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Abstract Atmospheric rivers (ARs) are long (>2000 km) and narrow (500-1000 km) corridors of enhanced
vertically integrated water vapor and enhanced integrated water vapor transport (IVT) that are responsible
for a majority of global poleward moisture transport and can result in extreme orographic precipitation.
Observational evidence suggests that ARs within different synoptic-scale flow regimes may contain different
water vapor source regions, orientations, and intensities and may result in different precipitation
distributions. This study uses k-means clustering to objectively identify different orientations and intensities
of ARs that make landfall over the California Russian River watershed. The ARs with different orientations and
intensities occur within different synoptic-scale flow patterns in association with variability in IVT direction
and quasi-geostrophic forcing for ascent and lead to different precipitation distributions over the Russian
River watershed. These differences suggest that both mesoscale upslope moisture flux and synoptic-scale
forcing for ascent are important factors in modulating precipitation distributions during landfalling ARs.

1. Introduction

A majority of the annual precipitation (30-50%) and extreme precipitation events in California and locations
along the U.S. West Coast are attributed to the presence of atmospheric water vapor flux from lower latitudes
along enhanced regions of integrated water vapor (IWV) and IWV transport (IVT) in long (>2000 km) and
narrow (500-1000 km) corridors known as atmospheric rivers (ARs) [e.g., Zhu and Newell, 1998; Ralph et al.,
2004, 2006; Ralph and Dettinger, 2012]. Zhu and Newell [1998] discovered that ARs are responsible for
>90% of meridional moisture transport while covering a small fraction of the globe (<10%). Landfalling
ARs along the California coast are commonly associated with water vapor flux in a moist-neutral environment
that can result in orographic precipitation along the Coast Ranges and Sierra Nevada [Neiman et al., 2008].
Several factors such as the IVT direction, intensity, and duration along these landfalling ARs and the
synoptic-scale dynamics of their parent winter storms (i.e., frontogenetic/frontolytic circulations, quasi-
geostrophic forcing, and upper tropospheric jet circulations as discussed in Cordeira et al. [2013]) may
combine to produce differing precipitation distributions and hydrological impacts. The purpose of this paper
is to examine the different IVT directions and magnitudes of landfalling ARs over North Coastal California and
to illustrate associated variability in the synoptic-scale dynamics and resulting local and regional
precipitation distributions.

2, Background and Motivation

ARs with different IVT directions are known to produce different hydrological impacts across different water-
sheds. Ralph et al. [2003] highlighted the importance of ARs with different IVT directions to extreme precipi-
tation by identifying how variations of +10° in wind direction can modulate the location of orographically
enhanced floods. For example, the IVT direction in a landfalling AR played a crucial role in generating record
flooding in the Pescadero Creek watershed while creating only moderate flooding in the adjacent watershed
near Santa Cruz, California. In a similar study, Neiman et al. [2011] demonstrate that ARs with similar IVT
magnitudes, but different IVT directions produced floods in different watersheds depending on the aspect
of the watershed topography in relation to AR orientation over western Washington. Studies by Neiman
et al. [2013] and Hughes et al. [2014] illustrate the importance of IVT direction along an AR in the production
of extreme precipitation in Arizona during an event in 2010. The south-southwesterly IVT direction along an
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AR on 21-22 January 2010 allowed for water vapor flux through an area of lower terrain on the Baja Peninsula
of Mexico, resulting in enhanced inland upslope water vapor flux over the northwest-southeast oriented
Mogollon Rim in Arizona. ARs with different intensities, often defined by the IVT magnitude, and duration
are also known to produce increasingly greater precipitation totals and streamflow volume. Ralph et al.
[2013] found that differences in storm total upslope water vapor flux explain 74% of the variance in storm
total precipitation in North Coastal California, while longer-duration ARs are associated with an exponential
increase in storm total streamflow volume.

