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Abstract

Climate change can potentially have great impacts on wintertime precipitation and stagnant conditions, which are critical
for both water resources and wintertime particulate matter (PM), in California. This study utilizes the Weather Research
and Forecasting model to dynamically downscale a bias-corrected coarse-resolution global climate model dataset from the
Coupled Model Intercomparison Project Phase 5 (CMIP5) to a grid size of 4 x4 km? over California for a present (2003—
2012) and a future (2046-2055) decade. Compared to the present climate, an increase in 2-m temperature (up to 2 K) and
water vapor mixing ratio (up to 1 g/kg) and a decrease in planetary boundary layer height (up to 80 m) are projected by the
2050s for the entire state of California. The number of stagnant days over the San Joaquin Valley is expected to increase by
approximately 6% in the future decade, indicating potential exacerbation of the winter PM issue in this region. The winter-
time precipitation is projected to increase by up to 50% in northern California and, conversely, to decrease by up to 40% in
southern California during 2046-2055. The solid phase precipitation is projected to decrease over mountain ranges with
lower elevations despite an overall increase in total precipitation, while it is projected to increase over the eastern side of the
Sierra Nevada with elevation over 2 km.

1 Introduction

California has a classic Mediterranean climate, and the
major precipitation seasons are winter and early spring. The
snowpack at high elevations, especially in the Sierra Nevada
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mountains, is a vital water resource for all of California.
During the following spring, the melting of the snowpack
over the Sierra Nevada provides roughly 30% of the water
supply for the state’s water reservoirs and about 75% of the
water supply to agricultural sectors in California’s central
valley (CV; Huang et al. 2018; Huning and AghaKouchak
2018). At lower elevations, abundant precipitation events
over large areas can lead to flooding, which causes large
adverse social and economic consequences. The wintertime
precipitation and snowpack in California can be very sensi-
tive to climate change (Swain et al. 2018).

Atmospheric Rivers (AR), which are narrow corridors of
abundant water vapor in the lower troposphere that extend
from the tropics to middle and high latitudes, have been
identified as the leading contributor to the winter precipita-
tion over California. ARs that make landfall in California
have contributed from one third to one half of the state’s
total precipitation (Ralph and Dettinger 2011, 2012). How-
ever, storms associated with ARs are also linked to most of
the largest floods in California (Ralph et al. 2006). Stud-
ies have projected a large increase in the number of days
associated with ARs that approach the U.S. west coast by
the end of the twenty-first century (Gao et al. 2015; Warner
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et al. 2015). The orographic precipitation associated with
the ARs leads to large snowpack accumulation over moun-
tainous regions, such as the Sierra Nevada with high eleva-
tions, by the end of the spring. Climate warming will likely
cause earlier snowpack melt in the springtime and reduce
frozen precipitation, both of which will lead to declines
in the amount and duration of the annual snowpack over
the Sierra Nevada and will lead to conditions throughout
the State that are more favorable to drought (Berg and Hall
2017). The Intergovernmental Panel on Climate Change
(IPCC 2012) and other studies (Meehl et al. 2000; Coumou
and Rahmstorf 2012) report increases in both the occurrence
and intensity of weather extremes under a changing climate,
which is reflected in the increase of precipitation extremes
over California (Berg and Hall 2015; Swain et al. 2018).
As an example, after an extraordinary drought that lasted
from 2011 to 2015 (Berg and Hall 2017; Swain et al. 2014),
California experienced an extremely wet winter which lasted
from November 2016 to March 2017 associated with a num-
ber of ARs that broke the historical record going back to
1895 (Wang et al. 2017). California’s winter precipitation
and water resources are especially sensitive and vulnerable
to climate change. Therefore, it is important to investigate
the projected future changes in the wintertime precipitation
over California, which is critical for the public policymakers
to develop coherent strategies and responses for mitigating
the effects of climate change.

In addition to precipitation in wintertime, California has
been long recognized for its severe particulate matter (PM)
problem in the winter months, which can be modulated by
climate change. San Joaquin Valley (SJV), which is the
southern part of the CV, is one of the largest PM, 5 non-
attainment areas in the United States (U.S.) that consistently
exceeds both the national and state air quality standards
(Chen et al. 2020). As stated in previous studies (Zhao et al.
2011b; Chen et al. 2014), meteorological conditions play a
crucial role in the winter PM episodes over SJV.

PM has serious adverse health effects, and previous stud-
ies have shown a strong correlation between mortality and
elevated PM concentrations (Dockery et al. 1993; Pope III
and Dockery 2006). High PM concentration is also linked
to impaired visibility (Eldering and Cass 1996). A semi-per-
manent Pacific Subtropical High (PSH) typically sits off the
California coast. During winter, the PSH intrudes inland and
stalls over the CV for a prolonged period of time, resulting in
atmospheric stagnation with a shallow planetary boundary
layer and a reduced planetary boundary layer height (PBLH)
due to both subsidence and low wind speed. At nighttime,
due to clear skies and calm winds, strong temperature inver-
sions occur near the surface, further reducing vertical mix-
ing. Both conditions are conducive to pollutant buildup
within in the valley (Bao et al. 2008; Zhao et al. 2011b).
Furthermore, these pollutants are trapped within the shallow
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boundary layer and the surrounding mountain ranges help to
trap pollution within the valley. As a result, the stagnation
conditions in SJV during winter are generally more severe
compared to other regions over California, leading to high
PM concentrations over this region. Previous studies project
increases in the occurrence of stagnation associated with
PSH over California in response to global warming (Horton
et al. 2012, 2014; Zhao et al. 2011b; Leung and Gustafson
2005). Detailed and comprehensive analysis of the potential
future changes in the stagnation over SJV will give policy
makers insights on emission control strategy development
for mitigating the effect of climate change on winter PM
events, and the problems they incur, in the SJV.

