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ABSTRACT: Atmospheric rivers (ARs) are filamentary channels of high water vapor flux that
transfer moisture horizontally through the atmosphere at low levels. ARs are often responsible for
large annual rainfall totals as well as high-intensity storms due to orographic forcing. ARs are
important features when predicting hazardous events such as flooding and are vital components
of many regional water budgets. This is especially true for drought-prone areas such as southern
California (SCA), which experiences relatively few storms per season, many from AR events.
Here, we use a Lagrangian model to create backward air parcel trajectories of 159 AR events that
made landfall on the US west coast from December 2004 to December 2015. Trajectories are used
to examine the lifecycles and movements of these ARs and to differentiate ARs that made landfall
in different regions. Prior to landfall, SCA ARs share similarities to but also have distinct differ-
ences from other ARs. At 1000 m above mean sea level (MSL), SCA AR trajectories travel shorter
distances over the same 72 h time frame than trajectories for ARs that made landfall farther north.
Additionally, along-trajectory measurements for SCA ARs tend to be warmer and have higher
specific humidity values. This applies to both the 1000 and 2000 m MSL levels. These results imply
that SCA ARs move slower and have the potential to produce higher intensity storms at landfall.
An analysis of a case study event of an extreme AR that made landfall in SCA on 17 February 2017
confirms these results.
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1. INTRODUCTION

Atmospheric rivers (ARs) are filamentary channels
of high water vapor flux that form over oceans and
transfer moisture horizontally through the atmos-
phere. They are typically defined with lengths over
2000 km and widths less than 1000 km along with
integrated water vapor values meeting or exceeding
2 cm (Zhu & Newell 1994, 1998, Ralph et al. 2005,
2006, 2011, Neiman et al. 2008a,b). AR cores have
warm temperatures as well as strong winds organized
as wind jets leading to high water vapor flux with
most vapor transport occurring in the lowest 2.5 km
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of the troposphere, an area of the atmosphere that
tends to be moist and statically neutral (Neiman et al.
2002, Ralph et al. 2003, 2004, 2005, 2006, Neiman et
al. 2008a, Dettinger et al. 2011, Ralph & Dettinger
2011, 2012). ARs can result in high-intensity precipi-
tation, particularly along mountainous coastlines due
to orographic forcing upon landfall (Neiman et al.
2002, Ralph et al. 2005, Neiman et al. 2008a, Ralph &
Dettinger 2011, 2012, Martinkovi¢ et al. 2017).

Early studies found that ARs were responsible for
up to 90% of global meridional water vapor move-
ment (Newell et al. 1992, Zhu & Newell 1994, 1998,
Ralph et al. 2004, Neiman et al. 2008a,b). Moisture
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transport can occur in conjunction with extratropical
cyclones, with convergence along the leading edge
of the cold front leading to continuous cycling of water
vapor (Bao et al. 2006, Newman et al. 2012, Sode-
mann & Stohl 2013, Martinkovic¢ et al. 2017). It is also
possible for direct moisture transport over large dis-
tances with limited gains/losses of water vapor along
the trajectory due to precipitation (e.g. Bao et al. 2006,
Knippertz & Martin 2007, Ralph et al. 2011). ARs are
important components of many regional water budg-
ets, and forecasts of ARs are imperative, as the high-
intensity precipitation associated with AR events are
often connected to hazards such as flooding (e.g.
Ralph et al. 2006, Neiman et al. 2008b, 2011, Leung &
Qian 2009, Knippertz & Wernli 2010, Dettinger et al.
2011, Lavers et al. 2011, Ralph & Dettinger 2011,
Konrad & Dettinger 2017).

Previous AR studies have focused on events that
affected the western coast of North America, and
some have investigated the connections between AR
precipitation and local hazards (e.g. Dettinger 2004,
Dettinger et al. 2011, Neiman et al. 2011, Ralph &
Dettinger 2012). In this region, ARs are significant
contributors to annual water cycles (Dettinger et al.
2011, Ralph & Dettinger 2012); however, their fre-
quency and intensity varies by landfall location (Ger-
shunov et al. 2017). Southern California (SCA) is an
area along North America's west coast that is partic-
ularly sensitive to rainfall changes, with annual pre-
cipitation totals often achieved from only a few events
per season indicating high rainfall event variability
(Dettinger et al. 2011, Kim et al. 2013, Oakley et al.
2018). SCA is also an area very susceptible to ex-
treme rainfall and is prone to various precipitation-
induced hazardous events including flooding and
landslides, particularly in landscapes affected by wild-
fire. Previous studies found that ARs made up a large
proportion of the region's annual precipitation events
as well as totals (Dettinger et al. 2011, Rutz & Steen-
burgh 2012, Kim et al. 2013). Thus, any changes to AR
frequencies and/or intensities may have dramatic
consequences for the region's population and envi-
ronment. Yet most studies have focused on the north-
ern reaches of the continent and few have consid-
ered the characteristics of AR events that make
landfall in SCA (e.g. Harris & Carvalho 2018). Ac-
cording to Neiman et al. (2008a), ARs that landfall
along North America's west coast vary in terms of
trajectories, sources, and intensities.

SCA ARs, like their more northern counterparts,
are characterized by baroclinic midlatitude wave
trains progressing through the Pacific. This process
leads to northeastward-oriented moisture plumes

with an accompanying offshore trough and onshore
ridge along with lower tropospheric warming and
southwesterly flow on landfall days (Neiman et al.
2008a, Harris & Carvalho 2018). However, SCA ARs
are less frequent than those making landfall farther
north, and AR-related moisture appears farther
eastward and southward over the Pacific (Neiman
et al. 2008a,b, Kim et al. 2013, Harris & Carvalho
2018).

Harris & Carvalho (2018) concluded that in the
days directly prior to an AR landfall, there is a 500 mb
trough over the eastern coast of Asia and an accom-
panying ridge over Alaska for all ARs that make
landfall in western North America, consistent with
baroclinic wave theory. For ARs that make landfall in
SCA, the trough is deeper, and the ridge is amplified.
They also found that when this deep trough and
amplified ridge occurs, the upper-level (200 mb) jet
core (winds =60 m s~!) merges and extends eastward.
This leads to increased zonal flow of wind and mois-
ture and suggests that ARs that make landfall in SCA
depend on the phase, position, and amplitude of the
wave train.

