands, major flooding in the Santa Cruz River, and increase of snowpack (House and 370 

Hirschboeck 1997). As observed in the composite SSM/I IWV for the local morning of 371 

17 January 1993 (Figure 6a), an AR is directed towards the west coast of the Baja 372 

Peninsula. The IWV core for this particularly strong AR exceeds 3 cm up to about 4 cm. 373 

The maximum IWVT intensities (Figure 6b) during the above day reached values greater 374 

than 450 kg m
-1

 s
-1

, which are very similar to those reported for some strong ARs that 375 

have impacted California (e.g. Dettinger et al. 2011).  The cross section along L1 (Figure 376 

6c) shows a low level maximum in the horizontal water vapor flux field (80 g kg
-1

 m s
-1

) 377 

between 116°W and 120°W (northern Baja Peninsula). In that same region, southwesterly 378 

horizontal transport, with intensities exceeding 60 g kg m
-1

 s
-1

, dominates from surface up 379 

to about 600 hPa. Along L2, a maximum horizontal water vapor flux was directed toward 380 

the VRB (Figure 6d), therefore favoring the intensification of orographic precipitation in 381 

this area.  382 

On the same day, a 500-hPa HGT gradient over the low midlatitudes in the north 383 

Pacific reveals the existence of a baroclinic zone. The associated westerly low-level jet 384 
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showed maximum intensities of the order of 15 m s
-1

 at the 850-hPa level and the 385 

magnitude of winds off the northern Baja Peninsula was about 10 m s
-1

 (not shown). The 386 

500-hPa HGT anomaly field (Figure 6e) presents a large region of anomalous low 387 

pressure over western US and the Pacific and an anomalous high pressure in the southern 388 

Baja Peninsula that favors the anomalous southwesterly flow (10-15 m s
-1

) into the 389 

Southwest.  390 

Extreme precipitation accumulations (30-50 mm) during Case 1 day were observed in 391 

the eastern VRB, as depicted in Figure 6f. The western portion of the basin received 392 

about 20-30 mm. The Q-vector convergence in Figure 6g shows very weak synoptic scale 393 

vertical motion over the basin and most parts of Arizona, which means that orographic 394 

forcing at the mesoscale is playing the dominant role on the generation of the extreme 395 

precipitation in the region, while the strongest upward motion is located mainly off the 396 

western coast of California. This is confirmed by isentropic analysis at the 300-K surface 397 

shown in Figure 6h (more intense system-relative upglide off the coast of California 398 

toward the low isentropic pressure and weak ascent of moist air over Arizona). 399 

This AR episode also contributed to snow accumulations and high discharge in the 400 

region. During the period 16-18 January 1993, the White Horse Lake SNOTEL station 401 

registered positive SWE changes of about 69 mm. This represented 20% of the station’s 402 

SWEmax for the WY 1993. Other two stations, Fry and Baker Butte, reported SWE 403 

increases of 51 mm (13% of SWEmax) and 46 mm (15% of SWEmax), respectively. On 17 404 

January 1993, daily hydrological data for the period 1979-2011 show that the measuring 405 

site on the lower Verde River below Tangle Creek registered the third largest daily 406 

discharge for all Januaries (1022 m
3
 s

-1
). On the upper Verde River near Clarkdale, the 407 
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streamflow reported on this particular day (368 m
3
 s

-1
) was the fourth largest for all 408 

Januaries. 409 

The second event (Case 2) took place during 11 February 2005 and is classified as a 410 

Type 2 AR event (PC2 > 1 > PC1). During this period, excessive precipitation caused 411 

flooding as well as rock and mud slides in portions of Arizona (The Flood Control 412 

District of Maricopa County, http://www.fcd.maricopa.gov/education/history.aspx). 413 

