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Abstract 

The United States state of California is vulnerable to both droughts and extreme 

precipitation events due to the timing and processes of precipitation in the region. 

California’s annual precipitation is dependent on a few strong storms and in addition to 

its Mediterranean climate, leads to great variability in precipitation both within and 

across years. While efforts to reduce the impacts of extreme precipitation events have 

been implemented, forecasting for these events remains a challenge in regions with 

complex terrain and dynamic meteorological drivers. In order to improve forecasting and 

preparedness for such events, it is important to understand the range of atmospheric 

drivers that lead to extreme precipitation, particularly on a small scale. Here we aim to 

better understand the variety of meteorological mechanisms resulting in wet season 

(October–March) extreme precipitation in the Upper Yuba watershed of California from 

1980 to 2021. We implement an Extended self-organizing maps (SOM) approach to 

cluster and evaluate integrated water vapor transport (IVT) patterns during and preceding 

extreme precipitation days as 12 distinct 5-day patterns. Patterns show a range of storm 

types, largely characterized by southerly to southwesterly moisture transport driven by 

anomalously low sea level pressure and 300 hPa geopotential heights. Pattern orientation 

and intensities vary, with greater IVT magnitudes generally associated with higher 

watershed precipitation. Some patterns also show relatively low moisture transport, 

indicating the presence of additional drivers of regional precipitation. The methodology 

and evaluation of this study can aid in improving hydrometeorological forecasting in the 

Upper Yuba and other societally important watersheds.  
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1. Introduction 

1.1. Background and Motivation 

Extreme precipitation has profound impacts on food and water security, human 

health, and infrastructure across the globe. Flooding due to extreme precipitation leads to 

the loss of lives, property, and infrastructure as well as an increase in water-borne disease, 

water insecurity, and economic losses (Cordeira et al., 2019; Corringham et al., 2019; 

Pörtner, H.-O., 2022; Reidmiller et al., 2017; Seneviratne et al., 2021). With rising global 

temperatures, extreme precipitation events have increased in both frequency and 

intensity, as a warmer atmosphere has a higher capacity for moisture storage (Seneviratne 

et al., 2021). This trend is expected to continue with a warming climate, increasing the 

potential for flooding and related damages in the future (Seneviratne et al., 2021).  

The United States (US) state of California is uniquely vulnerable to extreme 

precipitation due to its Mediterranean climate which consists of pronounced dry summers 

and wet winters, which results in much of its precipitation occurring over just a few 

months (Dettinger et al., 2011). Additionally, precipitation in California is primarily 

driven by large extratropical storms and orographic lift due to its location in the mid-

latitude storm track and mountainous topography making it susceptible to intense storms, 

particularly when subtropical moisture is available for transport to the state (Dettinger, 

2013; Dettinger et al., 2011; Ralph et al., 2005; Smith et al., 2010). Annual precipitation 

amounts are largely regulated by the occurrence of these strong storms, leading to great 

precipitation variability both within years and from year to year (Dettinger et al., 2011). 

The influence of and susceptibility to these large storms in California pose a threat to the 
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populated region that has historically experienced wintertime flooding, landslides, and 

erosion (Barth et al., 2015; Cordeira et al., 2019; Corringham et al., 2019; Dettinger, 

2013; Neiman et al., 2008; Ralph et al., 2006). On the contrary, intense storms can also 

provide well-needed precipitation to California during periods of dryness as they reduce 

precipitation deficits, eliminate droughts, and increase water supply (Dettinger, 2013; 

Dettinger et al., 2011).  

To best mitigate the impacts of extreme precipitation and improve 

hydrometeorological forecasting in a state prone to both drought and floods, several 

studies have investigated the meteorological processes and features driving these events. 

Along the US West Coast, precipitation is generally associated with North Pacific 

extratropical cyclones and a prefrontal low-level jet (LLJ) ahead of a cold front (Ralph et 

al., 2005). These LLJs exist alongside narrow corridors of enhanced water vapor transport 

known as atmospheric rivers (ARs), which are largely responsible for the horizontal 

transport of moisture into the midlatitudes (Barlow et al., 2019; Ralph et al., 2004; Zhu & 

Newell, 1998). Much of California’s extreme precipitation and flooding events are 

associated with these ARs; the resulting precipitation is enhanced by the orographic 

lifting of the moisture-rich air over coastal and interior mountain ranges, which are often 

aligned perpendicular to the landfalling ARs (Dettinger et al., 2011; Ralph et al., 2006; 

Smith et al., 2010).  

Certain characteristics of ARs lead to greater precipitation and regional impacts 

across the state of California. ARs tend to be stronger, more frequent, and more impactful 

in the winter season, resulting in higher rises in soil moisture, increased river streamflow, 
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and more intense flooding (Lamjiri et al., 2017; Neiman et al., 2008; Ralph et al., 2012; 

Slinskey et al., 2020). Those with a south-to-southwesterly orientation tend to produce 

the highest precipitation in the coastal Russian River and Santa Ana River watersheds 

(Cannon et al., 2018; Hecht & Cordeira, 2017; Ralph et al., 2012). Additionally, an 

evaluation of the Yuba and Feather watersheds found that precipitation is largely driven 

by storm and wind field orientation, with maximum precipitation occurring with a 217° 

and 240° (southwesterly) wind field in the Yuba and Feather watersheds, respectively 

(Ohara et al., 2017).  