Few studies have examined AR trajectories and
lifecycles (e.g. Sodemann & Stohl 2013, Rutz et al.
2015, Ramos et al. 2016, Guan & Waliser 2019) and
are often limited to singular case-study events (e.g.
Moore et al. 2012). Only a select number of studies
have examined overall ARs using trajectory models,
such as Guan & Waliser (2019) who created a detec-
tion and tracking algorithm for global AR events.
Other investigations of AR trajectories tend to be
regional and are often focused on ARs that made
landfall farther north along North America's western
coast (e.g. Neiman et al. 2013). While use of trajec-
tory models is often limited, these tools can provide
us with valuable information about the characteris-
tics of AR events in the days leading up to landfall.
This research aims to examine the trajectories and
lifecycles of ARs affecting the western coast of North
America, with a focus on ARs affecting SCA. The
main goal of this work is to determine the differences
of SCA ARs from ARs that landfall farther north
using trajectory locations and distances, as well as
along-trajectory characteristics before and during
landfall. This goal will be achieved by describing in
detail the climatology of the trajectories and respec-
tive environmental conditions along the trajectories.
The backward trajectory analysis is beneficial for this
study as it provides hourly outputs of location as well
as several along-trajectory characteristics important
to AR progression, including pressure and specific
humidity values, among others.
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2. MATERIALS AND METHODS

Two gridded data sets from the National Centers for
Environmental Prediction at the National Oceanic and
Atmospheric Administration (NOAA) provide synop-
tic-scale conditions for these analyses: (1) the Climate
Forecast System Reanalysis (CFSR), used for AR iden-
tification as well as determining AR landfall locations,
and (2) the Global Data Assimilation System (GDAS),
used for backward trajectories. We use daily CFSR
(Saha et al. 2010) fields of total precipitable water
(TPW) from 1979-2015 available at a 0.5° x 0.5° hori-
zontal resolution and calculate daily anomaly fields at
each grid point by removing the smoothed annual cy-
cle. This data set was chosen for its horizontal resolu-
tion as well as daily availability. TPW (in kg m™2) is an
equivalent to integrated water vapor, which has been
used in other detection algorithms (e.g. Wick et al.
2013), as it reflects the water total within an atmos-
pheric column (vertically integrated, surface — 200 mb)
if all water vapor condenses into liquid water with 1 kg
m~2 equal to 1 mm (Campmany et al. 2010). We use
daily GDAS (Kanamitsu 1989) analyses available from
December 2004 until December 2015 at a 1.0° x 1.0°
horizontal resolution with a vertical resolution of
25 hPa between 1000-900 hPa and 50 hPa between
900-50 hPa. This data set was chosen as it is already
converted into a HYSPLIT-ready format, and is used in
previous AR HYSPLIT analyses (e.g. Moore et al. 2012,
Neiman et al. 2013).

We use a detection algorithm to identify ARs and
their landfall locations for events affecting North
America's west coast during the wet season months of
October through March. This algorithm is based on
an AR identification procedure by Jiang et al. (2014)
with modifications outlined in Harris & Carvalho
(2018). We use this algorithm as it captures events af-
fecting the western coast of North America well (Har-
ris & Carvalho 2018). The main input data for this al-
gorithm is CFSR, and there are 5 main procedures.
Steps 1 and 2 are based off the criteria of Jiang et al.
(2014), whereas steps 3-5 are modifications. A brief
explanation of each step follows with more detailed
descriptions available in Harris & Carvalho (2018).

1. We scan TPW fields north (south) of 15.0°N
(15.0°S) for contiguous regions with TPW grid points
(Q;) that meet the following criteria:

Qr 2 szean + A(szax - szean) (1)
Qr 2 Qm_mean + B(QIIHIIBX - QIHIIIEE{H) (2)

Qr 2 geyr = 20 mm 3)

where Q mean and Q. refer to the zonal (latitudinal,
z)and Qumean @nd Qumay refer to the meridional (longi-
tudinal, m) mean and max. values of Q,. Here, A (B)is
0.3 (0.1) and is meant to preserve the elongated shape
of an AR. Finally, g, is a threshold value designating
the minimum TPW value required to be an AR (Jiang
et al. 2014).

2. To filter out regions that are too small to be ARs,
we dismiss contiguous areas of <5.0 x 10° km?.

3. We calculate each region's first 2 (orthogonal)
eigenvectors (or principal components) by matching
an ellipse that best fit the area and then interpreting
the ellipse's 2 orthogonal axes as the eigenvectors.
From these eigenvectors, we are able to determine
eccentricity (defined as the ratio between the minor
and major axes) and elongation. This approach is the
primary difference between this algorithm and the
one identified in Jiang et al. (2014).

4. Using the output of step 3, we filter out regions
with eccentricities of >0.40 or with widths >1000 km.
This captures the elongated and narrow structure of
an AR (e.g. Zhu & Newell 1994, 1998, Ralph et al.
2005, 2006, Neiman et al. 2008a,b). To capture ARs
within larger regions of TPW (such as an extratropi-
cal cyclone), we keep regions that have widths
>1000 km if the eccentricity is also <0.30 to guaran-
tee that even though the system is overall wide, that
it is in fact elongated.

5. To capture ARs only affecting the western coast
of North America, we calculate orientation of each
region using the first eigenvector (PC-1). We deter-
mine how many degrees this eigenvector varies from
the x-axis (counterclockwise) keeping those that
range from 0.0-90.0°. This range is used as the dom-
inant winds in this region are westerly.

We then designate ARs according into one of 3
landfall areas along the contiguous west coast of the
USA with a domain of 32.0-49.0°N. As we are try-
ing to differentiate between regions, we subdivide
the domain into 3 latitudinally equal regions: SCA
(32.0° < latitude < 37.0°), northern California (NCA;
33.0° < latitude < 43.0°), and Pacific Northwest (PNW;
44.0° < latitude < 49.0°). Each examined AR is an
independent event identified as an AR with no other
AR event within +3 d of landfall. We then create
backward air parcel trajectories of the AR events
using the HYSPLIT model (Draxler & Hess 1997,
1998, Stein et al. 2015) from the Air Resources Labo-
ratory at NOAA. HYSPLIT uses a Lagrangian method-
ology along with 3D meteorological fields of horizon-
tal wind, temperature, pressure, and/or heights, along
with surface pressure to create forward and back-
ward trajectories. There are 159 independent AR
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events (Table 1) identified through the algorithm that
we examine through HYSPLIT. We chose not to ex-
amine AR events occurring with various phenomena
including the Pacific/North American Teleconnection
Pattern, Madden-Julian Oscillation (MJO), and El
Nino-Southern Oscillation, because while overall AR
activity may coincide with a particular phase of one
phenomena (e.g. Payne & Magnusdottir 2014), a pre-
vious study by Harris & Carvalho (2018) determined
no consistent relationship between any of these phe-
nomena and AR landfall in a particular region along
North America's west coast.