Global climate model (GCM) simulations with relatively
coarse spatial resolution are insufficient to adequately rep-
resent the mesoscale features and climate projections of the
regional meteorology in California due to its proximity to
the ocean, complex terrain, intricate mesoscale weather sys-
tems, and flow patterns. For instance, the aforementioned
precipitation events associated with landfalling ARs are
caused by orographic lifting from the mountainous terrain
over California (Neiman et al. 2008a, b; Leung and Qian
2009); a regional model with high spatial resolution works
better in resolving the complex orography and reproducing
the orographic precipitation compared to a global model that
usually uses a more coarse spatial resolution. Thus, to bet-
ter represent topographic effects and regional meteorology
in our climate simulations, the regional Weather Research
and Forecasting model (WRF) is utilized to dynamically
downscale the Community Earth System Model (CESM)
simulation results from the Coupled Model Intercomparison
Project Phase 5 (CMIPS5; CMIPS; Taylor et al. 2012) under
the representative concentration pathways 6.0 (RCP6.0)
emission scenario to a horizontal grid size of 4 x4 km? over
California. The RCP6.0 emission scenario is believed to be
most closely aligned with local climate solutions applied
in California towards economic, social, and environmental
sustainability with intermediate population increase and
intermediate economic development (Zhao et al. 2020). The
years of 2003-2012 and 2046-2055 were selected as the
current and future climate periods, respectively. Prior to the
dynamical downscaling process, a bias correction technique
was applied to adjust both the climatological mean and the
inter-annual variations of the CESM variables based on rea-
nalysis data (Zhao et al. 2020). This bias correction method
was shown to be superior than the conventional bias correc-
tion method, which only corrects the climatological means,
in capturing weather extremes and improving probability
distributions of meteorological variables of the downscaled
results (Xu and Yang 2012, 2015; Zhao et al. 2020).

This paper is the second part of our California climate
change study. The first part of the study, which was pub-
lished in Zhao et al. (2020), focuses on (1) evaluating the
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dynamical downscaling method with bias correction by
comparing the WRF downscaled results driven by CESM
data with and without bias correction for the present decade
to WRF results driven by reanalysis data and observations,
and (2) investigating the impact of climate change on mete-
orological variables that are crucial to summer ozone forma-
tion and on summertime atmospheric phenomena (e.g., heat
wave, marine air penetration) by the 2050s in California.
Zhao et al. (2020) reported an approximately 1 K increase in
summertime mean 2-m temperature (T2) and an up to 0.6 g/
kg increase in 2-m water vapor mixing ratio (Qv2) for the
entirety of California by the 2050s. Both the frequency and
duration of the heat wave events were projected to increase
over California; future increases in the occurrence and inten-
sity of marine air penetration were also projected.

This paper, the second part of our climate study, investi-
gates (1) future climate change on meteorological variables
that are crucial to winter PM episodes in California, includ-
ing temperature, humidity, wind and PBLH, (2) projected
future changes in wintertime precipitation and snowpack
over California, as well as potential future changes in ARs
that make landfalls in California, and (3) the impact of cli-
mate change on the stagnant conditions over the SJV. A con-
siderable amount of wintertime precipitation is also received
in March, thus the wintertime analysis in this study covers
the months from December to March.

This paper is organized as follows. Section 2 describes
the models, model configurations and the methodology
applied in this study. Section 3 evaluates wintertime dynami-
cal downscaling results for the present decade. Section 4
presents the projected future changes in wintertime meteoro-
logical parameters over California and different geographical
sub-regions of the state. Section 5 discusses potential future
changes on wintertime precipitation and AR activities over
California. Section 6 analyzes the projected stagnation con-
ditions over the SJV by the 2050s. Concluding remarks are
given in Sect. 7.

2 Models and methodology

A detailed description of the models (CESM and WREF for
GCM and RCM, respectively), and the dynamical downscal-
ing method and bias correction technique used in this study,
are provided in Zhao et al. (2020) and thus they are only
briefly described here.

CESM is a fully-coupled global climate model developed
by the National Center for Atmospheric Research (NCAR)
and other institutes. For CMIP5, CESM is configured with
anominal horizontal grid of 0.9°x 1.25° and 26 vertical lev-
els. CESM CMIP runs include simulations of twentieth-cen-
tury climate (1850-2005) and twenty-first-century climate
(2005-2100) with four different RCP scenarios (i.e. RCP2.6,

RCP4.5, RCP6.0 and RCPS8.5). There are six ensemble mem-
bers for the twentieth-century climate and for each of the
RCP scenarios for the twenty-first-century climate (Peacock
2012). In this study, future climates are based on results
from the “medium-high emissions” (RCP6.0) scenario,
which is believed to be better aligned with future emission
planning in California. The climate model simulations used
in this study are described in Meehl et al. (2012) and Pea-
cock (2012) in great detail.

The WRF model with the Advanced Research WRF
(ARW) dynamic core version 3.5.1 (Skamarock et al. 2008)
is used in this study to downscale CESM results. WRF has
been widely used to simulate different weather phenomena
over California (Jankov et al. 2009; Leung and Qian 2009;
Lu et al. 2012) and to dynamically downscale GCM results
for different applications (Caldwell et al. 2009; Zhao et al.
2011a). The WRF model is configured with three nested
domains with horizontal grid sizes of 36, 12, and 4 km, and
with 31 vertical layers (Fig. 2a in Zhao et al. 2020). The
WREF physics schemes used in this study include WRF Sin-
gle-Moment 6-class (WSM6) microphysics (Hong and Lim
2006), Rapid Radiative Transfer Model (RRTM) longwave
radiation (Mlawer et al. 1997), Dudhia short wave radiation
(Dudhia 1989), Pleim—Xiu land-surface parameterization
(Pleim and Xiu 1995), Yonsei University PBL parameteriza-
tion (Hong et al. 2006), and Kain-Fritsch convective param-
eterization (Kain 2004) for the outer 2 domains. Spectral
nudging is applied to temperature, horizontal winds, and
geopotential height for the outermost domain. The SST data
in WRF downscaling simulations are from the radiative sur-
face temperature of CESM data. Bias correction is applied
to radiative surface temperature based on skin temperature
from NARR in this study.

