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Abstract Effects of atmospheric river (AR) landfalls in the
California coast on the cold-season precipitation in California
are examined for the cold seasons of 10 water years (WYs)
2001-2010 using observed data and regional modeling in
conjunction with AR-landfall inventory based on visual
inspections of precipitable water vapor (PWV) from remote
sensing and reanalysis. The PWV in the SSM/I and SSMIS
retrievals and the ERA-Interim reanalysis shows 95 AR-
landfall days in the California coast that are almost evenly split
between the northern and southern coasts across 37.5N. The
CPC/NCEP gridded daily precipitation analysis shows that
10-30% of the cold-season precipitation totals in California
have occurred during these AR landfalls. The analysis also
reveals that the percentage of precipitation and the precipita-
tion intensity during AR landfalls in California are charac-
terized by strong north-to-south gradient. This north—south
contrast in the AR precipitation is reversed for the non-AR
precipitation in the coastal range. The frequency of AR
landfalls and the cold-season precipitation totals in the
Sierra Nevada region are only marginally correlated. Instead,
AR landfalls are closely related with the occurrence of
heavy precipitation events. The freezing-level altitudes are
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systematically higher for AR wet days than non-AR wet days
indicating warmer low-troposphere during AR storms. Cold
season simulations for the 10 WYs 2001-2010 show that the
Weather Research and Forecast (WRF) model can reasonably
simulate important features in both the seasonal and AR
precipitation totals. The daily pattern correlation coefficients
between the simulated and ERA-Interim upper-air fields
exceed 0.9 for most of the period. This suggests that the
simulated temporal variations in the atmospheric circulation
agree reasonably with the reanalysis over seasonal time scales,
characteristics critical for reliable simulations of regional
scale hydrologic cycle. The simulated seasonal and AR pre-
cipitation totals also agree reasonably with the CPC/NCEP
precipitation analysis. The most notable model errors include
the overestimation (underestimation) of the season-total and
AR precipitation in the northern (southern) California region.
The differences in the freezing-level altitudes during the
AR- and non-AR wet days in the simulation agree with those
from the ERA-Interim reanalysis. The freezing level altitudes
are systematically overestimated in the simulations, suggest-
ing warm biases in the low troposphere. Overall, WRF appears
to perform reasonably in simulating the key features in the
cold season precipitation related with AR landfalls, an
important capability for assessing the impact of global climate
variations and change on future hydrology in California.

Keywords Atmospheric river - AR landfall in California
coast - Cold season California precipitation - Freezing level
altitude

1 Introduction

Atmospheric Rivers (ARs) are a region of deep corridor of
intense moisture transport over oceans often found in the
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warm sector of extratropical cyclones that transport mois-
ture from lower latitudes, including the tropics in some
events, to higher latitudes (Neiman et al. 2008a; Ralph
et al. 2004, 2006; Zhu and Newell 1994). It has been found
that over 90% of the poleward atmospheric moisture
transport is carried by ARs within 10% of the zonal cir-
cumference at midlatitudes (Zhu and Newell 1998; Neiman
et al. 2008a, b). Bao et al. (2006) and Knippertz and Wernli
(2010) show that some of the moisture is directly from the
tropics. A Lagrangian air-parcel trajectory study of Ryoo
et al. (2010) shows that most AR storms are characterized
by southwesterly paths with possible links with the tropics.
ARs are characterized by narrow and elongated regions of
intense water vapor fluxes with large moisture contents and
weak moist static stability in the low troposphere (Ralph
et al. 2005), a condition ready for producing heavy pre-
cipitation when the inflow is subject to orographic lifting.
Thus, AR landfalls in the regions of hilly terrain such as
California’s coastal range and the Sierra Nevada often
bring heavy precipitation accompanied by extreme
streamflow events.

ARs are of a particular importance in California’s
mountainous coastal and the Sierra Nevada regions. AR
landfalls have been related with extreme precipitation and
flooding in California’s mountainous regions (Ralph et al.
2006; Neiman et al. 2008b; Leung and Qian 2009; Soong
and Kim 1996). In addition, much of the cold season pre-
cipitation in California occurs in a relatively small number
of intense storms (Kim 1997). A number of these intense
events are associated with AR landfalls (Dettinger et al.
2011), especially those traditionally called pineapple
express storms that often show moisture paths extending
from the subtropical Pacific Ocean near Hawaii to the west
coast of the United States (US) (Dettinger 2004). Thus AR
landfalls are an important topic related with climate vari-
ations and change as heavy precipitation, snowfall, and
snowpack directly affect water resources and flooding in
California.