Figure 7a shows a broad area of large IWV, with values of approximately 3-4 cm, 414 

directed towards the Southwest on the local evening of 11 February 2005. The IWVT 415 

field in Figure 7b for this particular day provides a clearer depiction of the impacting AR, 416 

with the south to north vertically integrated vapor flux exceeding 500 kg m
-1

 s
-1

. In this 417 

case, it is evident that the moisture transported by this AR comes from the tropical 418 

reservoir in the eastern Pacific.  419 

The horizontal water vapor flux along L1 (Figure 7c) has a maximum intensity of 420 

about 100 g kg
-1

 m s
-1

 off the coast of the southern part of the Baja Peninsula (112°W-421 

114°W) between the vertical levels of 900 hPa and 800 hPa. Northward moisture 422 

transport exceeds 60 g kg
-1

 m s
-1

 from surface up to 450 hPa in the 110°W-114°W region. 423 

The cross section of moisture flux along L2 (Figure 7d), shows that the core of the vapor 424 

transport (> 80-100 g kg
-1

 m s
-1

) spans from 108°W to 113°W. This means that the largest 425 

vapor flux is directed towards the VRB.    426 

Intense northward low level anomalous winds of the order of 15 m s
-1

 into Arizona 427 

and a 500-hPa cut-off low over the Pacific to the west of the Baja Peninsula, with 428 

anomalies 100 m below climatology (Figure 7e) represent some the most significant 429 
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weather patterns associated with this landfalling AR. Daily precipitation values above 50 430 

mm due to this AR event were observed in the western vicinity of the VRB. The eastern 431 

portion of the basin did not receive as much precipitation (Figure 7f). This precipitation 432 

distribution is affected by the relatively strong synoptic scale upward motion to the west 433 

of the basin as depicted in the Q-vector convergence analysis (Figure 7g). In contrast to 434 

Case 1, this event shows stronger isentropic rising motion of moist air over central and 435 

northern Arizona (including the VRB region), southern California and the northern Baja 436 

Peninsula (Figure 7h). 437 

During Case 2, the three SNOTEL stations located in the VRB reported SWE changes 438 

of less than 10% relative to the SWEmax. Based on the 32-year record used in this work, 439 

the USGS gage on the lower Verde River below Tangle Creek registered the fifth largest 440 

daily discharge for all Februaries (1140 m
3
 s

-1
 on 12 February 2005). Similarly, on the 441 

upper Verde River near Clarkdale, the third largest daily streamflow value for all 442 

Februaries (500 m
3
 s

-1
) was measured on the same day.  443 

In addition to the Type 1 and Type 2 ARs, a close inspection of the observations 444 

reveals AR events that are a mixture of both patterns. In particular, some days such as 445 

February 19th, 1993 and November 30th, 2007 have PC values larger than one for both 446 

modes. These cases can have IWVT patterns that are both zonal and meridional 447 

signatures, and they can also present double peaks in moisture transport at low-levels and 448 

mid-levels (not shown). This seems to indicate that the two “types” can be interpreted as 449 

end points of a range of possible directions. 450 

4. Discussion and Conclusions 451 
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In this work we presented the first climatological characterization of AR events that 452 

affect the Southwestern US, with emphasis on Arizona, and discussed their role in 453 

generating extreme cool season (November to March) precipitation in the VRB for the 454 

period 1979/80-2010/11. We followed a “bottom-up” approach by first evaluating 455 

extreme daily precipitation in the VRB and selecting those extreme precipitation events 456 

that were associated with AR conditions. We then identified the dominant atmospheric 457 

patterns associated with these AR events by using a CEOF statistical tool.  458 

Previous studies have developed different methodologies for AR identification. In our 459 

study, the criteria of Zhu and Newell (1998) and the criteria of Ralph et al. (2012) must 460 

be satisfied for a particular event to be labeled as AR. Using this method we identified 57 461 

AR events. Notably, the extreme precipitation associated with ARs provided 25% of the 462 

total cool season precipitation in a few extreme events. Intense AR activity (three or more 463 

non-consecutive AR events) occurred during the cool seasons of 1979/80, 1981/82, 464 