ARs and extreme precipitation in California are driven by preferred atmospheric 

circulation patterns and meteorological processes that describe the dynamic drivers of 

these events. Landfalling ARs tend to be associated with a North Pacific surface pressure 

dipole consisting of low pressure in the northeast Pacific and high pressure offshore of 

Southern California, a pattern that enhances moisture transport from the tropics (Cannon 

et al., 2018; Guirguis et al., 2018; Harris & Carvalho, 2018). Repetitive omega blocks 

and persistent negatively tilted troughs over the Gulf of Alaska were present in the 2016–

2017 winter season, a particularly intense season that experienced a large number of 

extreme precipitation events (Moore et al., 2020). Rossby wave breaking (RWB) events 

also contribute to extreme precipitation by driving the intrusion of low potential vorticity 

(PV) air towards the tropics, enhancing baroclinic development and promoting 

cyclogenesis (Moore et al., 2020; Ryoo et al., 2013). In addition, California’s extreme 

precipitation is amplified by certain modes of climate variability, including the positive 
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phase of the El Niño-Southern Oscillation (ENSO) and Pacific Decadal Oscillation 

(PDO) (Dettinger et al., 2011; Fernandes & Loikith, 2023). 

1.2. Objectives 

California’s pronounced wet and dry seasons pose a challenge for water 

management in the state as reservoirs fed by rain and snowmelt are utilized to enhance 

water storage for the dry season while simultaneously mitigating flood risks in the wet 

season. One critical component to improving reservoir operations in California and 

reducing the risk of hazards is to improve the understanding of extreme precipitation 

drivers in the region, specifically at the watershed scale. Although the synoptic patterns 

associated with extreme precipitation in California are broadly understood, there remains 

uncertainty as to the drivers of more localized extreme precipitation, especially in regions 

of complex and meteorologically influential terrain where subtle differences in 

atmospheric patterns can modulate local precipitation amounts and intensity.  

To enhance our understanding of watershed-scale extreme precipitation, this study 

aims to evaluate the drivers of extreme precipitation in California’s Upper Yuba 

watershed (Fig. 1). This evaluation identifies and describes the key synoptic patterns and 

processes associated with wet season (October–March) extreme precipitation in the 

Upper Yuba using climate reanalysis data and the self-organizing maps (SOM) clustering 

approach. The results of this analysis will not only aid in better understanding the key 

meteorological drivers of extreme precipitation in the Upper Yuba watershed but also 

provide a basis for improved interpretation of hydrometeorological forecasting in this and 

other societally important watersheds. 
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1.3. Region 

The Upper Yuba watershed is located in the foothills of the Sierra Nevada 

mountain range making it topographically complex and a challenging area for 

precipitation forecasting. This region has experienced historical flooding that has 

impacted the nearby population of the Central Valley (Fridirici & Shelton, 2000). In 

addition, the watershed contains the New Bullards Bar Dam, a reservoir managed by the 

US Army Corp of Engineers (USACE) to store water and manage flood risks, with its 

management benefitting from an improved understanding of precipitation over the 

region.  

 
Figure 1. The Upper Yuba watershed and its main reservoir, the New Bullards Bar Reservoir (marked by a 

red circle), and its location within California (marked with a red star) in the upper left topographic map.  
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2. Data 

Daily accumulated precipitation data are from the Gridded Surface 

Meteorological (gridMET; Abatzoglou, 2013) Dataset, a high-resolution (1/24°, ~4 km, 

grid) dataset of daily surface meteorological variables developed using the spatial 

attributes of Parameter Regression on Independent Slopes Method (PRISM; Daly et al., 

1994) data and temporal attributes of North American Land Data Assimilation System, 

Phase 2 (NLDAS-2; Xia et al., 2012a; Xia et al., 2012b). 300 hPa geopotential height 

(Z300), sea level pressure (SLP), 850 hPa temperature, 300 and 850 hPa wind speeds, 

and integrated water vapor transport (IVT) are from Modern-Era Retrospective Analysis 

for Research and Applications, Version 2 (MERRA-2), provided on a 0.5° latitude by 

0.625° longitude grid (Gelaro et al., 2017). The Guan and Waliser Global Atmospheric 

River Database, MERRA-2 Version 3 (Guan et al., 2018; Guan & Waliser, 2015, 2019), 

was used as a catalog of AR occurrences over the climatological period, with the same 

gridded characteristics as MERRA-2.  
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3. Methodology 

3.1. Extreme Precipitation Days 

Extreme precipitation days were defined as those exceeding the 90th percentile of 

daily mean watershed precipitation in the wet season (October–March) gridMET record 

from 1980 to 2021. The wet season, as defined here, accounts for nearly 70% of annual 

watershed precipitation and incorporates California’s rainy season as well as the onset of 

atmospheric river activity (Harris & Carvalho, 2018; Kim et al., 2013; Luković et al., 

2021; Slinskey et al., 2020). Days with mean watershed precipitation of less than 2 

millimeters were excluded from the distribution prior to computing the 90th percentile 

threshold. In total, 260 extreme precipitation days were identified and evaluated for the 

study (Fig. 2).  