The periods of 2003-2012 and 2046-2055 were selected
to represent a present and a future decadal period in this
study. North American Regional Reanalysis data (NARR;
Mesinger et al. 2006), which covers North America with
a 32 km horizontal resolution and 29 vertical levels, from
the 2003-2012 period was used as a benchmark to estimate
the biases of the CESM simulations for the present decade.
Both the climatological means and the interannual varia-
tions of the CESM data are adjusted based on NARR data
for 2003-2012 (Xu and Yang 2012; Zhao et al. 2020). The
interannual variations are adjusted by scaling the variations
of the CESM data to those of the NARR data for the same
calendar month. This bias correction method was selected
for this study because it has been shown to be superior to
the traditional linear bias correction method in improving
the probability distributions of meteorological variables
and capturing extreme weather events from the downscaled
model results, which is a major focus of this study (Xu and
Yang 2012; Zhao et al. 2020). Bias correction was applied to
3-dimensional (3D) air temperatures, zonal and meridional
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winds, water vapor mixing ratios, and geopotential heights,
as well as air temperatures and relative humidities at two
meters above ground level (AGL) and surface skin tempera-
ture. The bias correction is tuned for each calendar month
and applied on a 6-hourly basis. Zhao et al. (2020) dem-
onstrates the time-invariance of the biases of the CESM
data relative to NARR data by applying the bias correction
coefficients to two validation periods (i.e. 1980-1989 and
1990-1999). Thus, these derived bias correction coefficients
are applied to adjust the biases of the CESM data for both
the current and future simulation periods in this study.

3 Evaluation of the dynamical downscaling
results with bias correction method

The WRF model performance driven by CESM data with
(D_BCCESM) and without (D_OCESM) bias correction
is evaluated against the WRF simulation driven by NARR
reanalysis (D_NARR) using the 10-year averaged val-
ues from the present climate (i.e., 2003—-2012). Note that

the model results from the WRF simulations with 12x 12
km? horizontal grid size are used in this section because
D_OCESM is conducted using only the outer two WRF
domains with 36 x 36 and 12 x 12 km? resolutions. The anal-
yses are focused on the nine geographical sub-regions over
California, the names and abbreviations of these nine sub-
regions are listed in Table S1, while the locations of these
sub-regions can be found in Fig. 2b in Zhao et al. (2020).
Compared to D_NARR, D_OCESM simulates warmer 2-m
temperature (T2) over the coastal area, Pacific Ocean off the
California coast, and mountain ranges surrounding the CV
but colder T2 over MD (Fig. 1a). Driven by bias-corrected
CESM data (D_BCCESM), both the positive and nega-
tive T2 differences are reduced considerably over Califor-
nia (Fig. 1b). Figure Sla and Table S2 show that regional
mean T2 differences between D_BCCESM and D_NARR
are smaller compared to those between D_OCESM and D_
NARR for 8 out of 9 sub-regions, within which the differ-
ences are reduced by over 50% for 6 sub-regions (i.e. GBV,
SIV, SAC, BA, SC and SCC). Due to the co-existence of
both positive and negative differences between D_OCESM
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Fig. 1 Differences of wintertime mean T2 (in K; left), Qv2 (in g/kg; middle), and wsp10 (in m/s; right) from D_OCESM (top) and D_BCCESM

(bottom) relative to D_NARR
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and D_NARR, the spatial variation of T2 differences over
GBYV is much greater than those over other sub-regions (Fig.
Sla). Figures 1 and S1a illustrate substantially smaller spa-
tial variations of T2 differences in most sub-regions from
D_BCCESM than those from D_OCESM compared to D_
NARR, indicating better resemblance of simulated spatial
patterns of T2 between D_BCCESM and D_NARR.

Compared to D_NARR, D_OCESM simulates lower Qv2
over northern California, especially over the CV, and higher
Qv2 over the southern California and off the coast of Califor-
nia (Fig. 1c). These discrepancies, as well as disagreements
in Qv2 for other areas within the domain, are reduced sub-
stantially when using bias-corrected CESM data (Fig. 1d).
Regional mean Qv2 differences between D_BCCESM and
D_NARR are smaller than those between D_OCESM and
D_NARR for 7 out of 9 sub-regions (Fig. S1b and Table S2).
Figure S1b again shows substantially smaller spatial varia-
tions of differences in Qv2 from D_BCCESM than from D_
OCESM compared to D_NARR, suggesting an overall better
agreement of Qv2 spatial patterns between D_BCCESM and
D_NARR than between D_OCESM and D_NARR.

The 10-m wind speeds (wsp10) in D_OCESM are over-
estimated compared to those in D_NARR, especially over
the mountain ranges surrounding the CV (Figs. le and S1c).
Driven by bias-corrected CESM data (i.e., D_BCCESM),
the wsp10 overestimation over California in D_OCESM is
reduced remarkably over California (Fig. 1f). Figure Slc
and Table S2 show that both the regional mean and spatial
variation of wsp10 differences from D_OCESM are reduced
considerably for all 9 sub-regions as a result of the bias cor-
rection of the CESM data.

In addition, Global Precipitation Climatology Centre
(GPCC) monthly precipitation dataset (https://www.dwd.de/
EN/ourservices/gpcc/gpec.html) is used to assess the simu-
lated monthly total precipitation from D_BCCESM and D_
OCESM for wintertime. The GPCC V7 is used here, which
provides monthly values from 1901 through 2013 based on
quality-controlled data from 67,200 stations world-wide.
The GPCC V7 dataset has a spatial resolution of 0.5° % 0.5°.
The 10-year mean monthly total precipitation amounts aver-
aged over the winter months from D_OCESM, D_BCCESM
and GPCC data are shown in Fig. 2. GPCC data show higher
precipitation (up to 200 mm/month) over northern Califor-
nia, Sierra Nevada Mountain Ranges, as well as western
part of Oregon and Washington states (Fig. 2d) than other
areas within the model domain. The spatial patterns are
reproduced by D_OCESM (Fig. 2a) and D_BCCESM
(Fig. 2b). However, the magnitude of the precipitation is
over-estimated by both D_OCESM and D_BCCESM with
that D_BCCESM performs better than D_OCESM for most
of the domain. Figure 2c illustrates that D_BCCESM pro-
duces lower precipitation than D_OCESM for most of the
model domain, especially over the aforementioned regions

with higher GPCC precipitation (i.e. northern California,
Sierra Nevada Mountain Ranges) in which the precipitation
estimated by D_BCCESM can be lower up to 60 mm/month
compared to D_OCESM. In other words, the precipitation
overestimation from D_OCESM relative to GPCC data is
reduced considerably as a result of the bias correction of the
CESM data. In summary, as shown in Fig. 2, D_BCCESM
has better agreement with GPCC data in the spatial pattern
and magnitude of the monthly total precipitation than does
D_OCESM. Note that 3 domains are used for D_BCCESM,
whereas only the outer 2 domains are used for D_OCESM.
Figure 2a—c show the modeling results from the 2nd domain
with a 12-km resolution, while the box inside Fig. 2b, c is
due to the feedback from the 3rd model domain (a child
domain), which has a 4-km horizontal resolution.