We use the TPW anomaly fields to determine loca-
tions of the maximum positive TPW anomaly over-
land for each AR event affecting the USA within 2.0°
of the coastline. This is the main starting location (lat-
itude, longitude), i.e. the first and center grid cell, for
the backward trajectories. In HYSPLIT one back-
ward trajectory is calculated from this grid cell. Addi-
tionally, we build a box of 8 other grid cells each off-
set by 1.0° longitude/latitude surrounding the original
cell with a backward trajectory calculated at each
cell to create a 3.0° latitude x 3.0° longitude box cen-
tered over the landfall location grid cell. This group
of 9 cells/trajectories is obtained for each of the end-
ing levels, 1000, 2000, and 3000 m above mean sea
level (MSL), consistent with previous backward tra-
jectories analyses of ARs using HYSPLIT (e.g. Moore
et al. 2012) resulting in 27 calculated trajectories for
each AR. Backward trajectories run hourly for the
previous 72 h, consistent with Moore et al. (2012),
with GDAS providing the 3D atmospheric conditions
for the events including vertical motion fields. It is
important to note that AR lifecycles range tempo-
rally. The designated 72 h is a framework to under-
stand the selected AR events and their synoptic con-
ditions. Longer or shorter temporal trajectories may
be more appropriate depending on individual events.
Since the main goal of this study is to provide a cli-
matology of all AR events, we use 72 h as a guideline
to evaluate properties that are consistent among ARs

Table 1. Landfall regions, information, and numbers of identified landfalling

atmospheric rivers (ARs) with backward trajectories calculated by means of

HYSPLIT for Oct-Mar seasons from Dec 2004 to Dec 2015. Trajectory numbers
are the number of individual trajectories calculated at each level

that landfall along the coastal western USA. Our an-
alyses indicate that longer trajectories are subject to
a number of distinct processes, increasing the vari-
ance among events (data not shown).

HYSPLIT computes trajectory advection using 3D
velocity vectors (V) averages for initial, P(f), as well
as first guess, P'(t + At), positions, where the advec-
tion distance per time step (At) is less than the grid
spacing, and the velocity vectors are linearly interpo-
lated in time and space. A preliminary explanation of
the model along with its equations follows. Please
see Draxler & Hess (1997) regarding HYSPLIT's con-
struction and/or additional formulas used within the
model. The first guess position is calculated as:

P'(t + At) = P(t) + V(P t)At (4)
and the final position is calculated as:
P'(t + At) = P(t) + 0.5[ V(Pt) + (Pt + At)]At  (5)

HYSPLIT is terrain following (normalized o coordi-
nate) with

o= (Ztop - stl)/(ztop - Zg]) (6)

where Z;,,is the height of the top of the model, Z,,;is
the height of MSL, and Z is the height of ground
level, so that o is normalized to be a fraction of the
total model depth. If a trajectory leaves the top of
the domain during the sequence, that trajectory is
terminated, whereas if the trajectory contacts the
ground during the run, it continues. When describing
trajectories and along-trajectory characteristics, the
term 'parcel’ is sometimes used as a frame of re-
ference for understanding environmental conditions
during a trajectory, consistent with other HYSPLIT
AR studies (e.g. Moore et al. 2012, Neiman et al.
2013). Parcels are best thought of as points with con-
stant volumes following the course of the trajectory
that do not interact with the environment.

Of the 159 ARs examined, only 30 make landfall
in the SCA region, 70 in NCA, and 59 in PNW
(Table 1). We find differences in trajectory dis-
tances as well as along-trajectory par-
cel measurements between the 3
landfall regions. Differences are most
pronounced at the 1000 m MSL level
although we also discuss the 2000

Name Abbr. Lat. covered  Landfalling Trajectories and 3900 m MSL l.e vels When applica-

°N) ARs per level ble. Figs. 1-5 depict variables at 1000

and 2000 m MSL only, as AR cores

Pacific Northwest PNW 44.0-49.0° 59 531 tend to occur below 2500 m, and vari-
Northern California NCA 38.0-43.0° 70 630 : ;

Southern California SCA  32.0-37.0° 30 270 ous studies show the bulk of moisture

All ARs _ 32.0-49.0° 159 1431 flux around 1000 m (e.g. Ralph et al.

2005). We calculate differences be-



Harris & Carvalho: Backward trajectories of atmospheric rivers 201

tween landfall area groups using a sign-test (Ander-
son & Finn 1996), which compares the distributions of
2 groups based on medians. The sign-test involves
merging together the 2 groups of interest, determin-
ing the median of the combined group (M), and then
using a 2 proportion Z-test calculated as:

where p; (p,) is the proportion of the first (second)
sample group that is greater than M from the com-
bined group. Value p (¢) is the pro-

display the most ‘zonal’ orientations at 2000 m MSL,
which is consistent with a previous North American
AR study by Harris & Carvalho (2018). SCA AR trajec-
tory locations 72 h before landfall are, as expected,
farther eastward as well as farther south than compa-
rable trajectories of ARs that make landfall farther
north (Harris & Carvalho 2018). Over the course of
72 h, all SCA trajectories remain north of 25.0° N with
only a few trajectories in the 25® quartile traveling
south of 30.0°N. As moisture within an AR is from a
combination of local sources, such as convergence
along a cold front, as well as from horizontal transport

portion of the combined group that is 5,\? T m ew 1000 m Trajectory locations %%‘zri%ﬂ\i
greater (less) than M (as M is the B NCA N |
median value of the combined group, | SCA
by definition these proportions must 4
be %2 and Y2), with n; (ny) as the num-
ber in the first (second) sample group. .
The test is 2-tailed with larger z val-
ues indicating distributions that have
greater differences from one another 350
with critical values of +1.96 at the
95% (a = 0.05) significance level
(Anderson & Finn 1996). 30°
3. HYSPLIT RESULTS 25°