3.2. Climatologies and AR Presence 

Daily mean MERRA-2 data were computed from the available 1-hourly (IVT) 

and 3-hourly (all other variables) resolutions. Daily standardized anomalies for Z300, 

SLP, and 850 hPa temperature were computed using the wet season climatological means 

and standard deviations. Daily precipitation anomalies were computed as a fraction of the 

climatological wet season mean. The presence of ARs on extreme precipitation days was 

defined as any occurrence throughout the day over any portion of the watershed, bounded 

by 38.5° and 40.5° north latitude and -122.5° and -120.0° west longitude, from the 6-

hourly AR catalog data. 
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Figure 2. Upper Yuba watershed wet season precipitation climatology (from 1980 to 2021) as daily mean 

precipitation values (in millimeters, inside) and the precipitation frequency distribution with a kernel 

density estimation curve (outside). Days below the climatological 90th percentile are in blue, while those 

exceeding the extreme threshold are marked in red.   

 

3.3. Self-Organizing Maps 

The self-organizing map (SOM) technique, initially developed by Kohonen 

(1982), has been used widely to study synoptic climatology, large-scale circulation 

patterns, and extreme weather events (Aragon et al., 2020; Gibson et al., 2017; Hewitson 

& Crane, 2002; Liu et al., 2011; Loikith et al., 2017; Schlef et al., 2019; Sheridan & Lee, 

2011). The SOM is a form of unsupervised neural network that assists in clustering 

patterns from large datasets into an 𝑚 × 𝑛 matrix of groups known as ‘nodes’ to evaluate 

the pattern composition within a dataset. The adjustable SOM matrix size allows for the 

optimization of the output’s applicability and interpretability. A larger SOM matrix 
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captures more pattern variability within the data but is often at the expense of increased 

pattern redundancy between nodes and diminished interpretability. On the other hand, a 

smaller SOM provides less information about pattern variability but can enhance 

interpretability by reducing node redundancy. Finding an appropriate SOM size can 

improve the effectiveness of such a methodology.  

SOMs first require an initialization of linear or randomized input data to be 

seeded into each node. Next, an iterative process where each input vector is assigned to 

the node with the shortest Euclidean distance between it and the node data is performed. 

When each vector is assigned to a node, that node pattern is nudged closer to the input 

data while the surrounding nodes (according to the user-defined neighborhood radius) are 

nudged closer to nearby nodes. This process results in a finalized feature map where the 

refined node patterns are presented in matrix form.  

3.4. Extended SOM Approach 

In this evaluation, the SOM approach functions as a tool to elucidate the range of 

IVT patterns that have historically been associated with extreme precipitation in the 

Upper Yuba watershed. Input data in this study is comprised of daily mean IVT for 260 

extreme precipitation days over the region bounded by 15.5° and 65.5° north latitude and 

-105.75° and -170.25° west longitude. Given that IVT is a result of a combination of 

atmospheric conditions, such as wind speed and direction in the lower troposphere, 

pressure and geopotential height gradients, and regional baroclinicity, it can be thought of 

as a multivariate diagnostic, providing substantial meteorological information as input to 

the SOM algorithm (see Appendix for further discussion on IVT). The domain spanning 
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the US West Coast and North Pacific Ocean was chosen due to the well-established 

importance of enhanced corridors of IVT (ARs) over the North Pacific Ocean for driving 

heavy precipitation over the region (Dettinger et al., 2011).  

To further capture the progression of IVT and associated synoptic conditions 

leading to extreme precipitation days, we implement an Extended SOM approach that 

provides daily mean IVT data for extreme precipitation days and the preceding four days 

over our study region as input to the SOM. In other words, the SOM is constructed with 

260 (number of extreme precipitation days) five-day input vectors such that node 

assignment is based on conditions during the five days leading up to and including each 

extreme precipitation day. A five-day evaluation was selected to include relevant synoptic 

developments of extreme precipitation patterns while limiting irrelevant conditions that 

could be included with a longer time period. This new approach will strengthen the 

synoptic evaluation by clustering patterns with similar meteorological development and 

extreme precipitation conditions. 

The MATLAB SOM Toolbox (https://www.cis.hut.fi/somtoolbox/) was used to 

perform the SOM algorithm. Input data for the SOM includes gridded IVT data over the 

study domain, which was first weighted by the square root of the cosine of latitude to 

account for variation in the data’s grid cell area. After exploring results from a range of 

node numbers and matrix configurations, a 4 × 3 (12-node) SOM of 5-day patterns was 

chosen as an optimal SOM that captures pattern variability and limits pattern similarity. 