1982/1983, 1992/93, and 2004/05. However, we did not find a clear relationship between 465 

these active periods and ENSO. AR-related extreme events also produced SWE increases 466 

that represented 25-35% of the seasonal SWEmax. These SWE percentages are 467 

comparable to those estimated by Guan et al. (2010, 2012) for the Sierra Nevada in 468 

California. Additionally, almost half (49%) of the AR events were related to daily 469 

discharge above the 95th percentile of all daily values registered in the lower Verde River 470 

from 1979 to 2011. 471 

Using CEOF analysis of zonal and meridional IWVT during the days of AR 472 

occurrence, we found two distinct “types” of ARs that affect the region.  The first IWVT 473 

anomaly pattern represents west-to-east oriented ARs with core values above 300 kg m
-1

 474 
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s
-1

 in the region between Hawaii and the west coast of the Baja Peninsula. The anomalous 475 

IWVT extends inland over the VRB and other regions in the Southwestern US. The cross 476 

section along the trajectory over the Pacific Ocean shows strong near surface horizontal 477 

vapor flux and as the AR penetrates inland, the core of the vapor transport (> 60 g kg
-1

 m 478 

s
-1

) into the VRB (111°W-114°W) is concentrated in the lower levels above the surface. 479 

This mode resembles the long and narrow water vapor corridor associated with the 480 

landfalling ARs that have been analyzed in previous studies over the Western US, 481 

specifically in California (e.g., Ralph et al. 2004, 2005, 2006, Neiman et al. 2008, 482 

Dettinger et al. 2011, Ralph and Dettinger 2012), and we referred to it as Type 1 AR. 483 

The interaction between the local topography and Type 1 ARs can lead to precipitation 484 

rates in the range of 20-50 mm day
-1

 across of the basin. Similarly, the coast of southern 485 

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

 during the occurrence of these 486 

episodes. The extreme event in Arizona of 17 January 1993 is a specific example of Type 487 

1 ARs. During this day, precipitation accumulations of 30-50 mm were observed in the 488 

eastern VRB. Additionally, the ARs of 20-22 January 2010, which we identified and 489 

characterized as Type 1 events (Table 2), were analyzed in depth by Neiman et al. (2013). 490 

The second CEOF pattern describes a meridionally-oriented mode of anomalous water 491 

vapor transport into several parts of Arizona, New Mexico and southern Utah. We 492 

defined this pattern as Type 2 AR. These ARs are shorter than Type 1 ARs and draw 493 

moisture from the tropical reservoir in the eastern Pacific. The synoptic analysis of Type 494 

2 ARs reveals the presence of a 500-hPa trough off the West Coast of the US that 495 

penetrates into lower latitudes. The cross section of horizontal vapor flux over the ocean 496 

shows core values at 700 hPa (i.e., at higher elevations than in Type 1 ARs). In addition, 497 
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the composites indicate that both the intensities and spatial distribution of the 498 

precipitation are similar to those of Type 1 ARs, except for the lower rates in the Sierra 499 

Nevada. This is due to the meridional orientation of Type 2 ARs. The extreme 500 

precipitation episodes in Type 2 ARs seem to be associated with synoptic-scale vertical 501 

motion in addition to the orographic lifting mechanisms predominant in Type 1 ARs. A 502 

specific example of Type 2 AR occurred during 11 February 2005. A 500-hPa cut-off low 503 

off the coast of California and strong IWVT and low level winds from the tropical eastern 504 

Pacific characterized this event. Over the western vicinity of the VRB, the daily 505 

precipitation exceeded 50 mm while the eastern portion of the basin did not receive as 506 

much precipitation. The relationship between cut-off lows in the subtropical eastern 507 

Pacific that favor strong transport of tropical moisture into the Southwest and extreme 508 

precipitation events was previously examined by Knippertz and Martin (2007). 509 

Consistent with our results, their study finds that peak moisture transport during these 510 

events occurs at mid-levels, approximately 700 hPa, in contrast to the lower-level 511 

transport of midlatitude ARs. We also found dates of ARs events that have characteristic 512 

signatures of both Type 1 and Type 2 events. 513 

It is very likely that nearby mountainous basins in the Southwestern US are affected 514 

by these water vapor corridors as well. One of the main characteristics of the impacting 515 

