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Abstract. Mineral dust aerosols often observed over Califor- lated precipitation by 10—20 % from the Central Valley to the

nia in winter and spring, associated with long-range transporSierra Nevada for both FEB16 and MARO2 due t&-40 %

from Asia and the Sahara, have been linked to enhanced préacrease in snow formation, validating the observational hy-

cipitation based on observations. Local anthropogenic pollupothesis. Model results show that local pollution increases

tion, on the other hand, was shown in previous observationaprecipitation over the windward slope of the mountains by

and modeling studies to reduce precipitation. Here we incor-a few percent due to increased snow formation when dust is

porate recent developments in ice nucleation parameterizggresent, but reduces precipitation by 5-8 % if dust is removed

tions to link aerosols with ice crystal formation in a spectral- on FEB16. The effects of local pollution on cloud micro-

bin cloud microphysical model coupled with the Weather Re-physics and precipitation strongly depend on meteorology,

search and Forecasting (WRF) model in order to examinancluding cloud dynamics and the strength of the Sierra Bar-

the relative and combined impacts of dust and local pollutionrier Jet. This study further underscores the importance of the

particles on cloud properties and precipitation type and in-interactions between local pollution, dust, and environmental

tensity. Simulations are carried out for two cloud cases (fromconditions for assessing aerosol effects on cold-season pre-

the CalWater 2011 field campaign) with contrasting mete-cipitation in California.

orology and cloud dynamics that occurred on 16 February

(FEB16) and 2 March (MARO2). In both cases, observa-

tions show the presence of dust and biological particles in

a relative pristine environment. The simulated cloud micro-1 Introduction

physical properties and precipitation show reasonable agree-

ment with aircraft and surface measurements. Model sensiPrecipitation is an important process that regulates atmo-

tivity experiments indicate that in the pristine environment, spheric moisture, heat budgets, and local hydrological cycles.