The SOM was first initialized with linearly fit IVT input data and then underwent an 

initial training run with a neighborhood radius of 4 and 100 iterations. A second run, 

https://www.cis.hut.fi/somtoolbox/
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which begins with the final form of the initial training, was performed to further refine 

the final feature map with a reduced neighborhood radius of 1 and 2,000 iterations. The 

SOM Toolbox utilizes a ‘batch training’ algorithm, a fast and accurate form of training 

that does not require defining a ‘learning rate’ (Kohonen, 2005). SOM performance was 

evaluated through its quantization error and the use of a Sammon map (Fig. 3b), where 

the distances between nodes are presented 2-dimensionally (Sammon, 1969). A ‘flat’ map 

is indicative of good performance while a ‘twisted’ structure suggests poor SOM 

performance (Cassano et al., 2015; Gibson et al., 2017; Hewitson & Crane, 2002; Jaye et 

al., 2019). 
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4. Extended SOM Patterns 

4.1. IVT Patterns 

The Extended SOM output consists of twelve nodes of 5-day IVT patterns, which 

are difficult to visualize in the original 4 × 3 matrix, as each of the 12 nodes includes 

patterns for the extreme precipitation day and the four preceding days. Therefore, to 

illustrate the SOM in its original matrix, we present the Day 0 (the day of extreme 

precipitation) IVT patterns of each node in Figure 3a. The distances between the node 

patterns are presented in the 2-dimensional Sammon map space (Fig. 3b). The entire 5-

day node patterns of the Extended SOM are presented in Figure 4 which are not shown in 

the original 4 × 3 orientation but instead as daily IVT patterns for the extreme 

precipitation day (Day 0) and the four preceding days (Day -1 to Day -4) of the nodes 

across each row. Here the IVT SOM pattern sequences, clustered based on the IVT 

pattern development over the five days, are shown in their entirety. 

To describe the SOM, we will focus on the full Extended SOM results in Fig. 4. 

SOM node patterns show regions of enhanced IVT that develop over the North Pacific in 

the days leading up to extreme precipitation days with the moisture corridors typically 

making landfall on Day 0. Node patterns range from long, narrow IVT corridors that span 

the North Pacific throughout the five days (e.g. Node 10) to those exhibiting greater 

change and development of IVT across the days (e.g. Node 3). The range of 5-day 

patterns indicates a variety of meteorology, as represented by IVT, that leads to extreme 

precipitation in the Upper Yuba watershed.  
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Figure 3. a) Partial results from a 12-node Extended SOM of daily IVT magnitude patterns (in kilograms 

per meter per second; shaded, contoured every 75 kg/m/s) for the Upper Yuba extreme precipitation days 

(Days 0 of the Extended SOM), with the node patterns shown in the SOM matrix form. Node numbers are 

marked in the upper lefthand corner of each panel, alongside the mean Day 0 watershed precipitation (in 

millimeters; in green) and the frequency of Day 0 AR activity (as a percentage; in blue) for the days 

assigned to each node. b) SOM Sammon map with the distances between nodes represented by the lines 

between node points, labeled by node number. 
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Figure 4. The full 5-day node patterns of a 12-node Extended SOM of daily IVT magnitude (in kilograms 

per meter per second; shaded, contoured every 75 kg/m/s) for Upper Yuba extreme precipitation days (Day 

0) and the four preceding days (Days -1 to -4). Day 0 patterns are the same as those shown in matrix form 

in Fig. 3a. Node numbers are labeled on the left of each row. The percentage of all 5-day patterns assigned 

to each node is labeled in red on the Day 0 panels.  
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The IVT SOM patterns typically result in AR activity over the watershed, with 

AR frequency ranging from 73% to 100% of the extreme precipitation days across the 

nodes (Fig. 3a). Nodes 1 and 10 are the strongest patterns with the highest IVT 

magnitudes across the North Pacific (Fig. 4). AR activity is present 100% of the time 

during these nodes’ Days 0 and the resulting watershed precipitation is greater than all 

other nodes (Fig. 3a). Node 1 and Node 10 make up less than 14% of Upper Yuba 

extreme precipitation days, which means while being intense and impactful, these 

systems are relatively infrequent. The 5-day IVT patterns of Nodes 1 and 10 also differ 

the most from other patterns as seen in the Sammon map in Fig. 3b, indicating that these 

nodes have distinct physical characteristics that differentiate them from other nodes. Both 

patterns show enhanced corridors of IVT present back to Day -4, which indicate large, 

zonally oriented systems such as a trans-Pacific AR. That said, these patterns differ as 

Node 10’s IVT corridor is narrower with a more zonal orientation, while Node 1 is 

oriented more towards the northeast with high IVT values spanning much of the US West 

Coast. 

Nodes 11 and 12 of the SOM show similar IVT patterns to Node 10, with strong 

zonally oriented IVT directed towards the watershed. Node 12 is the most common 

pattern, with 31 of the extreme days (13.1%) assigned to this node. This pattern results in 

AR activity 94% of the time and is characterized by a zonally oriented ‘core’ of enhanced 

IVT present on Day -4 that propagates towards the US West Coast from Days -3 to 0. 

This pattern is significantly weaker in IVT magnitude than the similar Node 10 but is 

nearly twice as common. Nodes 2–5 represent a different storm type characterized by 
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southerly to southwesterly orientated IVT and a more concentrated region of moisture. 