There exist only a limited number of studies on the
impact of ARs on the precipitation in California. Although
the term AR was first introduced in early 1990s (Zhu and
Newell 1994), ARs have become visualized only recently
via satellite-retrieved precipitable water vapor (PWV) field
(Ralph et al. 2004; Neiman et al. 2008a, b). Because of this,
much of the details on the relationship between ARs and
the regional precipitation remain to be explored. The recent
study by Dettinger et al. (2011) investigates AR precipi-
tation for all AR landfalls along the entire US west coast.
As individual ARs affect only limited meridional extents of
a few hundred kilometers, their results may not be suitable
for representing the relationship between AR landfalls and
precipitation in California. Unlike the previous one, this
study documents the precipitation characteristics in
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California associated only with the AR landfalls in the
California coast. The more localized relationship between
AR landfalls and precipitation is fundamental for future
studies on the AR-related water cycle and the mesoscale
processes behind the regional circulation and precipitation
distribution in California, especially by orographic forcing
(e.g., Kim and Kang 2007).

Assessing the impacts of global climate variations and
change on regional sectors has become an important
research topic for supporting decision makers in develop-
ing the plans for adapting to and mitigating the effects of
future climate change on important sectors. Regional cli-
mate modeling is a key in these impact assessment studies
as they are the only means to obtain multiple climate
variables that can preserve dynamical and physical con-
sistency with the global model data as well as among the
downscaled variables (e.g., Giorgi et al. 1997; Kim et al.
2002; Kim and Lee 2003). Among the key concerns in
regional climate modeling for climate forecasts and pro-
jections is the performance of the model in simulating
important features in the regional water cycle. Hence,
model evaluation has become a key part of climate pro-
jection and impact assessment studies (Nature 2010).
Because AR can be a major factor that affects the water
cycle in California, evaluating a regional climate model in
simulating AR-related precipitation is an important step
before seasonal climate prediction studies and/or climate
change experiments. The analysis of observed and reanalysis
data in the first part this study are designed to examine the
AR-related precipitation and freezing-level characteristics for
exactly the same period as the model simulations so that
results in the analysis work can be directly relevant for the
model evaluation study in the second part of the paper.

This study documents the climatology of the cold season
precipitation and freezing-level altitudes during AR land-
falls along the California coast for the cold 10 WYs
2001-2010 by analyzing gridded daily precipitation data
and reanalysis. The observed climatology is in turn used to
evaluate results from a seasonal hindcast experiment using
the WRF Model in order to examine its performance in
simulating AR-related cold season hydrology in California
in preparation for future experiments on seasonal fore-
casting and climate change projections for California. This
paper is organized as follow. Sections 2 and 3 present the
precipitation and freezing-level climatology from the Cli-
mate Prediction Center/National Centers for Environmen-
tal Prediction (CPC/NCEP) daily rain gauge analysis data
and the ERA-Interim reanalysis data (Simmons et al.
2006), respectively, over the 10 cold seasons. Section 4
presents the evaluation of the simulated cold season pre-
cipitation and freezing level altitudes against the observed
climatology obtained in Sects. 2 and 3. Conclusions and
discussions are presented in Sect. 5.
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2 Data

The 0.25°-resolution gridded daily rain gauge analysis by the
National Centers for Environmental Prediction (NCEP)
Climate Prediction Center (CPC) (Higgins et al. 2000) is
used to calculate the daily precipitation characteristics in
California. A total of 95 AR landfalls in the California coast
32.5N-41N (Neiman et al. 2008b) are identified for the cold
season (October—-March) of the 10 water years (WYs)
2001-2010 using the method by Neiman et al. (2008b) based
on using the satellite-retrieved (SSM/I and SSMIS) PWV as
a proxy for AR detection. It defines ARs as ‘narrow plumes
of SSM/I PWV with values >20 mm that are >2,000-km
long and <1,000-km wide’. This PWV structure associated
with ARs also appears clearly in the ERA-Interim reanalysis.
Because the satellite-based AR inventory does not distin-
guish the landfalls in the northern California coast from
those in the southern California coast, the ERA-Interim
reanalysis are used to regroup the 95 AR landfalls into the
northern and southern groups with respect to 37.5N. Firstly,
the reanalysis PWYV fields at 12 UTC on the 95 landfalls are
plotted. Then, the AR landfalls are counted towards two
groups to the north and south of 37.5N. If a PWV plume
makes a landfall across 37.5N, it is double-counted into the
two groups. The results show that the 95 AR landfalls are
almost evenly split between the northern and southern
coasts. A grouping based on the OOUTC field results in a
similar number. The reanalysis data are also used to calculate
the freezing level altitudes. The Sierra Nevada region is
divided into the northern (NSN) and southern (SSN) regions
with respect to 37.5N (Fig. 1b) for analysis.