The focus of this paper is on landfalling ARs over North Coastal California that may subsequently influence
precipitation and hydrological extremes across the Russian River watershed (RRW). Flooding is one of the
main hydrologic extremes that can result from landfalling ARs over the RRW. For example, all seven floods
that occurred on the Russian River from 1997 to 2006 were associated with landfalling ARs [Ralph et al.,
2006]. While flooding is a negative and potentially costly result of landfalling ARs over the RRW, the precipita-
tion from ARs is also an important contributor to the annual water supply and can act to mitigate drought
[Dettinger et al., 2011; Dettinger, 2013]. Lake Mendocino, on the East Fork of the Russian River behind the
Coyote Dam, is an important reservoir that provides flood control, water supply, recreation, and streamflow
regulation. Establishing a more robust understanding of the meteorological processes that lead to extreme
precipitation over the RRW will assist in decision support services pertaining to both flood control and water
supply operations on reservoirs like Lake Mendocino. Results from this study will contribute to the develop-
ment and implementation of Forecast Informed Reservoir Operations, a proposed management strategy that
uses data from watershed monitoring and modern weather and water forecasting to help water managers
selectively retain or release water from reservoirs in a manner that reflects current and forecasted conditions
[Ralph et al., 2014].

3. Data Sources and Methodologies

The National Centers for Environmental Prediction (NCEP)-Climate Forecast System Reanalysis (CFSR)
versions 1 [Saha et al., 2010] and 2 [Saha et al., 2014] data set is used to identify IVT direction and magnitude
of landfalling ARs and synoptic-scale characteristics during an 11 year period between 1 January 2004 and 31
December 2014. The data were obtained from the National Oceanic and Atmospheric Administration (NOAA)
National Operational Model Archive and Distribution System. The study initially sought to complement the
10 water year period investigated by Young et al. [2017]; however, the subsequent analysis includes results
for the full 11 year period as seasonal variations are not considered in this study. The NCEP-CFSR data set
is contained on a grid that spans vertically from 1000 hPa to 1 hPa on 37 isobaric levels, horizontally with
a spectral resolution of t384 (~38 km) that is obtained on a 0.5° latitude by 0.5° longitude grid, and temporally
every 6 h. AR orientation and intensity are approximated by the IVT vector direction and magnitude, respec-
tively, which are calculated following the methodology of Neiman et al. [2008] as

— 1 —
VT = Fiooa sV 0P (1)

where q is the specific humidity, g is acceleration due to gravity, and V is the total horizontal vector wind.

Landfalling ARs are identified based on area-averaged 24 h daily mean (ending at 1200 UTC) IVT magnitude
>200 kg m ' s~ over a domain that spans from 37.3°N to 39.6°N and from 125°W to 122.3°W that is chosen
to encompass the RRW in its upper right quadrant (Figure 1a). This methodology is similar to past studies that
define ARs based on threshold values of IWV or IVT [e.g., Ralph et al., 2004, 2006; Neiman et al., 2008, 2011;
Lavers et al., 2012; Rutz et al., 2014]. Common instantaneous IVT magnitude thresholds utilized by past studies
are 250 kg m~' s~ and 500 kg m~' s [i.e, Ralph et al., 2004, 2006; Neiman et al., 2008). Lavers et al. [2012]
applied an instantaneous IVT magnitude threshold that represented the 85th percentile of IVT magnitudes
calculated over a 30 year period in order to identify the most intense landfalling ARs. The area-averaged daily
mean IVT magnitude threshold chosen in this study >200 kg m™' s™' corresponds to a comparable 84th
percentile of domain-averaged daily IVT magnitude calculated over a 32 year period (1 January 1979 to 31
December 2010). Many past studies also apply a length and width criteria in order to identify ARs [e.g.,
Ralph et al.,, 2004; Lavers et al, 2011; Dettinger et al, 2011; Rutz et al., 2014]. Since this study utilized
domain-averaged daily IVT and not instantaneous IVT, a length and width criteria were not applied. The cor-
responding 24 h precipitation during the daily mean period is obtained from the NCEP Stage IV multisensor
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Figure 1. (a) A map of California and the Eastern North Pacific. The domain utilized to calculate area-averaged IVT (37.3°N to 39.6°N and from 125°W to 122.3°W) is
outlined in black. The Russian River watershed is outlined in red. (b) Domain-averaged daily IVT direction (angular coordinate) and magnitude (kg m’ 5_1; radial
coordinate) for all days from 1 January 2004 to 31 December 2014 that data were available. Markers are color coded based on 24 h accumulated precipitation (mm).