These patterns show strong development in IVT magnitude in the days leading up to 

extreme precipitation, perhaps most notably in Node 3 (Fig. 4). Nodes 6 and 9, two very 

similar nodes (Fig. 3b), show dramatically less water vapor across the North Pacific and 

little development of a moisture corridor. Node 6 has the weakest IVT pattern as well as 

the lowest mean precipitation and AR frequency of all nodes suggesting that these 

extreme days are often the result of other precipitation mechanisms.  

4.2. Precipitation Patterns 

The precipitation associated with each node pattern is further explored in Figure 

5a through the precipitation frequency distributions of the days assigned to each node 

(histograms begin at the 90th percentile threshold, 51.53 mm). Mean precipitation is 

marked and labeled in green (the same as those listed in Fig. 3a) and median precipitation 

in magenta. About half of the node precipitation distributions reflect the larger 

precipitation distribution (Fig. 2) in that they are positively skewed (e.g. Node 6), while 

the others are closer to Gaussian (e.g. Node 10). Node 11 stands out as the only node with 

a distribution that does not include values near the 90th percentile threshold, indicating 

that these IVT patterns are not associated with lower-end extreme days. Alternatively, 

Node 6 consists entirely of days within the lower end of the upper decile, thus explaining 

both the high frequency (12.7%) and low precipitation (63.2 mm) associated with this 

pattern. The variety of precipitation distributions indicates the range of precipitation 

associated with each node pattern. 
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Figure 5. a) Precipitation distributions of Days 0 assigned to each node of the 12-node SOM, with the 

nodes’ mean and median precipitation (in millimeters) marked and labeled in green and pink, respectively, 

and b) spatial precipitation anomaly patterns (as a proportion of the wet season mean) and daily mean IVT 

vectors across the Upper Yuba watershed and surrounding region.   
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When evaluating based on both mean and median precipitation, Nodes 1, 10, and 

11 are the patterns capturing the heaviest precipitation days (Fig. 5a). These nodes are 

also characterized by the greatest moisture transport and strongest IVT corridors that are 

oriented southwest to northeast across the watershed. The node patterns resulting in the 

lowest precipitation are Nodes 6 and 8. Node 6 has the weakest IVT pattern with no 

strong corridor of moisture across the North Pacific, and Node 8, although a corridor is 

present, results in relatively low IVT magnitudes over the watershed. These results 

indicate the strong influence IVT magnitude has on extreme precipitation values over the 

Upper Yuba watershed as those with the greater IVT magnitude patterns result in the 

highest precipitation values.  

In addition to evaluating the variation in mean precipitation, we also aim to 

understand the different spatial precipitation patterns within the watershed that can result 

from different IVT patterns. Figure 5b shows the spatial distribution of precipitation 

anomalies associated with days assigned to each node pattern, represented as a proportion 

of the mean wet season precipitation, alongside the node mean IVT vectors. Larger 

anomaly values indicate greater deviations from the typical wet season precipitation. 

Nodes 1 and 10, those with the strongest IVT patterns and greatest mean precipitation, 

unsurprisingly result in the largest precipitation anomalies across the watershed 

boundary. Precipitation anomalies associated with these nodes increase with elevation 

across the watershed and remain notably high east of the watershed boundary on the 

leeside of the Sierra Nevada. These strong IVT nodes likely lead to greater moisture 

availability and transport after the orographically-driven precipitation across the 
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mountain range. As a result, any additional moisture lift, perhaps due to a front or cold 

pool, results in precipitation falling across the dry region. Other nodes with high 

precipitation anomalies include Nodes 5, 11, and 12, which are all characterized as zonal 

IVT patterns. The IVT vectors across the watershed region show slight variations in IVT 

intensity and orientation over the region. Node 7 has strong southerly flow across the 

watershed, while Nodes 5 and 6 are examples of weak westerly flow. In general, 

however, IVT orientation across the nodes ranges very little and appears to have a weak 

influence on precipitation anomaly patterns.  

4.3. Monthly Frequencies 

 Figure 6a shows the frequency of node assignments for the extreme precipitation 

days in each wet season month. Early winter months (October and November) experience 

a high percentage of Node 12 days (a weaker zonal flow pattern typically associated with 

AR activity), indicating favoring this pattern in the early season. Additionally, these early 

winter months experience fewer node types, which may be due to their lower frequency 

of extreme days (Fig. A1). October days are assigned only to Nodes 6 and 9 (~40%) and 

Nodes 11 and 12 (~60), which exist in the bottom right corner of the SOM space (Fig. 

3b). November days include five additional patterns than October, also favoring nodes in 

the bottom right and center of the SOM. December most frequently experiences a Node 

10 pattern, while the remaining months of January–March frequently experience Nodes 

1, 3, and 6. Favored nodes during the earlier or later wet season may be indicative of 

different synoptic environments favoring specific IVT patterns. In this case, the wet 

season begins by favoring a weak and zonal IVT pattern, followed by the favoring of a 
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stronger and southwesterly IVT pattern. Lastly, the late winter and early spring favor 

patterns with a more southerly flow and tropical moisture transport. 