3.1. Trajectory pathways and
distances 20"

50°
N | ® PNW

= NCA
m SCA

We calculate median geographic
trajectory locations along with in-
terquartile ranges (IQRs) for all ARs 45"
that make landfall within specified re-
gions to determine the overall move-
ments of these events as well as to dis-
cern any differences in AR behavior
between landfall regions. The IQRs
help to discern where the bulk of tra-
jectory locations for a specific region
occur. For trajectories ending at 1000 m
MSL (Fig. 1), median trajectories for all
regions are quasi-zonal and exhibit cy-
clonic curvature. Trajectories become g0

40°

35°

30°

2000 m Trajectory locations ““%ffig‘—

\ 4

less zonal with less cyclonic curvature
@ =,

at 2000 m (Fig. 1) and 3000 m MSL .o

(data not shown) and extend in a  20° A ! : ‘ :
northeastward direction. Qualitatively, 200°E 210° 220° 230° 240°
ARs that make landfall farther south
appear to have the most cyclonic cur-
vature at 1000 m MSL, although they

Fig. 1. Median (solid lines), 25" (dashed lines), and 75" (dotted lines) quartile
trajectories over 72 h according to landfall region and level; see Table 1 for
region abbreviations
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of moisture over distances (Bao et al. 2006), this sug-
gests that moisture sources for many of these events
may not be tropical in nature within 72 h of landfall.
Additionally, it suggests that AR manifestation and
moisture sources may vary according to landfall region.

At all levels, SCA ARs have the shortest median tra-
jectories but the IQR indicates that trajectory distances
vary (Table 2). For trajectories ending at 1000 m MSL,
SCA AR trajectories are significantly shorter than
both NCA and PNW ARs but they have the highest
IQR. At 2000 m MSL, SCA ARs are significantly
shorter than NCA ARs with similar dispersions. For
trajectories ending at 3000 m MSL, SCA, NCA, and
PNW ARs are not significantly different from one an-
other, although SCA ARs still have the shortest
median trajectories. Since over the course of 72 h SCA
ARs do not travel as far as their northern counterparts,
they are slower moving. As ARs are of-
ten related to extratropical cyclones

sidence (<1.75 hPa h™!) before landfall (Fig. 3) (15—
72 h). This increase in moisture along with subsidence
can be explained by either evaporation (e.g. from the

Table 2. Median and interquartile range (IQR; 25"-75' per-
centile) distances (km) of backward trajectories according
to level and region (see Table 1 for region abbreviations)

Level Region Median IQR
1000 m PNW 2497.10 1131.29
NCA 2328.45 1233.11
SCA 1877.79 1275.58
2000 m PNW 2955.83 1296.97
NCA 2897.58 1423.41
SCA 2625.03 1420.74
3000 m PNW 3497.14 1601.92
NCA 3588.85 1886.13
SCA 3324.98 2220.24

(Bao et al. 2006, Dettinger et al. 2015,
Gimeno et al. 2016), these differences
in speeds may imply that some extra-
tropical cyclones are not likely to affect
SCA ARs in the same manner as NCA
and PNW ARs. For example, SCA ARs
may tend to be more stationary; thus,
several extratropical cyclones may affect
a single SCA AR event such as with the
case study event discussed in Section 4.
Another possibility is the impact of re-
gional topography on landfalling ARs.
Topographical changes in SCA are sig-
nificant and regions with high topogra-

Specific humidity 1000 m _

@ PNW
@ NCA
B SCA

phy may slow down AR progression

across a landscape (Wang et al. 2019).

Specific humidity (g kg™)

3.2. Along-trajectory characteristics

We calculate the medians and IQRs
of along-trajectory values for all ARs
that make landfall within specified re-
gions to gain insight into the conditions
present during AR progression. All tra-
jectories ending at 1000 and 2000 m
MSL experience either some parcel
moistening (1-3 g kg™) or moisture
holds constant (Fig. 2), except for the

W PNW
B NCA
m SCA

hours directly before (0-15 h) landfall.
Moistening tends to occur at higher
rates in the earlier trajectory hours, far-
ther from landfall. Additionally, at all
levels most trajectories experience sub-

T T T T
70 65 60 55 50

T T T T T T T
45 40 35 30 25 20 15 1
Hours prior to landfall

0 5

Fig. 2. Time series of median (solid lines), 25" (dashed lines), and 75" (dotted
lines) quartile values of hourly specific humidity according to landfall region

and level; see Table 1 for region abbreviations
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ocean surface or from precipitation) or moisture ad-
vection by the winds (Trenberth 1999). With tempera-
tures (Fig. 4), for parcels ending at 1000 m MSL we
see warming (1-3 K) over the course of the trajectory,
most likely due to subsidence (Fig. 3), whereas at
2000 m MSL temperatures stay near constant until the
hours before landfall. Additionally, we see a gradual
rise of relative humidity (Fig. 5) over the course of the
trajectories. Towards landfall for all regions, specific
humidity levels drop and air rises with corresponding
drops in temperature as well as rises in relative humid-
ity values to greater than 70 %, indicating orographic
uplift resulting in condensation and precipitation.

There are differences in along-trajectory meas-
urements of temperature and specific humidity be-
tween different landfall regions. For parcels ending
at 1000 m MSL, the maximum temperatures recorded
along trajectories () are significantly higher with a
smaller IQR for SCA than either NCA or PNW ARs
(Table 3). For trajectories ending at

To understand changes of along-trajectory charac-
teristics, we calculate differences between each tra-
jectory's maximum measurement and their respec-
tive landfall measurement (i.e. delta = max. — land).
With the differences in temperature (fzeira), at 1000 m
MSL statistically significant differences exist be-
tween SCA and NCA ARs as well as NCA and PNW
ARs but not between SCA and PNW ARs (Table 3).
At 2000 and 3000 m MSL, fgeia for SCA, NCA, and
PNW ARs are not significantly different. This indi-
cates that SCA and PNW ARs at 1000 m MSL experi-
ence less cooling over the course of their trajectories
than NCA ARs, which experience more cooling. For
trajectories ending at 2000 and 3000 m MSL, all ARs
regardless of landfall location experience similar
temperature changes.