ARs is that they cross the Baja California Peninsula, which agrees with the findings of 516 

Rutz and Steenburgh (2012). Our study suggests that these Southwestern ARs do not 517 

form and develop in the same regions. While water vapor content in Type 1 ARs is 518 

obtained from the tropics near Hawaii (central Pacific) and enhanced in the midlatitudes, 519 

in Type 2 ARs moisture has a more direct tropical origin and meridional orientation. 520 
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Given the importance of the ARs in the distribution of cool season precipitation and 521 

extremes in the Southwestern US, it is important to understand their potential changes in 522 

intensity and frequency under a warmer climate. In previous work, Dettinger (2011) 523 

analyzed climate change projections under an A2 greenhouse-gas emissions scenario 524 

derived from seven general circulations models (GCMs) and found that the number of 525 

West Coast ARs with higher-than-average water vapor transport rates may increase and 526 

the length of the AR season would eventually extend in the future. Dominguez et al. 527 

(2012) analyzed an ensemble of regional climate models (RCMs) driven by IPCC AR4 528 

GCMs under A2 emissions, and found a consistent and statistically significant increase in 529 

the intensity of future extreme winter precipitation events over the Southwestern US. 530 

While the statistical analysis was consistent among the models, the authors did not 531 

explore the physical mechanisms that were responsible for these changes. Because ARs 532 

may account for a large percentage of winter precipitation in many watersheds of the 533 

Southwestern US, we hypothesize that some of the increase in intensity of future extreme 534 

events projected by the RCMs may be due to changes in the intensity of the impacting 535 

ARs. This will be the focus of future studies. 536 
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Table 1. Description of the SNOTEL and USGS stations used in this study. (See Figure 1 680 

for location of the sites.) 681 

 682 

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 

 683 

  684 
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Table 2. Cool season (November to March) extreme events in the VRB during 1979/80 – 685 

2010/11 based on area-averaged extreme daily precipitation accumulations (pcp; units of 686 

mm) exceeding the 98th percentile. Dates (event numbers) in bold indicate the occurrence 687 

of AR days (events). An asterisk (*) denotes days used in the Type 1 AR composites. A 688 

pound sign (#) denotes days used in the Type 2 AR composites. 689 

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 

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 
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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      

 690 

691 
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Figure captions  692 

Figure 1. Topographical map of the Southwestern US. The Verde River Basin in Arizona 693 

is delineated in black. Triangles denote the SNOTEL stations: Baker Butte (black), Fry 694 

(white), and White Horse Lake (gray). Circles denote the USGS stations: Verde River 695 

below Tangle Creek (black), and Verde River near Clarkdale (white). (See Table 1 for 696 

description of the measuring sites.) 697 

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

 s
-1

; gray shadings with vectors 698 

superimposed) for (a) CEOF 1, and (b) CEOF 2. (c) Normalized principal component 699 

(PC) time series of CEOFs 1 and 2 where the x axis corresponds to the dates of events 700 

presented in Table 2. The horizontal line denotes the one standard deviation and is used 701 

to determine those AR days in which the normalized PC exceeds one standard deviation. 702 

(d) Eigenvalue spectrum of the first ten CEOFs of the IWVT field. 703 

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

 s
-1

; gray shadings with vectors superimposed), (b) 704 

precipitation (mm day
-1

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

 m s
-

705 

1
; contours with vectors superimposed) along L1 and L2, respectively, (e) total fields and 706 

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

, half 707 

barbs = 5 m s
-1

) for the selected Type 1 ARs (see Table 2). The NW-SE lines, L1 and L2, 708 

in panel (a) are the lines for the cross sections in panels (c) and (d), respectively. 709 

Figure 4. Same as Figure 3 but for Type 2 ARs. 710 

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

 K m
-1

 s
-1

) and 2×Q-vector convergence 711 

(×10
-16

 K m
-2

 s
-1

; contours; gray shadings for convergence or upward motion) for the 700-712 
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400 hPa layer, (c) – (d) low cloud fraction (%), and (e) – (f) high cloud fraction (%) for 713 