In Figure 6b, the individual nodes’ frequency distributions are shown, with the 

frequency noted as a percentage of days in each node. Some nodes occur much more 

frequently in certain months than others. Nodes 1 and 10, the two patterns with the 

greatest IVT (Fig. 4), are examples of this as Node 1 occurs most often in February while 

Node 10 is dominated by December occurrences. Despite both being extreme patterns 

resulting in high mean watershed precipitation, these nodes differ in both IVT 

characteristics and when they most frequently occur, which may be indicative of distinct 

synoptic conditions driving these two pattern types. Nodes 9, 11, and 12 occur more 

frequently in the first half of the wet season and become less common in the later three 

months while Node 3 becomes more frequent as the wet season progresses. This suggests 

that certain nodes are favored in the earlier and later winter months. 
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Figure 6. a) Node frequencies for each wet season month of October through March as a percentage of 

extreme precipitation days in each month and b) monthly frequencies for each node pattern as a percentage 

of extreme precipitation days in each node.   
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4.4. Annual Frequencies 

Considerable year-to-year variability exists in the number of extreme precipitation 

days and node assignments across the 42-year climatology, with no apparent trend in 

either extreme precipitation day or node pattern frequency (Fig. 7). The 2016–17 water 

year had the most extreme precipitation days (18) while the 2000–01 year did not have 

any. Most water years consist of a variety of node assignments, including 1999–2000 

where each extreme precipitation day has a different node assignment. Favoring of 

certain node assignments, however, does occur in other years including 2003–04 and 

2005–06 where over half of the extreme precipitation days are assigned to Node 1.  

 
Figure 7. Node assignments for each extreme precipitation day across the climatological period from 1980 

to 2021, grouped by water year (defined as October through March). The 79–80 and 21–22 water years are 

limited to 1980 and 2021 days, respectively.  
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5. Synoptic Evaluation 

Figures 8–13 further evaluate the synoptic conditions associated with six of the 12 

SOM nodes, which were selected to represent the range of synoptic and dynamic 

characteristics in the SOM. The other six nodes are included in the supplemental material 

(Figs. A3–A8). In Fig. 8, the Node 1 IVT SOM pattern is shown alongside composites of 

300 hPa wind speed and Z300 anomalies, SLP and SLP anomalies, and 850 hPa 

temperature anomalies and wind vectors for days assigned to Node 1.  

 
Figure 8. Synoptic pattern composites for the days assigned to Node 1, with the a) IVT SOM pattern, as 

shown in Fig. 4; b) 300 hPa wind speed (shaded in meters per second) and 300 hPa geopotential height 

anomalies (contoured every 0.4 standard deviations); c) sea level pressure (shaded in hectopascals) and sea 

level pressure anomalies (contoured every 0.4 standard deviations); and d) 850 hPa temperature anomalies 

(shaded in standard deviations) and 850 hPa wind (in vectors).  
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300 hPa winds co-align with the region of enhanced IVT with simultaneous 

strengthening of IVT and wind speeds throughout the five days. A double Z300 anomaly 

low north of positive Z300 anomalies results in upper-level southwesterly flow (Fig. 8b) 

and a very strong temperature gradient between positive and negative temperature 

anomalies near the surface (850 hPa), indicating the likely presence of a cold front on 

Node 1 days (Fig. 8d). Anomalously low SLP offshore of the watershed region leads to a 

strong pressure gradient promoting the transport of low-level moisture into the watershed 

(Fig. 8c). Strong warm air advection occurs in the watershed in the days leading up to 

Day 0 as air is transported northward by low-level winds, evident at 850 hPa. These 

synoptic conditions support strong advection of low-level warm and moist air 

northeastward ahead of a cold front associated with an extratropical cyclone. 

Node 3 is characterized by a very different meteorological progression than Node 

1, with evidence of a strengthening surface cyclone progressing eastward from Day -4 to 

Day 0 (Fig. 9). IVT is relatively weak across the North Pacific on Day -4 and gradually 

strengthens alongside the development of a surface low-pressure system and Z300 

anomaly low. Negative low-level temperature anomalies across the North Pacific also 

intensify during the 5-day sequence, with the most negative temperature anomalies co-

occurring with the positively tilted Z300 anomalies. The resulting conditions consist of a 

surface low (Fig. 9c) and cyclonic 850 hPa wind pattern (Fig. 9d), which promote 

moisture advection and dynamic lift of the cold air over the watershed. Altogether, days 

assigned to Node 3 are associated with cyclogenesis before the landfall of the developed 

surface cyclone.   
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Figure 9.  As in Fig. 8 but for Node 3. 

 

Node 5 is characterized by weak flow across the North Pacific with the transport 

of an IVT core that reaches the coastline on Day 0 (Fig. 10). The resulting landfalling 

moisture corridor is zonally oriented with slight cyclonic circulation in both the upper 

and lower levels. Jet stream winds and Z300 anomalies are weaker than other node 

patterns, as is the low-pressure system associated with the node’s moisture transport (Fig. 