Simulated upper-air geopotential height (GPH) and tem-
perature fields are evaluated against the D_NARR data.
Compared to D_NARR, smaller differences in GPH are
obtained after using the bias-corrected CESM data (i.e.,
D_BCCESM versus D_OCESM), and the GPH differences
between D_BCCESM and D_NARR are almost negligible
over California at both 500 hPa and 850 hPa (Fig. S2). Com-
pared to D_NARR, differences in upper-air temperatures
from D_OCESM are also reduced considerably over most
of the domain at both 500 hPa and 850 hPa as a result of the
bias correction (Fig. S3).

WRF downscaled results are also compared to surface
observations from the Federal Aviation Administration
(FAA) and the U.S. Environmental Protection Agency (EPA)
Aerometric Information Retrieval System (AIRS) over SJV
and SC to further evaluate model performance with and
without CESM bias correction. A total of 35 (30) stations for
T2 over SJV (SC), 18 (25) stations for RH2 over SJV (SC),
and 36 (43) stations for wsp10 over SJV (SC) are used for
the comparison. Figure S4 shows the modeled winter mean
biases of T2, Qv2 and wsp10 over SJV and SC averaged over
all stations within each sub-region, where observations are
available. WRF simulated biases for T2 are reduced from
0.42 K (0.23 K) to — 0.29 K (- 0.14 K) over SJV (SC) as a
result of the bias correction, while RH2 biases are reduced
from — 5.2% (— 6.4%) t0 0.9% (— 5.3%) for SJIV (SC). Wind
speed biases are also reduced slightly after bias correction
of the CESM data.

4 Climate projections for wintertime
variables over California

In this section, the projected future changes in meteorologi-
cal variables that are important to winter PM formation and
buildup over California are investigated. Model outputs
from the innermost domain with a horizontal resolution of
4 x4 km? are used in this section, as well as in the following
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sections. Figure 3 shows future changes in T2, Qv2, PBLH
and wsp10 averaged over the winter months (e.g., December
to March). The projected future changes in the variables of
interest are considered statistically significant if the p-value
is smaller than 0.05 (95% confidence; Zhao et al. 2020).
The results show that the projected future increase in daily
mean T2 averaged over the winter months is up to 2 K over
California, and the greatest increase is predicted to occur
over the mountain ranges surrounding the CV (Fig. 3a).
The regional daily mean T2 increases are over 1 K for all 9
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sub-regions, within which the increases over 1.5 K are GBYV,
SCC and SJV (Table 1). The greater increase in nighttime
temperatures compared to daytime temperatures results in a
smaller wintertime daily temperature range (DTR), which is
consistent with projected changes during summertime (Zhao
et al. 2020; Fig. S5). A projected future increase in Qv2 is
observed for the entire domain, and a greater increase in
Qv2 (up to 1 g/kg) occurs in the CV and along the coast of
California than that in inland regions (Fig. 3b and Table 1).
Figure 3a, b and Table 1 show that the projected increases
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Table 1 Future changes of
wintertime daily mean 2-m T,
2-m Qv; daily maximum PBLH,
and daily mean 10-m wind
speed, averaged for the nine
geophysical sub-regions

BA GBV MC MD NC SAC SCC SC SIvV
T2 (K) 1.38 1.62 1.49 149 1.4 1.28 1.52 143 1.51
Qv2 (g/kg) 0.84 0.39 0.65 0.40 0.71 0.78 0.65 0.51 0.70
PBLH_max (m) —59.5 —482 —-523 -64 -535 -563 -61.8 -683 -—41
wspl0 (m/s) -0.04 -0.08 0.01 —0.18 007 -005 -002 -0.16 —0.03

Positive changes are highlighted with boldface

in daily mean T2 and Qv2 over California are greater for  are statistically significant for almost all of California and
wintertime than for summertime (Zhao et al. 2020), and the  the Pacific Ocean off the coast of California. Different from
projected increases in these two variables for wintertime  summertime, a projected future decrease in daily maximum
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PBLH (PBLH_max) during winter is observed over the
entire domain, and this projected decrease is statistically
significant over most of the coastal regions and the arid MD,
as well as part of the mountain ranges (Fig. 3c). The future
decrease in PBLH_max is greater over the coastal areas
(SC, SCC and BA) and the arid region (MD) than over the
rest of California (Fig. 3¢ and Table 1). The percentage of
future decrease in PBLH_max is projected to be more than
10% for BA and mountain ranges in northern California,
(i.e. Northern Coast Ranges and Klamath Mountains; figures
not shown). The future changes in wsp10, which range from
— 0.5 to 0.5 m/s over California, are less obvious than the
other three meteorological variables over California. The
projected wsp10 changes are only statistically significant
for some areas over southern California, where the wsp10
is projected to decrease by up to 0.5 m/s (Fig. 3d). The pro-
jected decreases in PBLH_max and wsp10 are conducive to
the accumulation of winter PM, which indicates a potential
exacerbation of existing winter PM issues over these regions
in the future. Please note that the result presented in this
study is based on a single future climate realization. Thus,
the more pronounced changes of T2, Qv2 and PBLH_max
in future wintertime than in future summertime obtained in
this study may not represent the consensus from other GCMs
(Deser et al. 2016).

The projected change in the probability distribution of
state-averaged surface temperature, which is calculated
by averaging over the model grids within California, is
also explored. The probability distribution of daily mean
(T ean)»> daily minimum (T,,;,) and daily maximum (T,,,)
of the state-averaged T2 for the current and future dec-
ades are illustrated in Fig. 4. Compared to the present
decade, the means of the T,,.,,, Tpin. and T, are shifted
to warmer temperatures by 1.43 K, 1.61 K and 1.20 K in
the future decade, respectively. A tendency towards more
negative skewness in the future climate is observed for
T,.i, and T,.,, (Fig. 4). This can be, at least partially, due
to the fact that cold anomaly of the future climate from its
mean keeps a similar distribution as the current climate
but shifts to a warmer temperature; however, the warm
anomaly of the future climate from its mean is skewed
toward the warmer temperature with a smaller range. The
projected future shifts of the 5th percentiles for these three
parameters are remarkably greater than those of the mean
and the 95th percentiles. For instance, the shift for the 5th
percentile of T, ;. (2.20 K) is approximately 37% greater
than that for the mean (1.61 K) and three times greater than
that for the 95th percentile (0.55 K). As shown in Fig. 4,
a larger shift of the left tail than the right tail towards the
hotter temperature of the distribution is observed for all
three parameters. As a result, a future reduction in the
variance is observed for all three parameters, implying a
narrower probability distribution for these parameters in