3 Observed precipitation and freezing level altitudes
3.1 Cold season precipitation and ARs

The cold-season mean precipitation (Fig. 2a) shows the
well-known orographic effects with precipitation maxima
in high elevations (Kim 1997; Kim and Lee 2003). The
AR-precipitation totals (Fig. 2b) show similar geographical
distribution as the season totals (Fig. 2a), but with smaller
contrasts between the coastal range and the Central Valley.
The AR precipitation ranges from 10 to 30% of the season
total and is characterized by notable contrasts between the
northern and southern California regions (Fig. 2c). To the
north of the San Francisco Bay, 20-30% of the season-total
precipitation fell during AR events, but <15% is related
with ARs to the south of the Monterey Bay. Thus, AR
landfalls affect northern California more than the southern
region perhaps because the winter storm track is more
active, on average, in the northern half of the state and/or
orographic blocking generates southerly moisture transport

Sierra Nevada

3ION
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Fig. 1 The model domain and orography for the (a) coarse- and
(b) fine-resolution domains. Shading in b indicates the Sierra Nevada
region. The lines off the coast of California in b indicates the extent of
the California coast line defined as the northern and southern
California coasts in classifying the AR landfalls into the northern and
southern groups

upstream of the major mountain ranges (Kim and Kang
2007). Details on the mechanisms behind the north-south
gradient are a subject of future studies, especially in rela-
tionship with long-term climate variations.

3.2 Wet-day precipitation

Wet-day mean precipitation (Fig. 3a), an indicator for the
daily precipitation intensity, is similar to the season totals
(Fig. 2a), re-affirming the importance of the orographic
effects. Wet days are defined using a threshold value of
0.1 mm/day in this study. Compared to the all wet days
(Fig. 2a), the AR days (Fig. 3b) show stronger (weaker)
intensities in the northern (southern) California region. The
north—south variation in the precipitation intensity on the non-
AR wet days (Fig. 3c) is much smaller than for the AR days.
Also note that the precipitation intensity in the southern
coastal range is smaller for the AR days than the non-AR days
(Figs. 3b, 3c). Thus, AR landfalls in the California coast more
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Fig. 2 The observed cold season (October—March) precipitation
climatology in California for the 10 cold seasons: a cold-season total
(mm), b AR-total (mm), and c the percentage of the cold season
precipitation totals that occurred during AR events

strongly affect precipitation in the northern California region
than in the southern California region.

3.3 Precipitation in the Sierra Nevada region

Among the 95 AR landfall totals in the 10 cold seasons for
WYs 2001-2010, noticeable (>0.1 mm/day) precipitation
has occurred in 87 and 60 days for the Northern Sierra
Nevada (NSN) and Southern Sierra Nevada (SSN) regions,
respectively (Table 1). Thus, AR landfalls in the California
coast and the occurrence of precipitation are more closely
related in the NSN region than the SSN region. In this
section, the AR effects on precipitation and low-level
temperatures are examined for three Sierra Nevada regions
(AIl SN, NSN and SSN in Fig. 4).
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Fig. 3 The observed wet-day precipitation intensity for: a All wet
days, b AR days, and ¢ non-AR days

The number of AR landfalls in a cold season undergoes
large interannual variations, 1-15 per year, with a 10-sea-
son average of 9.4 landfalls per year (Fig. 4). The number
of ARs and the cold season precipitation totals are only
marginally related, with the correlation coefficients of 0.57
and 0.44 for NSN and SSN, respectively (Fig. 4a). AR
precipitation is more closely correlated with the number of
AR landfalls with the correlation coefficients of 0.85 for
NSN and 0.56 for SSN (Fig. 4b). Thus the AR precipitation
amounts are more closely correlated with the number of
AR landfalls in the NSN than in the SSN. This suggests
that the NSN receives more direct impacts than the
southern region similarly as the precipitation intensity
shown in Fig. 3. Interannual precipitation variations for the
entire Sierra Nevada region (All SN in Fig. 4a, b) resemble
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Table 1 The mean freezing altitudes (meters) over the NSN and SSN regions during AR- and non-AR precipitation events for the 10 cold
seasons calculated from the ERA-Interim reanalysis data and model simulations