the dust and biological aerosol layers increase the accumuAffected by many factors such as large-scale dynamics, solar
heating, and aerosol particles (Shen et al., 2010; Rosenfeld
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et al., 2008), precipitation has always been very challengings likely to have counteracting effects. Under a clean and
to predict. Snow in the Sierra Nevada is California’s largestmoist environment, warm rain from low-level clouds alone
source of fresh water. Understanding the factors contribut-can produce floods in the coastal mountain area (White et al.,
ing to precipitation and snowpack formation has important2003). Increasing CCN could make the conversion to rain-
implications for predicting the hydrology and local climate drops less efficient for the low-level clouds, and also reduce
of the region. This has motivated a series of CalWater fieldriming efficiency for the mixed-phase clouds. However, in-
campaigns, carried out since 2009, to improve understandereasing INP could increase the rimed mass and enhance the
ing of processes influencing precipitation and water supplyWegener—Bergeron—Findeisen (WBF) process (i.e., ice parti-
in California. cles grow at the expense of liquid particles due to the lower
Aerosols in the atmosphere can act as cloud condensasaturation vapor pressure over ice compared with that over
tion nuclei (CCN) or ice nucleating particles (INP) to modify liquid at a given temperature) due to enhanced ice formation
cloud microphysical processes and potentially change the lo(Fan et al., 2011; Saleeby et al., 2013), and enhance precip-
cation, intensity, and type of precipitation (Tao et al., 2012).itating ice particles such as snow. Ault et al. (2011) spec-
Studies have shown that an increase in anthropogenic polludlated that the increased precipitation in a dust case com-
tion can result in a reduction of precipitation from orographic pared to a no-dust (conditions under which there is no long-
clouds due to slow conversion of cloud droplets into rain- range transported dust) case during the CalWater Early Start
drops (Lynn et al., 2007; Rosenfeld and Givati, 2006; Jirakcampaign was associated with long-range transported Asian
and Cotton, 2006) and also reduce the snowfall rate of orodust particles that serve as INP and increase the riming rate.
graphic clouds by reducing riming efficiency (Lowenthal et Creamean et al. (2013) further supported the hypothesis of
al., 2011; Saleeby et al., 2009; Rosenfeld et al., 2008; BoAult et al. (2011) by examining in situ aircraft and ground-
rys et al., 2003). Suppression of orographic precipitation bybased data. In addition, when INP are mostly absent in a
anthropogenic aerosols can be a significant problem alongloud layer, supercooled drops can be abundant even at tem-
the US West Coast, where precipitation over the mountaingeratures as cold as21°C (Rosenfeld et al., 2013).
is a major water source for the semi-arid region. Pristine Although significant insights have been gained through
air that comes from the Pacific Ocean becomes pollutebbservational analyses of the potential impacts of aerosols
over the densely populated coastal plains and the centradn clouds and precipitation, distinguishing the contributions
Sierra Valley before ascending over the Sierra Nevada downef different factors including meteorology or cloud regimes
wind. The westerly storm track during the cold season bringsand aerosol compositions and concentrations is difficult. This
in episodic bands of high water vapor concentrations, alschallenge, however, can be greatly facilitated by the com-
known as “atmospheric rivers” (ARs) that provide the poten-bined use of observational data and theoretical modeling to
tial for heavy precipitation and flooding. How pollution and examine the contribution of mineral dust particles acting as
clouds interact under AR conditions is not yet clear and iSINP on precipitation to test the hypothesis proposed by Ault
investigated in this study. et al. (2011) and Creamean et al. (2013). More specifically,
Besides the local pollution from the populated coastalmodeling studies are essential for qualitatively and quanti-
plains and the Central Valley, long-range transport of Asiantatively understanding the relative impacts of local anthro-
dust has been shown to impact western North Americarpogenic pollution and long-range transported dust on cloud
air quality (VanCuren and Cahill, 2002). It is known that properties and precipitation.
dust particles can be transported intercontinentally on the To examine the effects of mineral dust through its selec-
timescale of days (Uno et al., 2009). Past observational studtive role as INP, ice nucleation parameterizations have to
ies also indicated that the long-range transported dust coulthe linked with aerosol properties such as number concen-
act as effective ice nuclei and impact cloud properties andrations, surface area, etc. Most ice nucleation parameteri-
precipitation in the western and central US (Sassen, 2002zations used in cloud and climate models are formulated as
Pratt et al.,, 2009). Recent analysis of observational datampirical functions of only temperature and/or supersatura-
from the CalWater Early Start campaign (22 February to 11tion (e.g., Fletcher, 1962; Young, 1974; Meyers et al., 1992;
March 2009) and CalWater2011 shows that dust and biologCotton et al., 1986), which cannot be used to examine the
ical aerosols transported from northern Asia and the Saharaffects of aerosols that serve as INP. In recent years, new pa-
were present in glaciated high-altitude clouds in the Sierrarameterizations (e.g., DeMott et al., 2010; Niemand et al.,
Nevada coincident with elevated INP concentrations and ice2012; DeMott et al., 2013; Phillips et al., 2013) or modifi-
induced precipitation (Ault et al.,, 2011; Creamean et al.,cations of existing parameterizations (e.g., van den Heever et
2013). al., 2006; Muhlbauer and Lohmann, 2009) have been made to
Mineral dust particles may act as cloud condensation nuiink aerosols with ice nucleation. These recent developments
clei (CCN) or ice nucleating particles (INP) (e.g., Karydis allow us to investigate the INP effects of aerosols.
et al., 2011; Yamashita et al., 2011; Connolly et al., 2009; In this study, we incorporate recent developments in ice
Marcolli et al., 2007). The impact of dust through its role as nucleation parameterizations to link ice nucleating aerosols
CCN versus INP on precipitation from mixed-phase cloudswith ice crystal formation in a spectral-bin microphysical
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(a) FEB16 (b) MARO2