mean
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Fig.4 Probability distribution of state-mean for: a daily mean, b
daily minimum, and ¢ daily maximum T2; for current (2003-2012 in
blue) and future (2046-2055 in red); with 100 bins. Statistics (mean,
skewness, 5th and 95th percentiles, and variance) for each dataset are
shown in each panel

the future decade. Figure 4 also illustrates greater climate
change impact on T,;, than T,,. The considerable shift
of the probability distribution of the state mean surface
temperature to warmer temperature for the future simula-
tion period shown in Fig. 4, especially T,;,, indicates that
more snow will melt during winter and early spring and
less snowpack over Sierra Nevada will be available for the
water supply for the following late spring and summer in
California in the future, which is discussed next. This can
lead to an increase in the risk of drought and potentially
catastrophic wildfires.

min
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5 Precipitation analysis

As described in the introduction, wintertime precipita-
tion and the resultant snowpack over the Sierra Nevada
are vital for water supplies in California, and thus it is
important to investigate the projected future changes in
wintertime precipitation over California. Precipitation is
in the form of rain, snow and graupel in the WSM6 micro-
physics, which is used in the WRF downscaling simula-
tions in this study. The winter-mean daily precipitation
(Pr_daily_tot) in Fig. 5 is the sum of precipitation in all

40N

35N

125W 120W 115W

_| |||-(mm)

[
5 4 -3 -2 -10 1 2 3 45

Fig.5 Pr_daily_tot (in mm) for the following: a current decade, b
future decade (in mm), ¢ future changes in Pr_daily_tot (in mm) with
respect to the current climate, and d percentage of future changes (in

three forms. Figure 5a, b demonstrate that the maximum
Pr_daily_tot occurs over the mountain ranges for both the
current and future decades and Pr_daily_tot is generally
higher over northern California than it is over southern
California. Figure Sc, d illustrate a future increase in
Pr_daily_tot over northern California by up to 50% com-
pared to the current decade; whereas, an up to 40% future
reduction in Pr_daily_tot is expected over southern Cali-
fornia. The projected precipitation changes are statistically
significant over most of northern California and part of
GBV (Fig. 5¢). The relatively wet (dry) northern (south-
ern) California is projected to become wetter (drier) by

I I I
120W 115W

| - (mm)

[
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%) in Pr_daily_tot; relative to the current decade. Regions with 95%
confidence level (p<0.05) of the future changes in Pr_daily_tot are
shaded with cross-hatching in ¢
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the 2050s. Similar findings are reported in previous stud-
ies (Swain et al. 2014; Ullrich et al. 2018). Meehl et al.
(2007) reported that the large-scale climate change signals
associated with global warming tend to result in a reduc-
tion in precipitation over the subtropics and an increase in
precipitation at mid-to-high latitudes. California is located
in the region between these opposing tendencies, which
may explain some of the differences in the direction of the
future changes in precipitation patterns for northern and
southern California shown in Fig. 5. This also implies that
since California lies between the mid-to-high latitudes and
the subtropics, future projections of precipitation are likely
more uncertain. Five sub-regions in northern California
are projected to receive more precipitation in the future
decade (Fig. 6). The regional mean Pr_daily_tot values
are predicted to increase by 2.6 mm, 2.5 mm, 2.2 mm,
1.6 mm, and 0.4 mm for MC, NC, SAC, BA and SJV,
respectively, which correspond to percent increases of
28.8%, 35.8%, 45.8%, 50.2% and 10.1%, respectively. In
contrast, four sub-regions over southern California are
projected to receive less precipitation in the future decade
(Fig. 6). The regional means of Pr_daily_tot are projected
to decease by 0.73 mm, 0.06 mm, 0.02 mm and 0.33 mm
for SC, SCC, GBV and MD, respectively. MD, the driest
region in California, is projected to experience the larg-
est future percent decrease of 22.5% in winter mean daily
precipitation.

As stated in the introduction, wintertime snowpack at
high altitudes is critical for California’s water supply. Future
changes in winter-mean daily precipitation in solid form (i.e.
snow + graupel; Pr_daily_solid) as well as the snow_to_pre-
cipitation ratio, which is calculated as the ratio of Pr_daily_
solid to Pr_daily_tot, are investigated. Figure 7a, ¢ depict
that most of the solid form precipitation is received over

regional mean daily precip for winter

14 | | | | | | | | |

mmm 2046-2055 |
12 3 = 2003-2012 |
10 -

precip (mm)

MC NC SAC BA SJV SC SCC GBV MD

Fig.6 Regional mean daily precipitation (mm) for the nine sub-
regions averaged for the winter months for the current and future dec-
ade
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the mountain ranges to the east and north sides of the CV,
especially the Sierra Nevada, where Pr_daily_solid is up to
5 mm and the snow_to_precipitation ratio is up to 0.5. Fig-
ure 7b shows a reduction in Pr_daily_solid over the western
side of the Sierra Nevada and the mountain ranges to the
south of the CV, where the elevations range between 500 to
2000 m, and an increase (up to 2.5 mm) in Pr_daily_solid
over the eastern side of the Sierra Nevada, where the eleva-
tions are over 2000 m. The opposite signs of future changes
in Pr_daily_tot (Fig. 5c) and Pr_daily_solid (Fig. 7b) over
the western side of the Sierra Nevada suggest that more win-
tertime precipitation will be received in liquid form over
this region by the 2050s. The underlining reason for this
phenomenon is that the significant warming (up to 2 K) over
the mountain ranges in California (Figs. 3a and S5) may
lead to longer periods with temperatures above the freezing
point in areas where the elevation is lower than the eastern
side of the Sierra Nevada. The significance test results in
Fig. 7b illustrate that the reduction in Pr_daily_solid over
the western side of the Sierra Nevada and the mountain
range to the south of the CV is statistically significant at the
95% confidence level. A lower than 95% confidence level
for the increase of Pr_daily_solid over the eastern side of
the Sierra Nevada can be attributed to the relatively large
inter-annual variations in snow received over this region.
With respect to the snow_to_precipitation ratio, a future
reduction is observed for most regions where the ratio is
greater than zero (Fig. 7¢), except for the eastern side of
the Sierra Nevada where the elevation is over 2000 m and
the future change in snow_to_precipitation ratio is close to
zero (Fig. 7d). This indicates that the increase in Pr_daily_
solid (Fig. 7b) is proportional to the increase in Pr_daily_tot
(Fig. 5¢) over the eastern side of the Sierra Nevada; whereas,
a smaller percentage of Pr_daily_tot would be received in
solid form over the mountain areas with elevation less than
2000 m in the future. This may lead to substantial changes in
the snowpack distribution over the Sierra Nevada, affecting
the state’s water supply, by the 2050s.