These results are somewhat as expected, as SCA is
closer to the equator and the environment in which
ARs evolve is generally warmer. This increase in

2000 m MSL, there are no statistically
significant differences in t,,x values
between SCA and NCA ARs, although
both SCA and NCA ARs are signifi-
cantly warmer than PNW ARs. Again,
SCA ARs have the smallest IQR. SCA
ARs show no significant differences
from either NCA or PNW for trajecto-
ries ending at 3000 m MSL. This signi-
fies that at lower levels, SCA ARs tend
to reach temperatures that are warmer
than both NCA and PNW ARs, and
that temperatures vary the least but
that these differences are most pro-

950 900 850 800 750
| 1 1 | 1

1000
L

m PNW
B NCA
@ SCA

Pressure 1000 m

nounced lower in the atmosphere and

diminish higher up.

SCA ARs also have significantly
higher temperatures recorded at
landfall (f.,q) at both 1000 and
2000 m MSL compared to both NCA
and PNW (Table 3). At both levels,
NCA ARs are also significantly
warmer than PNW ARs for both t,.x
and f,,q9. For trajectories ending at
3000 m MSL, SCA ARs are still the
warmest at landfall although they do
not vary significantly from NCA ARs.
Both SCA and NCA ARs vary signifi-
cantly from PNW ARs. At all levels,

Pressure (hPa)
850 800 750
1 Il 1

900
1

950
!

1000
|

SCA ARs median tf,,q values do not
drop below freezing (273.15 K), and
at 1000 m MSL, SCA ARs have no
tiang Values below freezing.

70

T T ] T T T T T T T T T T
65 60 55 50 45 40 35 30 25 20 15 10 5
Hours prior to landfall

Fig. 3. Same as Fig. 2, but for pressure
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285
!

280
1

275
!

higher maximum along-trajectory
specific humidities (qu.x) (Table 3) as
well as specific humidities at landfall
(Glana) (Table 3) than both NCA and
PNW ARs. At 2000 and 3000 m MSL,
SCA and NCA ARs have significantly
higher @un.x values than PNW ARs,
but SCA and NCA ARs are compara-
ble to one another. For gj,,q at 2000 m
MSL, SCA and NCA have signifi-
cantly higher values than PNW but
do not differ from one another. At

3000 m MSL, all 3 regions vary signif-
: ggﬁ icantly from one another, although

m PNW

T T NCA has the highest g, values.
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With the differences of maximum and
landfall specific humidity values
along trajectories (i.e. Qgeita = Gmax —
Qiana), for trajectories ending at 1000
m MSL, SCA ARs have the highest
median values and IQR but are only
statistically different from PNW ARs
(Table 9). There are no significant
differences in ggeia between regions
at 2000 m MSL. At 3000 m MSL, SCA
and NCA are significantly different
than PNW but not from one another.

Similar to temperature, along-tra-
jectory measurements of specific
humidity show the most prominent
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Hours prior to landfall

Fig. 4. Same as Fig. 2, but for temperature

temperature with decrease in latitude as well as the
lower cooling values are also indicators that SCA
ARs are more likely to originate/travel through
warmer latitudes. Furthermore, these warmer tem-
peratures indicate events with conditions that are
more likely to lead to liquid precipitation rather than
snow at least upon initial landfall. This will vary upon
inland intrusion as well as interactions with topo-
graphical barriers and resulting orographic uplift.
While AR-induced events with temperatures below
the freezing temperature of 273.15 K are more com-
mon farther north and provide integral inputs to
water budgets (e.g. Guan et al. 2013), warmer ARs
have been linked to several extreme events result-
ing in flash flooding (e.g. Ralph et al. 2006) through-
out much of the US west coast.

Concerning specific humidity, differences between
regions are most prominent for trajectories ending at
1000 m MSL. SCA ARs at this level have significantly

differences lower in the atmosphere.
As SCA ARs often have higher quax
and (janq values compared to NCA
and PNW ARs, they are capable of
transporting large amounts of moisture. These
higher moisture values may be partially explained by
the corresponding higher temperatures discussed
previously, as warmer temperatures increase water's
equilibrium vapor pressure. Also, at lower altitudes
SCA ARs experience the greatest losses of moisture
along their trajectories (Qgeita), Which may be indica-
tive of the influence of high topography and oro-
graphic forcing on these events. Higher in the atmos-
phere, regardless of landfall region, ARs experience
similar moisture losses along the course of their
trajectories.

In an attempt to differentiate the atmospheric char-
acteristics of SCA AR events compared to ARs which
made landfall farther north, we create day of landfall
composites using additional CFSR fields for each
landfall region. To determine if events with high spe-
cific humidity values differ in their atmospheric qual-
ities, composites are created for events exceeding the
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g N Relative humidity 1000 m whereas the SLP gradient is strongest
and the onshore ridge most amplified
S for PNW ARs. All this is consistent
with the median AR trajectory orien-
S - tations discussed earlier (Fig. 1).
o
4. CASE STUDY ANALYSIS

8 -
In this section, we describe a pow-
o | erful AR event to affect SCA on 17
;\; © February 2017 (021717). After years
E o : Zg‘z\V of persistent drought, the 2016-2017
5 = SCA water season brought significant pre-
I — T T T I cipitation to California. The 021717
% = Relative humidity 2000 m .ev.e‘nt was a well-forecgsted AR that
> 7 initially made landfall in NCA. We
% g | chose to analyze this particular AR
o since by the time of landfall in SCA it
o | had strengthened from initial fore-
® casts. This event delivered torrential
o rainfall and strong winds to several
= coastal SCA cities including Santa
o | Barbara, Ventura, and Los Angeles,
© leading to flooding of low-lying
o | areas as well as tree and structural
© damage, costing the state millions in
° il P o m PNW reported repairs!. Additionally, this
Y1 7=27~r~7 : ggﬁ\\ event occurred during a period of
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Fig. 5. Same as Fig. 2, but for relative humidity

75" percentile for both Gm.x and Ganq at 1000 and
2000 m MSL. Fig. 6 show composites for events
exceeding the qunq 75" percentile for trajectories
ending at 1000 m MSL. Composites for events
exceeding the gu. 75™ percentile (data not shown)
as well as trajectories ending at 2000 m MSL (data
not shown) show similar results.