The colored lines illustrate the average IVT for days with precipitation >10 (black), >25 (blue), and >50 mm (red). The 200 kg m
this study is shown by the black circle. (c) As in Figure 1b except for days with daily average IVT > 200 kg m s
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quantitative precipitation estimates on a 4 km x 4 km grid provided by the National Center for Atmospheric
Research (NCAR) Earth Observing Laboratory [Baldwin and Mitchell, 1997]. The Stage IV precipitation data are
valid only on the land portion of the map depicted in Figure 1a.

ARs with different orientations and intensities are objectively identified using a National Center for
Atmospheric Research (NCAR) Command Language (NCL) [The NCAR Command Language, 2017] k-means
clustering algorithm [Hartigan and Wong, 1979] that is applied to the u and v components of the area-
averaged daily mean IVT vector. The NCL clustering algorithm allows the user to select the number of clusters
defined and produced by the algorithm. Through trial and error, it was found that five clusters provided the
best qualitative representation of landfalling ARs with different orientations and intensities over the RRW
during the study period. Additional clusters decreased the sample size and subsequent composite members
of each cluster, whereas fewer clusters increased the variance of daily IVT direction and magnitude within a
given cluster.

Composite analyses are subsequently constructed using the days contained within each cluster to examine
the synoptic-scale meteorological conditions associated with the clusters. The composite analyses are con-
structed at 0000 UTC (i.e., t — 12 h relative to the end of the 24 h period of precipitation). The synoptic-scale
forcing associated with the different AR clusters is also illustrated via analysis of quasi-geostrophic (QG)
forcing for ascent that is quantified using a methodology similar to Cordeira et al. [2013] by calculating the
right-hand side of the Q-vector form of the QG omega equation evaluated at 700 hPa as in Bluestein [1992,
equations (5.7.55) and (5.7.56)]. Regions of Q-vector convergence (divergence) are indicative of regions of
QG forcing for ascent (descent) at 700 hPa. Q-vectors can also be used to diagnose lower tropospheric QG
frontogenesis depending on the Q-vectors orientation relative to the 700 hPa potential temperature gradient
[Keyser et al., 1992]. The Q-vectors are calculated from smoothed composite average meteorological para-
meters and therefore represent regions in the composite that likely favor QG forcing for ascent or descent.
Statistical significance of different cluster and composite populations is determined using an independent
two-sided Student’s t test.

4. Results
4.1. Cluster Analysis

The 11 year period from 2004 to 2014 contained 3952 days with available NCEP Stage IV 24 h accumulated
precipitation and NCEP-CFSR area-averaged daily mean IVT data for the RRW (i.e., 98.4% data availability;
Figure 1b). These data are plotted in rotated polar coordinates similar to a wind rose such that IVT magni-
tude is indicated by the radial coordinate, the IVT direction is indicated by the angular coordinate rotated
such that a westerly water vapor flux is on the leftmost portion of the diagram, and the precipitation is
indicated by the color shading of each marker. The polar coordinate diagram illustrates that larger precipi-
tation totals tend to occur on days with larger IVT magnitudes from a southwest direction, as shown by
Ralph et al. [2013]. The 11 year period contained 547 days with an area-averaged daily mean IVT magnitude
>200 kg m~' s~ (Figure 1c). By employing the k-means clustering algorithm, these 547 days group into five
different clusters related to their IVT magnitude and direction (i.e., their associated AR intensity and orienta-
tion): Cluster 1, northwesterly (N = 115); Cluster 2, westerly (N = 143); Cluster 3, southwesterly (N = 137);
Cluster 4, strong southwesterly (N = 36); and Cluster 5, south-southwesterly (N = 116; Figure 1b). The clus-
tering algorithm places each data point (i.e., a u and v component IVT pair) into the cluster whose centroid
has the smallest Euclidian separation distance. While it may visually appear that some of the data points
could “fit" into other clusters, each data point is objectively closest to its centroid. For brevity, the remainder
of this paper focuses on the westerly cluster (Cluster 2) and the south-southwesterly cluster (Cluster 5).
These clusters are chosen because they exhibited relatively similar centroid IVT magnitudes (268 kgm™" s~
and 294 kg m~' s7, respectively), similar duration of instantaneous IVT magnitudes >250 kg m~' s~
(~18 h; not shown), quasi-orthogonal cluster centroid IVT directions (279° and 193°, respectively), and vastly
different median area-averaged precipitation over the RRW (0.5 mm and 13.0 mm, respectively). For
comparison, the cluster centroid IVT magnitude, IVT direction, and median area-averaged precipitation
for the remaining clusters are (Cluster 1: northwesterly) 238 kg m~' 577, 330° 0 mm; (Cluster 3: southwes-
terly) 261 kg m™' s™', 234° 10.6 mm; and (Cluster 4: strong southwesterly) 479 kg m~' s, 239°,
40.2 mm, respectively.
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4.2. Composite Analysis