NSN SSN

ERA-Interim WRF ERA-Interim WRF
AR wet days 2,746 m (87) 3,025 m (74) 2,949 m (60) 3,314 m (50)
Non-AR wet days 2,332 m (792) 2,753 m (698) 2,428 m (603) 2,998 m (455)
Differences 414 m 272 m 521 m 316 m

The numbers in the parenthesis are the number of AR- and non-AR wet days in the 10 WYs. The wet days are defined with the threshold

precipitation value of 0.1 mm/day
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more closely that for the NSN region because the northern
region receives more precipitation than the southern region.

The probability distribution functions (PDFs) of the wet-day
precipitation intensity over the two Sierra Nevada regions
(Fig. 4c, d) show that AR landfalls are closely related with the
occurrence of heavy precipitation events in all three Sierra
Nevada regions. Note that the heaviest precipitation event in
the NSN region for non-AR days (Fig. 4¢) is contributed from a
single event during the 10 cold seasons. Thus, AR landfalls are
more closely related with heavy precipitation events than the
season totals. Again, the precipitation intensity PDFs for the
entire Sierra Nevada region resembles that of the NSN region.

3.4 Freezing level altitudes

Freezing-level altitudes are directly related with two
important hydrologic processes, snowmelt and the

partitioning of precipitation between rainfall and snowfall,
and are often used as the surrogate for snowline during
precipitation. Calculations using the ERA-Interim reanalysis
show that freezing level altitudes are higher during the AR
storms than the non-AR storms in both Sierra Nevada regions
systematically over the entire 10 cold seasons. The differ-
ences in the freezing-level altitudes for the 10 cold seasons
are 497 and 843 m for NSN and SSN (Table 1). This in turn
shows that the low-level temperatures during AR storms are
higher than those during the non-AR storms by 5-8 K. This
is consistent with Neiman et al. (2008b) who found that the
AR storms are characterized by warmer low troposphere
than the non-AR storms during cold seasons. This shows that
the warmer and stronger storms during AR landfalls can
substantially increase flood potential not only via heavy
precipitation but also via the possibility of inducing a large
amount of snowmelt during precipitation.
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4 Cold season WRF hindcast

In preparation for extended-range (seasonal, interannual, and
decadal) predictions of cold season hydrology in California
and regional climate projections for climate-change impact
assessment studies using the dynamical downscaling method,
the precipitation and freezing level simulated in the WRF
model hindcast are evaluated in the following sections. The
observed variations in the cold season precipitation and
freezing-level altitudes in relationship with AR landfalls
obtained in the previous sections are used as the reference for
the model evaluation study. Details of the numerical experi-
ment and evaluation are presented in the sub-sections below.

4.1 Numerical experiment

The WRF model v3.1.1 has been used to simulate the cold
season climate in California in a one-way nested model
domain. The outer domain (Fig. 1a) covers the Eastern
North Pacific and the western US at a 0.36° horizontal
resolution and the inner domain (Fig. 1b) covers California
at a 0.09° horizontal resolution. Also shown in Fig. 1b are
the geographical references used to define the northern and
southern California regions. Both domains are discretized
vertically with 27 layers. The model physics used in this
study include the YSU PBL, Kain-Frisch convection,
WSM 5-class microphysics, NOAH land surface, RRTM
longwave and Dudhia shortwave schemes. For more details
of the WRF model and available physics modules, readers
are referred to Skamarock et al. (2008) and http://www.
mmm.ucar.edu/wrf/users/wrfv3.1/updates-3.1.1.html. We
have performed cold season (October—March) simulations
for the 10 WYs 2001-2010. The large-scale forcing data
have been constructed from the ERA-Interim reanalysis
data at 6-h intervals using the WRF Preprocessing System
distributed with WRF.