Three-day accumulation of precipitation is an important
indicator of the potential for flooding, because it normally
takes a few days for soil to saturate (Das et al. 2011; Pierce
et al. 2013). The cumulative distribution functions (CDF) of
the area-averaged 3-day mean precipitation (precip_3day)
for the nine sub-regions for the present and future decades
are shown in Fig. 8. Four sub-regions (MC, NC, SAC and
BA), all located in northern California, show a shift to a
higher likelihood of greater precip_3day at all probability
levels. The CDFs for these four sub-regions show greater
increases at the higher percentile values and smaller changes
below the median. For instance, the CDF of precip_3day
for NC suggests that the chance of precip_3day greater than
20 mm over this region would increase from 10% for the pre-
sent decade to 20% for the future decade. Figure 8 suggests
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Fig. 7 Panels appear as follows: a Pr_daily_solid (mm) for the cur-
rent decade, b future changes in Pr_daily_solid (mm), ¢ snow_to_
precipitation ratio for the current decade, and d future changes in
snow_to_precipitation ratio. Solid black contours in b and d repre-

that the future increase of precipitation for the sub-regions
over northern California (Figs. 5 and 6) is attributed more to
the increase in the frequency of wet extremes than the light
precipitation events. An opposite CDF pattern is found for
SJV. The future increase of 10.1% in winter precipitation
over this region (Fig. 6) is likely attributed to more pre-
cipitation events/days with a smaller intensity. The future
changes in CDF for SCC and GBV show a decrease at lower
precip_3day values and an increase at higher precip_3day
values, suggesting that there would be more precipita-
tion events with smaller intensity and fewer precipitation

a
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sent terrain height of 2000 m. Regions with 95% confidence level
(p<0.05) of the future changes in Pr_daily_solid are shaded with
cross-hatching in b

extremes over these two regions. The opposite trends at the
two ends of the CDF plots for SCC and GBV (Fig. 8) result
in a small future change in the regional mean precipitation
amounts over these two regions (Fig. 6; — 1.5% and — 0.8%
for SCC and GBYV, respectively). The CDFs of precip_3day
for SC and MD show a shift to a higher likelihood of smaller
precip_3day at almost all probability levels with greater
changes at the higher percentile values, indicating fewer wet
extremes over these two regions in the future.

The CDF for precip_3day in Fig. 8 suggests that the
future increase in precipitation over the northern California
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Fig.8 Cumulative distribution functions (CDFs) of area-averaged
3-day mean precipitation (in mm) for the nine sub-regions for the pre-
sent (blue line) and the future (red line) decades. The y axis is the

is primarily due to the future increase in the occurrences of
wet extremes. Previous observational and modeling studies
show that wet extremes and flooding events over Califor-
nia are often associated with landfalling ARs over the west
coast of the U.S. (Neiman et al. 2008a, b; Leung and Qian
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probability (0-1) of experiencing the indicated average 3-day precipi-
tation rate (mm/day) or lower

2009; Dettinger 2011). Guan et al. (2012) show that land-
falling ARs contribute up to 30-40% of total wintertime
snow accumulation in the Sierra Nevada. Previous studies
have reported future increase in AR activities and intensi-
ties along the west coast of the U.S. (Dettinger 2011; Gao
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et al. 2015; Warner et al. 2015), largely due to the increase
in the water vapor holding capacity of the atmosphere as
the climate warms (Held and Soden 2006). The climate
change impact on ARs and the correlation between the
future changes in ARs and precipitation over California are
explored here. Daily low-level integrated water vapor trans-
port (IVT) is commonly used for AR detection along the
U.S. west coast because studies have demonstrated a close
relationship between offshore IVT and the orographic rain-
fall over California’s coast (Ralph et al. 2006; Neiman et al.
2008b). Dettinger (2011) and Warner et al. (2015) used IVT
at locations off the west coast calculated from GCM data
to examine changes in ARs affecting the U.S. west coast.
Following Dettinger (2011) and Warner et al. (2015), this
study identifies 15 CESM grid points off the U.S. west coast
(Fig. 9 and Table 2), and calculates IVT values at these loca-
tions based on the bias-corrected wintertime CESM results
for the current and future decades. IVT is calculated by ver-
tically integrating the moisture transport between 1000 and
500 hPa pressure levels as shown in the following formula
(Gao et al. 2015; Lavers et al. 2012):

Fig.9 CESM grid cells used for
IVT analysis

500 2 500 2
IVT = l/le_Jdp + 1/21x7dp (N
glOOO g1ooo

where g is the gravitational acceleration (m s™2), ¢ is the
mean layer specific humidity (kg kg™'), U and V are the
mean layer zonal and meridional winds (m s7h, respec-
tively, and dp is the pressure difference (hPa) of the layer
between two levels. The IVT values at the 98th percentile
calculated for each grid cell shown in Fig. 9 for the winter
months of the current decade (IVT_98th_Cur) are shown
in Table 2, and these values are used as thresholds for IVT
analysis. The number of days in the winter months of the
future decade surpassing IVT_98th_Cur (Days_fut), as
well as the percentage increase in number of days surpass-
ing IVT_98th_Cur compared to that of the current decade
(Perc_incr), for each grid cell are also calculated and shown
in Table 2. Table 2 shows that the IVT_98th_Cur generally
decreases from north (point 1) to south (point 15). Except

Selected Points for AR analysis
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Table2 IVT 98th percentile threshold for the current decade
(IVT_98th_Cur), number of days surpassing the current threshold in
the future decade (Days_Fut), and the percentage increase (Perc_incr)
over the current decade in number of days surpassing the threshold
for the future decade for the 15 CESM grid points shown in Fig. 9