Overall, for all regions, on the day of landfall there
is a plume of enhanced TPW (220 mm) extending to
the coast from lower latitudes, between areas of low
and high sea level pressure (SLP) (Fig. 6). There is an
offshore trough and onshore ridge with strong winds
funneling moisture towards the coast. Yet for SCA
ARs, there is a continuous track of higher (225 mm)
TPW values extending from south of 30.0°N com-
pared to ARs that make landfall farther north which
have lower and/or discontinuous TPW values. Along
with a weaker SLP gradient and a shallow onshore
trough, there is increased zonal flow for SCA ARs,

- : enhanced MJO activity according to
NOAA's Climate Prediction Center?.
A few days before 021717, the MJO
was in phase eight?, with the MJO
signal evident in the central Pacific
Ocean and into the Western Hemisphere (Zhang
2005). MJO activity is linked to high-intensity rainfall
values throughout the western coast of North Amer-
ica (Jones & Carvalho 2012). Also, Payne & Magnus-
dottir (2014) concluded that higher frequencies of
landfalling ARs to North America's west coast occur
during phase 8 of the MJO.

We use previously described CFSR reanalysis
fields to examine the synoptic conditions on the day
of and in the hours leading up to 021717's landfall.
We also use Global Precipitation Mission (GPM)
data from NASA to illustrate the event's rainfall.
Specifically, we use 30 min Integrated Multi-satel-

L www.fortune.com/2017/02/25/california-storm-damage-
costs

2 www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/
ARCHIVE/PDF/mjo_evol-status-fcsts-20170220.pdf
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Table 3. Median, interquartile range (IQR; 25%-75" percentile), minimum (Min.) and maximum (Max.) maximum along-

trajectory temperature (t,.,), landfall temperatures (fi,,q), differences of temperature (tje,), maximum specific humidity

(gmax), landfall specific humidity (qi.nq) and differences of specific humidity (qqeia) of backward trajectories according to level
and region (see Table 1 for region abbreviations)

Level Region Median IQR Min. Max. Level Region Median IQR Min. Max.
tmax (K) Gmax (9 kg™)
1000m  PNW 285.0 5.6 273.1 296.9 1000 m PNW 6.9 2.7 2.8 14.0
NCA 286.3 5.6 273.3 296.8 NCA 7.7 2.9 1.5 14.5
SCA 288.1 4.8 275.9 300.9 SCA 8.4 3.0 1.9 13.9
2000m  PNW 284.5 5.8 271.3 296.1 2000 m PNW 6.7 3.2 1.7 15.0
NCA 285.9 6.5 271.7 299.4 NCA 7.7 34 1.5 15.0
SCA 286.4 5.1 272.2 299.5 SCA 7.8 3.1 2.0 14.5
3000m  PNW 283.4 6.7 265.5 297.8 3000 m PNW 5.6 4.3 0.7 15.1
NCA 285.3 8.2 267.8 297.7 NCA 7.1 5.0 0.8 15.8
SCA 284.9 8.3 270.5 296.0 SCA 7.0 4.9 1.7 15.3
fiana (K) Giana (9 kg™)
1000 m PNW 280.5 4.0 269.8 287.8 1000 m PNW 5.8 2.0 2.0 9.8
NCA 281.3 4.6 265.5 286.9 NCA 6.5 2.3 1.4 10.2
SCA 283.2 4.8 274.1 293.2 SCA 6.9 2.5 1.4 10.4
2000 m PNW 277.3 4.0 260.6 286.2 2000 m PNW 5.0 1.8 1.6 9.5
NCA 278.2 3.4 269.2 284.6 NCA 5.8 1.8 1.3 9.3
SCA 279.1 3.8 271.3 2911 SCA 5.8 2.0 1.4 8.6
3000 m PNW 272.9 4.1 262.6 281.9 3000 m PNW 4.1 1.7 0.6 8.4
NCA 274.0 3.3 266.8 280.9 NCA 4.7 1.6 0.6 8.1
SCA 274.3 3.6 267.6 285.6 SCA 4.4 1.8 1.0 6.6
faetta (K) Gaetta (9 kg™")
1000 m PNW 4.2 4.2 0.0 15.8 1000 m PNW 0.8 1.5 0.0 5.8
NCA 4.6 4.6 0.0 19.5 NCA 0.9 1.6 0.0 6.9
SCA 4.1 4.3 0.0 13.4 SCA 1.0 2.0 0.0 10.2
2000 m PNW 7.0 4.7 0.0 22.1 2000 m PNW 1.5 2.2 0.0 7.0
NCA 7.2 5.3 0.0 21.2 NCA 1.7 2.4 0.0 7.6
SCA 6.9 5.6 0.0 19.0 SCA 1.7 2.5 0.0 7.0
3000 m PNW 10.7 6.5 0.4 26.4 3000 m PNW 1.6 3.0 0.0 9.7
NCA 11.1 7.1 0.0 25.0 NCA 2.2 4.0 0.0 11.1
SCA 10.2 8.6 0.0 23.1 SCA 2.6 4.1 0.0 11.6

litE Retrievals for GPM (IMERG) available on a 0.1°
x 0.1° spatial resolution spanning 60.0° N-S. IMERG
is a multi-satellite algorithm that uses estimates
computed from various passive microwave sensors
combined with microwave geo-IR fields that are
then modified with monthly rain gauge surface data
(Huffman et al. 2017). More information about
IMERG can be found in Huffman et al. (2017). We
use HYSPLIT to create backward trajectories for
this event to determine how this AR compares to
average SCA ARs. Like before, we force HYSPLIT
with 1.0° GDAS, calculating 72 h backward trajec-
tories at hourly intervals ending on 021717 18:00 h
UTC. We choose 18:00 h UTC as this hour aligns
well with the precipitation and synoptic conditions
discussed below. We calculate 9 backward trajec-
tories at each level for 3 levels: 1000, 2000, and
3000 m MSL.