Composite analyses of sea level pressure (SLP), IWV, and IVT reveal contrasting lower tropospheric synoptic-
scale flow configurations associated with each cluster (Figures 2a and 2b). The westerly cluster occurs in asso-
ciation with a broad region of high pressure over the subtropical Northeast Pacific located to the south of a
region of weak (~1004 hPa) low pressure over the Gulf of Alaska (Figure 2a), whereas the south-southwesterly
cluster occurs in association with a bifurcated region of high pressure across the subtropical Northeast Pacific
that straddles a more amplified and lower latitude region of low pressure near the U.S. West Coast (Figure 2b).
Both clusters contain a corridor of enhanced IWV > 20 mm and IVT magnitude > 250 kg m~' s~ that is char-
acteristic of a landfalling AR, albeit with different orientations and weak horizontal IWV gradients owing to
composite smear. The westerly cluster illustrates an AR that extends west to east from ~145°W to the north-
ern California and Oregon coastlines, whereas the south-southwesterly cluster illustrates an AR that extends
southwest to northeast from ~135°W in the subtropics to the central California coastline.

The westerly cluster occurs on average in association with zonal flow at 250 hPa that contains a 55-60 m s~

jet streak over the Northeast Pacific (Figure 2c), whereas the south-southwesterly cluster occurs on average in
association with a negatively tilted trough and cyclonically curved jet streak at 250 hPa over the Northeast
Pacific (Figure 2d). Each of these upper tropospheric synoptic-scale configurations has the potential to influ-
ence the evolution of landfalling ARs and associated precipitation. For example, the descent and concomitant
lower tropospheric divergence linked to the descending branches of these thermally indirect ageostrophic
circulations in the exit region of the upper tropospheric jets could result in water vapor flux divergence,
decreasing IWV, and a weakening AR (e.g., as described by Cordeira et al. [2013]), and a decrease in subse-
quent orographic precipitation. The QG forcing for descent in the equatorward exit region of the westerly
upper tropospheric jet streak may also lead to synoptic-scale subsidence over California and create an unfa-
vorable environment for widespread precipitation or seeding of orographic precipitation [e.g., Bergeron,
1965; Kingsmill et al., 2016]. Alternatively, the QG forcing for ascent associated with upper tropospheric diver-
gence of the ageostrophic wind in the exit region of the cyclonically curved upper tropospheric jet streak
[Beebe and Bates, 1955] combined with the divergence downstream of the negatively tilted trough, inferred
through mass continuity, may create a favorable environment for widespread precipitation or seeding of
orographic precipitation.