10b and c). 850 hPa winds strengthen slightly alongside the development of the SLP low 

leading to zonal low-level flow across the North Pacific between positive and negative 

temperature anomalies. Southwesterly to southerly near-surface flow around the coastline 

is somewhat misaligned with the IVT orientation, suggesting the IVT corridor is being 

influenced by winds at higher altitudes. Negative 850 hPa temperature anomalies span 

California in association with the low pressure at the surface and aloft throughout the 5-
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day sequence. Overall, Node 5 has relatively weak flow at the lower and higher levels, 

although the moderately strengthening low-level winds and IVT supply moisture and 

cool air to the watershed. 

Node 6 days are characterized by weak IVT across the North Pacific and 

relatively low watershed precipitation amounts (Fig. 3a). An east-west Z300 anomaly 

dipole develops throughout the five days resulting in an upper-level wind pattern that 

doesn’t promote the zonal or southwesterly flow seen in other patterns, but instead 

anticyclonic and cyclonic circulation around the high and low anomalies (Fig. 11b). 

Underneath the Z300 negative anomaly, negative SLP anomalies strengthen to the north 

of the watershed, centered over the Pacific Northwest (Fig. 11c). Cyclonically circulating 

850 hPa winds strengthen throughout the 5-day pattern transporting cooler air from 

higher latitudes to the watershed. These strong negative temperature anomalies indicate 

that Node 6 events are colder than many of the other nodes and would be more likely to 

bring significant snowfall to the watershed and Sierra Nevada mountains.  

Similar atmospheric characteristics to Node 6 occur in Node 9 (Fig. A7), although 

slight variations in conditions result in higher mean precipitation in Node 9. A similarly 

strong Z300 anomaly dipole develops in Node 9, yet the pattern occurs at lower latitudes 

and has stronger winds and gradients between high and low SLP anomalies, likely 

enhancing the moisture transport and precipitation associated with this node. IVT in these 

patterns remains relatively low and the associated precipitation may be driven by other 

mechanisms such as a cold front, cyclogenesis, or convection, although further 

investigation is outside the scope of this evaluation.  
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Figure 10.  As in Fig. 8 but for Node 5. 

 

 
Figure 11. As in Fig. 8 but for Node 6. 
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Node 10 has the strongest IVT corridor of all nodes and is associated with the 

deepening of a large low-pressure system over the northeast Pacific and strong upper and 

lower-level winds (Fig. 12). The development of a north-south Z300 anomaly dipole 

promotes relatively strong Z300 zonal winds coinciding spatially with the IVT corridor, 

which appears to source its moisture from the subtropics (Fig. 12a and b). North of the 

300 hPa jet, SLP decreases with a low-pressure system strengthening southeast of Alaska. 

An SLP anomaly gradient develops in the same region as the enhanced IVT and upper-

level wind patterns. Low-level winds are strong both within the IVT corridor but also 

across much of the Northeast Pacific, with the rapid movement of near-surface air 

contributing to the transport of warm air resulting in positive temperature anomalies 

across California (Fig. 12d). More than the other nodes, the meteorology associated with 

Node 10 is representative of a ‘Pineapple Express’ AR, with strong transport of 

subtropical moisture at all levels, driven by a deep surface low south of Alaska. 

In Node 12, the jet stream strengthens over the 5-day sequence, resulting in strong 

cyclonic flow and a deep trough at 300 hPa (Fig. 13). Low-level winds follow a similar 

northwesterly flow, contributing to the transport of cold air into the region. Contrary to 

many of the other nodes, the corridor of enhanced IVT is not as closely spatially aligned 

with the strong upper-level winds or the gradient between the SLP anomalies but instead 

is quite zonal. This node has relatively weaker moisture transport than most yet is the 

most frequently occurring node.   
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Figure 12. As in Fig. 8 but for Node 10. 

 

 
Figure 13. As in Fig. 8 but for Node 12. 
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6. Conclusions and Discussion 

 In this study, we aim to evaluate the range of meteorological patterns responsible 

for extreme precipitation in the Upper Yuba watershed – a historically flood-prone region 

that remains challenging to forecast due to its complex terrain and orographically 

enhanced AR-driven precipitation. We introduce and apply a novel 5-day ‘Extended 

SOM’ approach that utilizes the synoptic patterns of extreme precipitation days alongside 

the four preceding days to cluster patterns based on the synoptic and dynamic 

development leading up to extreme days. The key takeaways of the study are as follows:  

1) Extreme precipitation in the Upper Yuba watershed is driven by a broad range of 

synoptic patterns and driving mechanisms which can be clustered, presented, and 

evaluated using an IVT SOM.  

2) Many of these extreme precipitation patterns are associated with strong moisture 

transport over the North Pacific that results in AR activity across the watershed, 

although the intensity of IVT and frequency of ARs vary across patterns. 

3) Nodes 6 and 9 are unique in that they drive extreme precipitation without the 

presence of strong IVT, indicating the importance of other mechanisms driving or 

enhancing precipitation in these nodes. 