Grid points  Lat (°N)  IVT_98th_Cur Days_fut Perc_incr (%)
(kgm™'s7)  (days)

1 46.65 329.9 32 33
2 45.71 332.42 30 25
3 44.76 323.46 33 38
4 43.82 325.06 40 67
5 42.88 311.49 47 96
6 41.94 314.41 40 67
7 40.99 304.75 51 113
8 40.05 302.12 55 129
9 39.11 283.37 61 154
10 38.17 268.99 64 167
11 37.23 256.63 72 200
12 36.28 239.97 78 225
13 35.34 228.58 68 183
14 34.40 232.70 54 125
15 33.46 187.75 57 138

for point 15, IVT_98th_Cur values at all other 14 points
are close to or greater than 250 kg m~!' s™!, which is the
IVT threshold value used to identify ARs in several previ-
ous studies (Gao et al. 2015; Cordeira et al. 2013; Rutz et al.
2014). Therefore, it is reasonable to use IVT_98th_Cur as
an indicator of the activities of ARs approaching the U.S.
west coast. Days_fut is greater than 24 days, which is the
number of days with IVT greater than IVT_98th_Cur in the
current decade, at all 15 points. Perc_incr ranges from 25
to 225% with the greatest increase between 35° and 40° N
(points 9—13 in Fig. 9), mainly off the coast of northern and
central California. Figure 10 illustrates the IVT values at the
98th percentile and winter mean for the current and future
decade for the 15 points along the transect shown in Fig. 9,

Fig. 10 98th percentile IVT
(red) and winter mean IVT

respectively. Future increases are projected for both the 98th
percentile and winter mean IVT values at all locations; how-
ever, the increase in the 98th percentile IVT is much more
pronounced than that for the winter mean at all locations.
A maximum future increase of 32% and 33% in the 98th
percentile IVT are observed at grid point 9 (39.11° N) and
10 (38.17° N), respectively. The peak 98th percentile IVT
values for the current and future decades are found at point 2
(45.71° N) and point 9 (39.11° N), respectively. Both Table 2
and Fig. 10 suggest that the peak of the ARs approaching the
U.S. west coast during winter shifts southward from higher
latitudes to the California coast in the future, especially
between 35° to 40° N, which is consistent with the findings
reported in previous studies (Gao et al. 2015; Warner et al.
2015). As stated previously, the projected future increases in
precipitation over northern California are caused primarily
by the increase in the number of days with extreme pre-
cipitation, which is likely attributed to the substantial future
increase in the number of AR days and AR intensity between
35°to 40° N that make landfall in central and northern Cali-
fornia (Polade et al. 2017; Gershunov et al. 2019).

6 Stagnation projection over SJV

Atmospheric stagnation is characterized by shallow PBLH,
weak wind, no precipitation, and stable air conditions. SJV
usually experiences the highest concentrations of winter PM
in the U.S. (Chen et al. 2020), which is highly associated
with atmospherically stagnant conditions over this region
(Herner et al. 2005; 2006; Ham et al. 2010). In this study,
the meteorological criteria defining stagnation in SJV is a
combination of the widely used Air Stagnation Index (ASI),
which uses daily precipitation, 10-m and 500-hPa wind
speeds as thresholds (Wang and Angell 1999; Horton et al.
2012), and the meteorological criteria for regulating agri-
cultural and prescribed burning in SJV, which is included
in the Smoke Management Guidelines for Agricultural and

IVT comparison

(blue) for the current (dashed 400 — | | | =
line) and future (solid line) — 350 = =
decade along the 15 grid-cell - 3 =
transect in Fig. 9 » 300 3 =
£ 2503 T =
- F — ~ -
2 200 3 S S~ B
=< 3 Mean_Fut =
— 150 3 ———-Mean_Cur =
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@ Springer

Latitude (deg)



Assessment of climate change impact on wintertime meteorology over California using dynamical. ..

389

Prescribed Burning adopted by the California Air Resources
Board (available at https://ww3.arb.ca.gov/smp/regs/revfi
nregwtoc.pdf). These guidelines provide criteria for regu-
lating agricultural and prescribed burning for each air basin
in California. A WRF grid within SJV is considered stagnant
when it meets the following four meteorological thresholds:
(1) Daytime mean surface temperature is not warmer than
temperatures at 3000 feet AGL by more than 11 F (the sta-
bility threshold); (2) daytime mean 10-m wind speed is less
than 2 m/s (the near-surface wind threshold); (3) daytime
mean wind speed at 3000 feet AGL is less than 4.5 m/s (the
3000 feet wind threshold); and (4) daily accumulated pre-
cipitation is less than 1 mm (the precipitation threshold).
WREF results from 10 am to 2 pm during a day are averaged
to calculate the daytime means for the variables used in the
criteria. According to these criteria, the wintertime total
numbers of stagnant days, averaged over SJV, during the
10-year historical and future periods are 202 and 214 days,

respectively, implying a 6% increase in winter stagnant days
over SJV in the future. Figure 11e indicates that the increase
of stagnant days mainly takes place over the eastern and cen-
tral parts of SJV, where an increase up to 30 days in the total
number of stagnant days is projected for the future decade
when compared to the present decade. The future change in
the occurrence of stagnation is the result of the combined
responses of individual stagnation components in the crite-
ria. Numbers of days meeting each of the four thresholds in
the criteria are calculated to evaluate the influence of dif-
ferent factors on the overall increase in the occurrence of
stagnation. A future increase in the number of days meeting
the stability threshold is observed for almost the entire SJV
region, and the increase is over 30 days for the majority
of SJV (Fig. 11a). The number of days meeting the near-
surface wind threshold decreases in the northeastern part of
SJV, and increases for the rest of SJV for the future decade
when compared to the current decade (Fig. 11b). In contrast,

(a) (b)

(c)

123W 121w 119w 123w 121W 119w
o |
30 24 -18 -12 -6 0 6 12 18 24 30

Fig. 11 Future changes in the total number of days in the entire decade meeting the thresholds for a stability b near-surface wind speed; ¢ 3000
feet wind speed; d precipitation; and e meeting all the four thresholds over the SIV
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the number of days meeting the 3000 feet wind threshold
decreases (increases) for most of the western (eastern) part
of SJV for the future decade when compared to the current
decade (Fig. 11c). A future decrease (increase) in number of
days meeting the precipitation threshold is observed for the
northern (southern) part of SJV (Fig. 11d), which is consist-
ent with the future change in precipitation over SJIV shown
in the previous section (Fig. Sc, d). Figure 11 illustrates that
the projected future increase in the occurrence of the winter
stagnation over SJV results from more frequent occurrences
of days with more stable atmospheric flow and increases
in near-surface and 3000 feet stagnant wind occurrences.
Table 3 shows that averaged over SJV, there are 35 (20)
more days meeting the stability (near-surface wind) thresh-
old; whereas, there are 5 (20) fewer days meeting the 3000
feet wind (precipitation) threshold in the future simulation
decade when compared to the current decade.