4.2 Upper-air fields

The daily time series of the spatial pattern correlation between
the simulated and reanalysis temperatures and geopotential
heights at the 700 and 300 hPa levels as well as PWV are
examined to evaluate the performance of the regional model in
simulating the large-scale circulation over the Eastern Pacific.
The spatial pattern correlation coefficients in Fig. 5 are cal-
culated for the OOUTC fields; calculations for the 12UTC
fields yield essentially the same results. The quality of the
simulated upper-air fields over the Eastern Pacific is a pre-
condition for reliable simulations of mesoscale circulation and
hydrology in California (Kim and Lee 2003). The simulated
upper-air fields (Fig. 5a, b) remain reasonably close with
those depicted in the ERA-Interim reanalysis with the corre-
lation coefficients exceeding 0.9 for most of the days for both
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Fig. 5 The daily pattern correlation coefficients between the simu-
lation and the ERA-Interim reanalysis averaged over the 10 cold
seasons: a temperatures at the 700 hPa (CT700) and 300 hPa (CT300)
levels, b geopotential heights at the 700 hPa (CT700) and 300 hPa
(CT300) levels and ¢ precipitable water vapor

fields at both levels. The correlation coefficients deteriorate in
the mid- to late February period (between the days 130 and
140 from October 1), but recover in March. The spatial cor-
relation coefficients for PWV between the simulation and the
reanalysis (Fig. 5c¢) are smaller than either temperatures or
geopotential heights; however, they remain above 0.8 for most
of the cold season. This suggests that the WRF model has
simulated key features in the large-scale circulation during the
course of the cold season with reasonable accuracy.

4.3 Cold-season precipitation

The model simulates well the spatial variations in the cold
season precipitation in the region characterized by the
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heaviest precipitation in the coastal regions of northern
California and Oregon, heavy orographic precipitation in
the Sierra Nevada region, rain shadows in the Central
Valley and to the east of the Sierra Nevada, and the
north—south precipitation gradient (Fig. 6a). The simu-
lation also depicts the north—south contrast in the effects
of AR landfalls on precipitation, in amounts and the
percentage of the season total (Fig. 6b, c¢). Compared to
the CPC data (Fig. 2a), the most notable bias in the
simulated precipitation is the general overestimation
(underestimation) of precipitation in northern (southern)
California. Especially, the simulation substantially
underestimates the heavy precipitation in the southern
coastal range. The simulation also overestimates the
percentage of AR precipitation in the central California
region.

Fig. 6 The simulated cold season (October—March) precipitation
climatology in California for the 10 cold seasons: a cold-season total
(mm), b AR-total (mm), and ¢ the percentage of the cold season
precipitation totals that occurred during AR events

The simulated wet-day (Fig. 7a) and AR-day (Fig. 7b)
precipitation intensity agrees well with those from the CPC
data shown in Fig. 3a, b, respectively. The simulation also
generates the non-AR mean precipitation intensity in the
northern California region, but underestimates it in
the southern California coastal range and overestimates in
the SSN (Fig. 7c). These biases in the southern coastal
range and the SSN region may be caused by the inability of
the model in simulating the effects of the narrow but sig-
nificant mountain ranges along the southern California
coast even at quite fine sub-10 km spatial resolutions.

The interannual variations in the simulated cold-season
precipitation totals agree well with observations in both
NSN and SSN regions (Fig. 8a, b). The model generally
overestimates (underestimates) the season-total precipita-
tion in the NSN (SSN) region. The simulated precipitation

spengypesfesses
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Fig. 7 The simulated wet-day precipitation intensity for: a all wet
days, b AR days, and ¢ non-AR days
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is within 20% of the observed value in the NSN region
except for the WYs 2010 and 2005 in which the model
overestimates precipitation by 48 and 38% of the observed
value. The model errors for the SSN region are similar,
with the largest model error of 50% of the observed value
in WY2001. The model also generates the observed shape
of the interannual variations for both regions. The AR-total
precipitation is generally overestimated in both Sierra
Nevada regions (Fig. 8c, d). Compared to the season-total
precipitation, the model errors in simulating the AR-total
precipitation are larger; however, the simulated interannual
variation agrees well with the observation.

The seasonal simulations (Fig. 9) closely represent the
observed effects of AR landfalls on the PDF of daily pre-
cipitation intensity in the two Sierra Nevada regions. Like
in the observations (Fig. 4c, d), AR landfalls are related
with higher frequency for all precipitation intensity except
the weakest daily precipitation events for both NSN and
SSN regions. This implies that WRF possesses useful skill
for simulating extreme hydrologic events associated with
AR landfalls, an important capability for assessing the
flood frequency in extended-range forecasting and regional
climate projections.