The QG forcing is summarized for the westerly cluster by a broad region of Q-vector convergence located
over the Pacific Northwest Coast and a region of Q-vector divergence located over Southern California that
favors a region of QG forcing for ascent north of the RRW and a region of QG forcing for descent south of
the RRW (i.e., neutral forcing over the RRW; Figure 2e). The Q-vectors located over the terminus of the
composite AR and North Coastal California are oriented toward regions of colder potential temperatures,
indicative of lower tropospheric geostrophic frontolysis. A frontolytic circulation over the AR would favor
IVT divergence within the terminus of the AR, resulting in a decrease in IWV and a weakening of the AR
[Cordeira et al., 2013]. The QG forcing is summarized for the south-southwesterly cluster by a broad region
of Q-vector convergence located over North Coastal California that favors a region of QG forcing for ascent
over the RRW (Figure 2f). These differences in locations of QG forcing for ascent contribute to differences
in precipitation over North Coastal California and the RRW during landfalling ARs that occur in each
cluster, such as revealed with the area-averaged precipitation results described earlier and in the
following section.

4.3. Precipitation Analysis and Discussion

The precipitation distributions over North Coastal California and the RRW during landfalling ARs are
illustrated via the 90th percentile 24 h accumulated precipitation values for each cluster population
(Figure 3). The 90th percentile value is chosen as a measure of the “maximum case” (MC) precipitation,
which is similar to probabilistic products produced from ensemble forecast guidance by the National
Weather Service [National Weather Service, 2015]. The largest MC precipitation values (~100-110 mm)
associated with the westerly cluster are confined to the Klamath Mountains and North Coast Ranges near
the California-Oregon border where (1) the daily average IVT direction is more orthogonal to regional topo-
graphy (Figure 3a) and (2) the middle troposphere is characterized by QG forcing for ascent (Figure 2e). The
MC precipitation values over the RRW are less (~15-20 mm) than the surrounding areas, likely due to (1) a
less orthogonal daily average IVT direction relative to the northwest to southeast oriented North Coast
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Figure 2. (3, b) Composite mean IVT (kg m’ 571; plotted according to the reference vector in the upper right), SLP (hPa;
contoured), and IWV (mm; color coded according to scale); (c, d) composite mean 250 hPa geopotential height (dam; con-
toured), wind speed (m s~ color coded according to scale), and IWV (mm; dashed blue contour); and (e, f) composite mean
700 hPa geopotential height (dam; solid contours), Q-vectors (1 0" Km™! 571; plotted according to the reference vector in
the bottom right), Q-vector divergence (1016 Km™' 5_1; color coded according to scale), and potential temperature (K;
dashed red contours) at t — 12 h during westerly (Figure 2a, 2¢, and 2e) and south-southwesterly (Figure 2b, 2d, and 2f) ARs.
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Figure 4. Box and whisker plots of Russian River Watershed (a) area average 24 h precipitation (mm), (b) domain average
IVT (kg m 5_1), (c) domain average lower tropospheric (1000-850 hPa) IVT (kg m~! 5_1), (d) domain average Q-vector
divergence (1016 Km™' 5_1), and (e) domain average IWV (mm) for westerly (orange) and south-southwesterly (blue)
ARs. The boxes represent the interquartile range of the data, and the whiskers represent upper and lower quartiles of the
data. The horizontal line within the boxes is the median value. The colored dots represent outliers, and the asterisks
represent extreme outliers. The box in the top left corner of each panel indicates the result of the independent samples t
test with 95% confidence (white indicates significantly statistically similar means and black indicates significantly
statistically different).
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Ranges along the western periphery of the RRW and (2) neutral QG forcing for ascent. The largest MC
precipitation values (~90-100 mm) associated with the south-southwesterly cluster are located over the
Trinity Alps in North Coastal California, the RRW Coast Ranges, and in California’s interior along the northern
Sierra Nevada where (1) the daily average IVT direction is more orthogonal to regional topography (Figure 3b)
and (2) the middle troposphere is characterized by QG forcing for ascent (Figure 2f). The local maximum in
precipitation over the Trinity Alps and Mount Shasta is commonly observed during Sierra Barrier Jet events
[Ralph et al., 2016]. Future work should further investigate whether this feature is driven by the Sierra
Barrier Jet and/or the inland penetration of IVT associated with the AR through the lower elevation San
Francisco Bay gap and northward up the California Central Valley. The MC precipitation values over the
RRW are comparable (~70-90 mm) to surrounding areas and 60 mm greater than the westerly cluster,
likely due to (1) a more orthogonal daily average IVT direction relative to the northwest to southeast
oriented North Coast Ranges along the western periphery of the RRW (Figure 3c) and the (2) QG forcing
for ascent.