Type 1  and Type 2 ARs, respectively. 714 

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

 s
-1

; gray shadings with vectors 715 

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

 m s
-1

; 716 

contours with vectors superimposed) along L1 and L2, respectively, (e) anomalies of 717 

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

, half barbs = 5 m s
-1

), 718 

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

 K m
-1

 s
-1

) and 2×Q-vector 719 

convergence (×10
-16

 K m
-2

 s
-1

; contours; gray shadings for convergence or upward 720 

motion) for the 700-400 hPa layer, and (h) pressure (hPa; contours), system-relative 721 

winds (barbs = 10 m s
-1

, half barbs = 5 m s
-1

) and specific humidity (g kg
-1

; gray 722 

shadings) on the 300-K isentropic surface for 17 January 1993. The NW-SE lines, L1 and 723 

L2, in panel (b) are the lines for the cross sections in panels (c) and (d), respectively. 724 

Figure 7. Same as Figure 6 but for 11 February 2005.  725 
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 726 

Figure 1. Topographical map of the Southwestern US. The Verde River Basin in Arizona 727 

is delineated in black. Triangles denote the SNOTEL stations: Baker Butte (black), Fry 728 

(white), and White Horse Lake (gray). Circles denote the USGS stations: Verde River 729 

below Tangle Creek (black), and Verde River near Clarkdale (white). (See Table 1 for 730 

description of the measuring sites.)  731 
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 732 

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

 s
-1

; gray shadings with vectors 733 

superimposed) for (a) CEOF 1, and (b) CEOF 2. (c) Normalized principal component 734 

(PC) time series of CEOFs 1 and 2 where the x axis corresponds to the dates of events 735 

presented in Table 2. The horizontal line denotes the one standard deviation and is used 736 

to determine those AR days in which the normalized PC exceeds one standard deviation. 737 

(d) Eigenvalue spectrum of the first ten CEOFs of the IWVT field.  738 
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 739 

 740 

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

 s
-1

; gray shadings with vectors superimposed), (b) 741 

precipitation (mm day
-1

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

 m s
-742 

1
; contours with vectors superimposed) along L1 and L2, respectively, (e) total fields and 743 

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

, half 744 

barbs = 5 m s
-1

) for the selected Type 1 ARs (see Table 2). The NW-SE lines, L1 and L2, 745 

in panel (a) are the lines for the cross sections in panels (c) and (d), respectively.   746 
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 747 

Figure 4. Same as Figure 3 but for Type 2 ARs. 748 

749 
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 750 

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

 K m
-1

 s
-1

) and 2×Q-vector convergence 751 

(×10
-16

 K m
-2

 s
-1

; contours; gray shadings for convergence or upward motion) for the 700-752 

400 hPa layer, (c) – (d) low cloud fraction (%), and (e) – (f) high cloud fraction (%) for 753 

Type 1  and Type 2 ARs, respectively.  754 
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 755 



43 
 

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

 s
-1

; gray shadings with vectors 756 

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

 m s
-1

; 757 

contours with vectors superimposed) along L1 and L2, respectively, (e) anomalies of 758 

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

, half barbs = 5 m s
-1

), 759 

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

 K m
-1

 s
-1

) and 2×Q-vector 760 

convergence (×10
-16

 K m
-2

 s
-1

; contours; gray shadings for convergence or upward 761 

motion) for the 700-400 hPa layer, and (h) pressure (hPa; contours), system-relative 762 

winds (barbs = 10 m s
-1

, half barbs = 5 m s
-1

) and specific humidity (g kg
-1

; gray 763 

shadings) on the 300-K isentropic surface for 17 January 1993. The NW-SE lines, L1 and 764 

L2, in panel (b) are the lines for the cross sections in panels (c) and (d), respectively.  765 
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Figure 7. Same as Figure 6 but for 11 February 2005. 767 