4.4 Freezing-level altitudes

The simulated mean freezing level altitudes over the NSN
and SSN regions during the AR- and non-AR wet days are
compared against those calculated from the reanalysis data
in Table 1. The simulation generally overestimates the

Fig. 8 The observed (CPC: red 1500

solid line with solid circle) and [ (a) NSN (mm)
simulated (blue dashed line with L A..
open square) season-total 1
(a, b) and AR-total

(¢, d) precipitation in the
southern (SSN) and northern
(NSN) Sierra Nevada regions
for the 10 WYs 2001-2010

freezing level altitudes for both regions by 300-500 m,
with the largest bias over the SSN regions during non-AR
wet days. The simulation also underestimates the wet days
for both regions and for both AR- and non-AR days.
Despite these model biases, the simulation also shows that
the freezing-level altitudes are higher during AR wet days
than non-AR wet days. This shows that the WRF model
can simulate the differences in the low tropospheric tem-
peratures, however, only qualitatively.

5 Conclusions and discussions

The effects of ARs on the precipitation and freezing-level
altitudes in California during cold seasons (October—
March) are analyzed for the 10 WYs 2001-2010. About
10-30% of cold season precipitation totals is found to be
associated with AR landfalls. This is somewhat smaller
than that in Dettinger et al. (2011) who estimated about
31-36% of precipitation, with a peak of 46%, at most the
cooperative weather stations in Central and Northern Cal-
ifornia are from AR storms. This difference between the
two studies, despite the fact that both studies are based on
the same AR landfall inventory, may originate from the
differences in defining ‘AR precipitation’ between the two
studies. Dettinger et al. (2011) define AR precipitation over
2 days including a concurrent- and the following day to
count the cases in which AR landfall starts on the con-
current day and ends in the following day. Unlike theirs,
this study accounts precipitation only on the days of AR
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Fig. 9 The PDF of the simulated daily precipitation for the AR (red)
and non-AR (blue) days in the a southern (SSN) and b northern
(NSN) Sierra Nevada regions for the 10 WYs 2001-2010

landfall. Because consecutive days of AR landfalls are
counted as separate AR days in both studies, the definition
used in Dettinger et al. (2011) will systematically overes-
timate AR precipitation by double counting AR precipita-
tion for the cases of consecutive-day AR landfalls. The
definition used in this study will systematically underesti-
mate AR precipitation by not counting the precipitation
occurred after OOUTC in the case AR landfall starts on the
concurrent day and ends in the following day. Another
source of the differences between the two estimates is the
presence (in Dettinger et al.) or absence (this study) of
post-AR precipitation in the AR-precipitation estimates.
Thus the true contribution of AR landfalls to the cold
season precipitation will be between the estimates by
Dettinger et al. (2011) and this study.

Overall, ARs affect the northern California region more
than the southern region in both the amount and intensity of
cold season precipitation. The differences in the AR effects
between the northern and southern California found in this
study are not likely to be attributed to the differences in the
number of ARs as nearly the same number of AR landfalls
have occurred in the northern and southern coasts over the
entire analysis period. Instead, the north—south contrast

may be related with the fact that winter storm tracks are
more active for northern California and/or the southerly
low-level moisture transport associated with the blocking
by the coastal range and the Sierra Nevada.

For the Sierra Nevada region, the number of ARs is only
marginally correlated with the cold-season precipitation
totals. The AR storms are much more clearly related with
the occurrence of heavy precipitation events as found by
Neiman et al. (2008b) and for snow accumulation by Guan
et al. (2010). The freezing level altitudes are also higher for
AR storms than non-AR storms by 414 and 421 m in the
NSN and SSN regions respectively, corresponding to
higher low-level temperatures during the AR storms. The
warmer low atmosphere during AR storms that often
accompanies rainfall on existing snowpack, can promote
snowmelt in high elevation regions (Neiman et al. 2008b).
Because of these large precipitation intensity and snowmelt
during AR storms, AR landfalls are of a particular concern
for the occurrence of high river stages in California as
shown by Dettinger et al. (2011).

Evaluation of the cold season simulations over the 10
WYs shows that the WRF model can reasonably simulate
the differences in the precipitation and freezing level alti-
tudes during AR- and non-AR storms. The observed con-
trast in the seasonal precipitation totals as well as the
percentage of the season-total precipitation from AR
storms between the northern and southern California
regions are well simulated by the WRF model. In addition,
the differences in the PDF of daily precipitation intensity
and freezing-level altitudes between the AR and non-AR
storms are reasonably simulated. The results of model
evaluation suggests that the WRF model possesses useful
skill in simulating the characteristics of precipitation and
low-tropospheric temperatures in California, especially in
the hydrologically important Sierra Nevada regions, over
seasonal time scales.
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