The median area-averaged precipitation over the RRW (Figure 4a) is significantly larger for the south-
southwesterly cluster (13.0 mm) as compared to the westerly cluster (0.5 mm). This difference in RRW
area-averaged precipitation is not likely explained by statistically similar cluster IVT magnitudes (i.e., AR
intensity; Figure 4b) and IWV values (Figure 4e) but likely a combination of a more favorable southwesterly
IVT direction (i.e., AR orientation) relative to the orientation of the local topography (Figure 3c) and
favorable synoptic-scale forcing for ascent (Figure 2) illustrated by Q-vector convergence (Figure 4d). The
difference may also be related to possible mesosynoptic-scale interactions related to seeding of orographic
precipitation from synoptic-scale precipitation [e.g., Bergeron, 1965; Kingsmill et al., 2016], consideration of
local stability and the development of a coastal barrier jet [Chao, 1985], or the strength of the low-level
jet stream [Browning and Pardoe, 1973]. While the former two processes are beyond the scope of this
investigation on AR intensity and orientation, the latter may be quantified by the lower tropospheric IVT
magnitude calculated for 1000-850 hPa (Figure 4c) as compared to 1000-300 hPa in equation (1). The
lower tropospheric IVT magnitudes are on average statistically significantly larger for the south-
southwesterly cluster (~115 kg m™" s™') as compared to the westerly cluster (~75 kg m™' s™'; Figure 4c).
This result supports findings from past studies that identify the importance of moisture transport in the
lowest 1-1.5 km as a key ingredient in upslope moisture flux and orographic precipitation over the RRW
[Neiman et al., 2002; Ralph et al., 2013].

5. Concluding Summary

This study used a k-means clustering algorithm and composite analysis in order to investigate synoptic-scale
characteristics of landfalling ARs and precipitation over North Coastal California and the RRW. The composite
analysis focused on two AR clusters associated with predominantly westerly and south-southwesterly IVT
directions with comparable IVT magnitudes and different RRW area-averaged precipitation. These composite
analyses illustrated that westerly ARs tend to be associated with less precipitation over the RRW due to less
favorable synoptic-scale forcing for ascent related to neutral Q-vector divergence, a less favorable IVT direc-
tion as compared to the orientation of local topography, and lesser IVT magnitudes in the lowest 1-1.5 km of
the atmosphere. Alternatively, south-southwesterly ARs tend to be associated with more precipitation over
the RRW due to more favorable synoptic-scale forcing for ascent related to Q-vector convergence, a more
favorable IVT direction as compared to the orientation of local topography, and larger IVT magnitudes in
the lowest 1-1.5 km of the atmosphere. Specifically, the south-southwesterly oriented ARs allow for moisture
flux over the lower elevations of the southern RRW (Figure 3c.), leading to orographic enhancement within
the northern and eastern portions of the watershed. Penetration of IVT into the RRW during westerly ARs is
most likely inhibited by the higher coastal mountains on the western edge of the RRW (Figure 3c.), limiting
orographic precipitation within the watershed. Future work should calculate the upslope flux of low-level
IVT within the RRW to further quantify the results in this paper.

The results from this study highlight the combined importance of the three-dimensional distributions of
water vapor flux and its orientation relative to local topography, and the synoptic-scale flow configuration
and QG forcing for ascent, on local and regional precipitation extremes associated with landfalling ARs.
While this study does not quantify the distinct importance of each ingredient, future work is aimed at (1)
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quantifying the impacts of the vertical distribution of water vapor flux and synoptic-scale forcing for ascent
on local and regional precipitation distributions during landfalling ARs along the U.S. West Coast and (2) how
variability in these quantities influence hydrological extremes that affect both flood control and water supply
operations on reservoirs like Lake Mendocino.
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