4.1. Synoptic conditions

IMERG precipitation data for 021717 18:00 h UTC
(Fig. 7) depicts light precipitation values (<5 mm)
throughout California including areas offshore. Rain-
fall corresponds to a comma formation typical to
extratropical cyclones. A narrow band of high pre-
cipitation (211 mm) occurs ahead of the presumed
cold front location, impinging on the Santa Ynez
Mountains. This area of strong rainfall is associated
with the defined AR event, consistent with Dettinger
et al. (2015) and Eiras-Barca et al. (2018) who stated
that AR moisture transport related to extratropical
cyclones occurs in the pre-cold frontal area and is
separate as well as distinct from precipitation within
the warm conveyor belt area closest to the center of
the extratropical cyclone. These narrow bands of
moisture and subsequent precipitation reach a max-
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imum if an AR encounters an orographic barrier

such as a mountain range (Eiras-Barca et al. 2018)

as seen with this AR and the Santa Ynez Mountains.
CFSR fields (Fig. 8) on 16 February 2017 (021617)

06:00 h UTC depict a corridor of strong westerly/

southwesterly 850 mb flow associated with a low-

pressure system offshore from North America's

Pacific northwest coast at around 49.0°N and a

corresponding TPW plume with values >20 mm

extending from the Hawaiian Islands (~20.0°N,

~155.0°W) to ~38.0-42.0°N along the western

coast. At 500 mb there is a wide offshore trough

along with vorticity maximums offshore between

~40.0-50.0°N. There are strong geopotential height

gradients between both offshore troughs and on-

shore ridges at 850 and 500 mb. After initial AR

landfall, TPW values migrate southward and weaken

along with winds. This southeastward progression

is consistent with Wang et al.'s (2019) analysis of

other ARs that made landfall in SCA. By 18:00 h

UTC on 021617 we see the development of a

frontal wave at 850 mb. This wave strengthens at

06:00 and 18:00 h UTC on 021717 and develops

into a low-pressure system which can be seen in

both geopotential height as well as absolute vortic-

ity fields. This mesoscale frontal wave and devel-

opment of a second low-pressure system are the

primary reasons for this storm's high intensity and

leads to the shifting in the offshore

trough's axes, encouraging move-

ment of strong wind and moisture

towards SCA which allows for the

augmentation of TPW seen at 06:00 h

UTC on 021717 due to increased

convergence along the cold front  40°

(e.g. Bao et al. 2006). This is not the N

first time an AR has been strength-

ened by its interactions with a meso-

scale frontal wave. Ralph et al. (2011)

describes an event that occurred in =~ 3%°

the Pacific Northwest in March 2005

where a frontal wave increased the

duration of an AR’'s conditions at

landfall for a particularly strong and

damaging event. 30°

4.2. HYSPLIT analysis

For the variations of geographic tra-
jectory location and temporal along-
trajectory characteristics, we use the
medians of the 9 trajectories at each

level. According to this case study's temporal charac-
teristics (Fig. 9a—d), trajectories ending at each level
are mostly consistent with the temporal characteris-
tics for regions examined earlier. There are de-
creases in pressure (Fig. 9a) ~12 h before and during
landfall for all 3 levels along with increases of relative
humidity (Fig. 9b) with values reaching over 90 %,
decreases of temperature (Fig. 9c), and increases of
specific humidity (Fig. 9d), which are all consistent
with orographic uplift and subsequent precipitation.
In the 72 h before landfall, pressure remains relatively
constant, whereas in the regional temporal averages
there is an increase of pressure indicative of subsi-
dence. The trajectories ending at 1000 m MSL remain
close to the sea surface until lifting begins, while tra-
jectories ending at 2000 and 3000 m MSL remain at
low altitudes (>900 hPa) until lift. Relative humidity
is high (>75%) in the hours before landfall with
increases in relative humidity towards landfall. Tem-
peratures before landfall stay relatively constant at
each level. For specific humidity, at 1000 and 2000 m
MSL there are increases over the course of the trajec-
tory, but at 3000 m MSL specific humidity decreases.

Overall, this AR has much higher specific humidity
values and slightly higher temperatures than the
previously examined ARs, including those that made
landfall in SCA. In terms of g (Fig. 10), this event
has higher median values (9.8 g kg~* at 1000 m MSL,

021717 1800UTC

20

Rainfall (mm)

10

125°W 120°

Fig. 7. Gridded (0.1° x 0.1°) global precipitation measurement rainfall data
(in mm) for the 021717 (17th February 2017) case study event at 18:00 h UTC
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(b) 021617 18:00 h; (c) 021717 (17th February 2017) 06:00 h; and (d) 021717 18:00 h

8.9 g kg™t at 2000 m MSL, and 9.7 g kg™! at 3000 m
MSL) at all levels than all regional ARs, with values
surpassing SCA's 75™ percentile for g., moisture at
1000 and 3000 m MSL. An analysis of CFSR reveals
that the climatological mean specific humidity values
during February (1979-2015) for (ocean) grid cells
between 220.0-240.0°E and 20.0-35.0°N is 6.6 g
kg~'at 925 mb, 3.6 g kg~ at 850 mb, and 1.8 g kg~! at
700 mb (data not shown). Thus, specific humidity for
this event was far above regional moisture averages
for the season. At all levels this AR has the highest
Qrang Values (Fig. 10) (qianqg medians: at 1000 m MSL,
8.1 g kg™!; 2000 m MSL, 7.1 g kg~!; and 3000 m MSL,
5.7 g kg™!) and surpasses the 75" percentile for q.ng
measured moisture for SCA ARs at all levels as well.
Additionally, this AR also has higher f,,, values

(Fig. 11) (medians: at 1000 m MSL, 290.2 K; 2000 m
MSL, 287.3 K; and 3000 m MSL, 289.1 K) at all levels
but, median f,,q temperature values (Fig. 11) (medi-
ans: at 1000 m MSL, 283.5 K; 2000 m MSL, 280.7 K;
and 3000 m MSL, 276.6 K) are comparable to other
SCA ARs (Table 3). This may be due to this event
originating from much lower in the troposphere
(Fig. 9a) and, unlike regional averages, these trajec-
tories do not experience long-duration subsidence.
These very high specific humidity values and high
temperatures may partially account for the high-
intensity rainfall (Fig. 8) seen during this event. We
also see that over the course of 72 h these trajecto-
ries have shorter trans-Pacific pathways (Fig. 12),
indicating a very slow-moving system, but are con-
sistent with previous results in that 1000 m MSL
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Fig. 9. Hourly time series of median along-trajectory values for the 021717 (17th February 2017) case study event according to
landfall level. Observed characteristics include (a) pressure; (b) relative humidity; (c) temperature; and (d) specific humidity

(median: 1282.85 km) trajectories are the shortest,
followed by 2000 m (median: 1478.51 km), and then
3000 m MSL (median: 2122.66 km) trajectories
(Fig. 13). Although in the 72 h before landfall, these
trajectories travel from south of 30.0°N, indicating
more tropical sources of moisture and high overall
temperatures.