7 Conclusions

This study uses the WRF model to dynamically downscale
CESM data from CMIPS5 simulations with the RCP6.0
emission scenario to a 4 x4 km? horizontal resolution over
California for a present (2003-2012) and a future decade
(2046-2055). The biases of the climatological mean and
inter-annual variance of the CESM data are adjusted based
on NARR reanalysis data between 2003 and 2012 prior to
the downscaling process. The evaluation of the downscaled
WREF results for the present decade and the analyses of future
projections in meteorological variables and phenomena over
California during summertime were presented in Zhao et al.
(2020). This paper focuses on the evaluation of wintertime
downscaled results and the investigation of projected future
changes in wintertime meteorological variables, wintertime
precipitation, and stagnation over California.

WRF downscaled results driven by bias corrected CESM
data (D_BCCESM) for the present decade were compared
with those driven by the original CESM data (D_OCESM)
and by NARR reanalysis (D_NARR), Global Precipitation
Climatology Centre (GPCC) monthly precipitation data, as
well as surface observations. Comparisons were made on

Table 3 Number of days meeting each of the four thresholds, as well
as all the four thresholds (All), for stagnation

Stability Near- 3000 feetwind Precipitation All

surface

wind
Current 704 491 596 951 202
Future 739 511 591 931 214

The data are averaged over SJV for the simulated current and future
decades
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variables of interest including 2-m temperature, 2-m water
vapor mixing ratio, 10-m wind speed, precipitation, and geo-
potential height and temperature at 500 and 850 hPa. Com-
parison results show that as a result of the bias correction
of the CESM data, the differences between D_BCCESM
and D_NARR are substantially smaller than those between
D_OCESM and D_NARR for the variables of interest. The
comparison of results to surface observations and GPCC
precipitation data also show that the modeled biases are
reduced after the bias correction of the driving CESM data.

Our results show up to 2 K increases in winter mean T2
values, with a greater increase over the mountain ranges.
Nearly 1 g/kg future increase in winter mean Qv2 values
is projected for the entire model domain, and the biggest
increase is projected to occur over the CV and along the
California coast. The projected future changes in T2 and
Qv2 values are statistically significant for almost all of Cali-
fornia. A future decrease in winter mean daily maximum
PBLH is observed for the entire model domain with greater
magnitudes over the coastal areas and the arid region as
compared to the rest of the state. The probability distribu-
tions of state-averaged winter Tmean, Tmax and Tmin show
a shift of the means, Sth and 95th percentile to the warmer
temperatures for all the three parameters. The distributions
also show larger shifts of the left tails (cooler temperatures)
than the right tails (warmer temperatures) towards the hotter
end of the temperature distribution for all three parameters.

The projected future changes in winter mean precipita-
tion show an increase of up to 50% over northern California
and a decrease of up to 40% over southern California when
compared to the current decade, which suggests that the rela-
tively wet north would become wetter and the relatively dry
south would become drier by the 2050s. As a result of the
wintertime temperature rise, the solid phase precipitation
(snow + graupel) is projected to decrease over the western
side of the Sierra Nevada and the mountain ranges to the
south of the central valley where the elevation is lower than
2000 m, despite an overall increase in total precipitation.
The solid phase precipitation is projected to increase over
the eastern side of the Sierra Nevada where the elevation
is higher than 2000 m by the 2050s. Our results show a
future reduction in the snow_to_precipitation ratio over
most of the mountainous areas except for the eastern side
of the Sierra Nevada (elevation higher than 2000 m), where
the future change in snow_to_precipitation ratio is close to
zero. The projected future changes in wintertime precipita-
tion over California, together with the changes in snow over
the mountain ranges, indicate substantial future variations in
the snowpack and distribution over the Sierra Nevada, which
is vital to California’s water supply.

The influence of climate change on AR activities that
approach the U.S. west coast is investigated by examin-
ing the IVT off the west coast. The results show a shift
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of the peak of the ARs approaching the U.S. west coast
from higher latitudes to California’s northern and central
coast (35° to 40° N) in the future decade, which is likely
the reason for the projected future increase in wintertime
precipitation over northern California.

The analysis on stagnation conditions over SJV, which
is highly associated with the severe winter PM problem
over this region, suggests an approximately 6% future
increase in winter stagnant days over the SJV. This pro-
jected increase is shown to be attributed to more frequent
occurrences of days with a more stably-stratified atmos-
phere and stagnant winds near the surface and at 3000 feet.

Our downscaled meteorological results with high spati-
otemporal resolution provide references to policy makers
in the environmental and water resources sectors to better
understand how water supplies and wintertime air quality
issues over California that may change by the 2050s under
a changing climate. This will inform the development of
strategies aimed at mitigating the effect of climate change
on those aspects. We would like to point out that this work
represents only a single future climate realization with
fine resolution over California. Different assumptions in
radiative forcing scenarios and different GCMs may result
in different future realizations over this region, producing
different future projections in regional meteorology and air
quality. For instance, there can be considerable uncertain-
ties in the wintertime circulation projection over the Cali-
fornian coast from different GCMs and different emission
scenarios. As the consequence, the future projection in
precipitation can be different from this study when driven
by a different GCM or/and a different radiative forcing
scenario. Although we believe that the scenario selected
in this study is more realistically aligned with the future
green house gas emission reduction in California, and the
bias correction applied to the CESM data in this study
would reduce the uncertainty of the future projection to a
certain extent, the downscaled results from this study still
do not fully represent real future conditions and the con-
sensus from other GCMs. CMIP5 multi-model ensemble
could be used to further reduce the uncertainty of future
projections, which will be pursued in our future studies.
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