4) Precipitation amounts for each pattern tend to be driven by IVT intensity; patterns 

that promote the northward transport of warm and moist tropical air produce the 

greatest watershed precipitation.  
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Several different meteorological patterns result in extreme precipitation over the 

watershed and are largely characterized by enhanced moisture transport resulting in a 

narrow corridor of southerly to southwesterly IVT associated with a surface low-pressure 

system. The orientation and intensity of such patterns as well as the associated synoptic 

conditions result in a collection of unique storms that impact the region and result in 

extreme precipitation. The most frequent node consists of relatively weak zonal flow that 

promotes the transport of northwesterly air toward the watershed leading to cooler-than-

average conditions. Contrarily, the least common pattern has strong southwesterly flow 

and negative SLP anomalies promoting strong moisture transport from the subtropics.  

Nodes with the greatest IVT magnitude and those promoting the transport of 

subtropical air were associated with the highest watershed precipitation. Patterns with 

strong zonal flow are favored earlier in the season and those promoting cyclogenesis and 

southwesterly flow are favored in the later wet season months. AR activity occurs in all 

node types indicating the importance of these systems in driving regional precipitation. 

Nodes 6 and 9 have the fewest AR days and relatively low IVT, suggestive of additional 

mechanisms promoting extreme precipitation in these storm types. These two nodes 

account for a notable portion of extreme precipitation days (21.5%; Fig. 4) and because 

they do not show clear AR activity, may not be properly recognized as extreme storms 

and forecasted inaccurately.  

The Extended SOM methodology proves useful in clustering patterns with similar 

synoptic patterns, although there may be limitations to this approach. For example, the 

Extended SOM considers each day of the 5-day patterns equally, meaning Days -4 are 
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just as influential as Days 0 in clustering. This may lead to patterns with similar 

preconditions and less similar final conditions assigned to the same node. This, however, 

may not be an issue as patterns near extreme precipitation days tend to have the greatest 

IVT magnitude and could result in these strong IVT patterns greater influencing the SOM 

clustering. Further investigation into how this type of training impacts node clustering 

could determine the importance of such limitations.  

In conclusion, a wide array of synoptic patterns results in extreme precipitation 

across the Upper Yuba watershed, with the warm and moist systems resulting in the 

greatest precipitation across the watershed. That said, patterns associated with less 

moisture transport still result in extreme precipitation across the region, suggesting that 

there is variation in the meteorological drivers of regional extreme precipitation. Such 

evaluation of the range of atmospheric conditions resulting in extremes could prove 

useful in improving the forecasting of extreme events. The clustering of atmospheric 

patterns based on a 5-day synoptic development can contribute to the classifying and 

understanding of storm types and their development that lead to extreme precipitation and 

can be expanded to the exploration and evaluation of other extreme weather events across 

the globe. 
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Appendix. Supplemental Materials 

Measuring moisture and its transport are critical in understanding and predicting 

storms associated with extreme precipitation events. Integrated Water Vapor (IWV), also 

known as precipitable water, is a measurement of the amount of water vapor present 

within an atmospheric column. IWV is useful in identifying regions with high moisture 

content and the origins of moisture transported to the midlatitudes during ARs. The flux 

of this moisture, however, is also important in characterizing ARs and evaluating their 

associated impacts (Lavers et al., 2016; Neiman et al., 2008; Waliser & Guan, 2017).  

Integrated Water Vapor Transport (IVT) is a measurement of horizontal moisture 

flux and is the product of water vapor mass and horizontal wind speeds integrated 

throughout an atmospheric column. This is calculated as: 

𝐼𝑉𝑇 = −
1

𝑔
∫ 𝑞𝑽ℎ 𝑑𝑝

𝑝𝑡

𝑝𝑠
 , 

where 𝑔 is the gravitational acceleration constant, 𝑞 is the specific humidity, and 𝑽ℎ is 

the horizontal wind vector. Values are integrated across pressure levels from ps, 1000 hPa, 

to pt, 200 hPa. The integration occurs using MERRA-2 data across pressure levels at 

every 25 hPa from 1000 to 700 and every 50 from 700 to 200 hPa (Gelaro et al., 2017; 

Ralph et al., 2019). The resulting horizontal moisture flux vectors are largely used to 

identify, classify, and characterize ARs globally (Guan & Waliser, 2019; Ralph et al., 

2019). 
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Figure A1. Monthly mean Upper Yuba watershed precipitation (in millimeters) in light blue and the 

number of extreme (90th percentile) precipitation days in each of the wet season months (October to March) 

in dark blue, from the 1980 to 2021 climatology.  
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Figure A2. Mean monthly precipitation patterns over the Upper Yuba watershed and surrounding area (in 

millimeters), from the 1980 to 2021 climatology.   
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Figure A3. As in Fig. 8 but for Node 2. 

 

 
Figure A4. As in Fig. 8 but for Node 4. 
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Figure A5. As in Fig. 8 but for Node 7. 

 

 
Figure A6. As in Fig. 8 but for Node 8. 
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Figure A7. As in Fig. 8 but for Node 9. 

 

 

Figure A8. As in Fig. 8 but for Node 11. 
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