5. CONCLUSIONS

We use a Lagrangian backward trajectories model
(HYSPLIT) to compute backward trajectories of 159
ARs that make landfall along the US west coast from
December 2004 to December 2015 for the hour of
landfall and hourly for 72 h before landfall. We then
compare SCA ARs to ARs that make landfall farther
north. One-degree GDAS data is used to force HYS-
PLIT with 3D atmospheric variables. Nine trajecto-
ries are modeled at each of the 3 ending atmospheric
levels, 1000, 2000, and 3000 m MSL, for a total of 27
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Fig. 10. Boxplots of trajectory maximum (gna.x) and landfall

(Giana) Specific humidity values for the 021717 (17" February

2017) case study (CS) event according to landfall level. Box

depicts interquartile range (IQR) (25"-75" percentile),

whiskers depict values within 1.5x IQR of the IQR with me-

dian (black lines) and mean (red dots) values. Outliers are
depicted as open circles
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Fig. 12. Median trajectories over 72 h for the 021717 (17th
February 2017) case study event according to landfall level

backward trajectories calculated for each AR. In the
72 h before landfall, differences arise in trajectory
distances as well as measured along-trajectory char-
acteristics.

In general, ARs that make landfall in the western
USA and ending at 1000 m MSL exhibit quasi-zonal
orientations and cyclonic curvatures. They become
less zonal and begin to extend in a northeastward ori-
entation typical of ARs that make landfall in North
America (e.g. Neiman et al. 2008a) at higher altitudes
with SCA AR trajectories displaying more zonal ori-
entations (e.g. Harris & Carvalho 2018). SCA ARs tra-

Distance (km)

Fig. 13. Atmospheric river trajectory distances for the 021717

(17™ February 2017) case study (CS) event according to

landfall level. Box and whiskers depict interquartile range

with median (black lines) and mean (red dots) distances.
Outliers are depicted as open circles

jectories appear farther south and trajectory loca-
tions 72 h before landfall are farther eastward in
Pacific, which is consistent with previous North
American AR studies (Harris & Carvalho 2018). In the
72 h before landfall, very few AR trajectories travel
below 30.0°N, which indicates that water vapor ori-
gins (within 72 h of landfall) of many ARs may not be
tropical in nature, as ARs gather their water vapor
through direct horizontal transport as well as local
convergence (Bao et al. 2006). SCA ARs have the
shortest trajectories at all levels, thus in the 72 h
before landfall these ARs are slower. This suggests
that these ARs may have differing relationships with
extratropical cyclones or the influence of high topog-
raphy on the progression of these ARs than their
more northern counterparts.

With along-trajectory characteristics at all re-
gions, parcels ending at 1000 and 2000 m MSL
show moistening (1-3 g kg™') as well as subsidence
(£1.75 hPa hr?) along the early course of their trajec-
tories (15-72 h). In the hours directly before landfall
(0-15h), there is a decrease in pressure, high (~70 %)
relative humidity values, and drops in specific humid-
ity and temperature indicating orographic uplift.

Differences between ARs that make landfall in dif-
ferent regions show prominent differences lower in
the atmosphere that lessen or diminish higher in the
atmosphere. SCA AR trajectories ending at 1000 and
2000 m MSL tend to be warmer both with maximum
along-trajectory temperatures (t,.x) as well as land-
fall temperatures (fanq). This may be due in part to
the occurrence of these ARs at lower latitudes. These
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warmer temperatures also increase water's equilib-
rium vapor pressure indicating the AR's potential to
‘hold’ more moisture, as well as being more likely to
result in rainfall as opposed to snow, at least upon
initial landfall. In regard to specific humidity, for tra-
jectories ending at 1000 m MSL, SCA ARs have
higher moisture contents indicated through their
maximum specific humidity values (qun.x) as well as
higher specific humidities at landfall (giang) than both
NCA and PNW ARs. At 2000 m MSL, this difference
is only seen with SCA and PNW. The difference
between maximum specific humidities and specific
humidities at landfall (qgea) show that SCA ARs
experience the highest moisture losses over the
course of their trajectories, but only significantly dif-
fer from PNW at 1000 and 3000 m MSL, with no dif-
ferences found between any landfall region at 2000
m MSL or between SCA and NCA ARs. This may
suggest the influence of topography on SCA ARs at
lower altitudes and indicates that regardless of land-
fall location, at higher altitudes ARs are likely losing
similar amounts of moisture due to condensation and
precipitation along the course of their trajectories.
These differences help to account for the variances
seen with SCA ARs, which make landfall less fre-
quently than their more northern counterparts but
are still capable of extreme events.

An analysis of a strong February 2017 AR reveals a
high-intensity storm with some characteristics that
vary from typical ARs, indicating that this was an
extreme event. IMERG precipitation data show rain-
fall throughout the state of California with a narrow
band of high values corresponding with the AR in the
pre-cold frontal area of the storm (Eiras-Barca et al.
2018). Reanalysis fields show that the day before
SCA landfall, there is strong 850 mb flow and a cor-
responding plume of high TPW extending from
Hawaii to southern Oregon and northern California.
A frontal wave emerges and develops into a cyclone,
shifting the axes of the offshore trough as well as
augmenting moisture due to increased convergence.
This channels moisture and winds to SCA. With the
HYSPLIT analysis, this event differs from other SCA
ARs in that trajectories remain at low altitudes and
do not experience subsidence in the hours before
landfall. This event has increased moisture values
that surpass the 75'® percentile of the other SCA ARs
examined as well as higher maximum temperatures
although temperatures at landfall are comparable to
other SCA ARs. Over the course of 72 h these trajec-
tories travel short distances, indicating that this event
moved rather slowly in the hours before landfall. This
combination of warm temperatures, slow movement,

and high specific humidity values resulted in one of
the most extreme regional storms seen in years. It
also brings into question the future of other AR
storms affecting SCA and how their intensity and
duration may change under climate change scenar-
ios (e.g. Dettinger 2011, Payne et al. 2020).

Understanding the differences of trajectories be-
tween ARs that make landfall in various areas is
imperative to understanding AR manifestation and
lifecycles. This is especially true for SCA ARs, which
are infrequent, but responsible for high-intensity
storms as well as large proportions of the regional
annual precipitation totals. Knowing how the envi-
ronment affects these events and how these episodes
progress will be vital for future forecasts and hazard
mitigation.
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