17:00 UTC on Feb. 16 19:00 UTC on Mar. 02

Fig. 1. Multi-channel RGB images from GOES-11 f@) FEB16 andb) MARO2. Images are from the VISST Cloud Product. In the figures,

red was produced using the visible (0.65 um) reflectance (R_65). Green was produced using the differences between the 3.9-um and 11
pum brightness temperatures (T3.9-11). Blue was produced using the 11-um brightness temperature (T11). This color combination allows
discrimination between low, middle and high clouds. The peach-colored areas indicate low clouds, like stratus; the bright pink to white areas

indicate high ice clouds like cirrus; and the red areas indicate mid-level clouds. There are some dark pink, almost red areas in Nevada and
over the Sierra Nevada, which are snow-covered.

model (SBM) (Khain et al., 2004; Khain and Lynn, 2009; Fan 15 February were confined to the lower altitudes and negli-
et al., 2012a) coupled with the Weather Research and Foregible ice was detected based on aircraft measurements. The
casting (WRF) model (Skamarock et al., 2005). We employlower-level clouds merged with the elevated cloud base over
the model to simulate two mixed-phase cloud cases from thehe foothills and became deeper in the afternoon of 16 Febru-
CalWater 2011 field campaign in which mineral dust and bio-ary (Fig. 1a). An AR of medium strength was present in this
logical particles were observed entering and affecting supercase (Neiman et al., 2008a, b; Ault et al., 2011). ARs were
cooled cloud layers. We examine how mineral dust and localdentified by long and narrow plumes of integrated water va-
pollution particles can potentially affect cloud microphysical por exceeding 2 cm. A Sierra Barrier Jet (SBJ), as often ob-
properties and precipitation type and intensity. The two cloudserved during AR events (Neiman et al., 2010), was present
cases and the related observations that are used for evaluatiovith wind speeds of about 24 ms Heavy snow (78.7 cm)
of simulations are detailed in the following section. was observed at Norden (39°342, 120.37 W). The flight on

16 February (referred to as FIt0216) sampled very different

clouds during its ascent and descent periods due to chang-
2 Observations ing dynamics (Creamean et al., 2013). During the ascent pe-

riod (morning of 16 February), there were distinct cloud lay-

The CalWater 2011 field campaign was conducted from late2rs. including convective clouds:3500 m), which were de-
January to early March, centered over the California Sierrscoupled from the boundary layer containing local pollution
Nevada. Aerosol, meteorology, cloud physics and micro-8€rosols, and mid-level orographic cloudst000-6000 m).
physics data were collected using ground-based measurd2uring the descent (afternoon of 16 February), the bound-
ments, in situ aircraft observations, and satellite measure@'y layer rose higher in altitude, coupling with the convective
ments http://www.esrl.noaa.gov/psd/calwaderDne of the  clouds.

major goals was to advance our understanding of how oro- Another cloud case that we simulate occurred on 1-2
graphic precipitation is impacted by anthropogenic aerosoldvarch 2011 (referred to as “MARO2" hereinafter). In con-
and long-range transported dust. Aircraft measurements weréast to FEB16 with the westerly flow, airflow was southeast-
taken on board the US Department of Energy Gulfstream-1€'ly and parallel to the topographic gradients (discussed more
(G-1) aircraft. During the field campaign period, dust was in Results) with weak orographic forcing. A southwest sub-
often identified in precipitation samples (Creamean et al. tropical jet moved over California and shallow clouds devel-
2013). 15-16 February 2011 (referred to as “FEB16” here-oped (Fig. 1b). The AR was classified as medium strength
inafter), was one of the dust cases in which significant pre{Neiman et al., 2008a,b), similar to FEB16, but the SBJ was
cipitation was produced in the form of snow. In spite of the Stronger (30ms') on MARO2 than on FEB16. Snow was
cold temperature (surfacg is lower than 0C), clouds on ~ Not observed at the Sugar Pine Dam (SPD) on 1 March but
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light snow was observed on 2 March. Clouds were low, with continuous-flow ice thermal diffusion chamber (CFDC) (De-
a vertical extent of only about 3km. Compared to FEB16, Mott et al., 2010; Creamean et al., 2013). The INP number
this is a warmer case, with temperatures of abd@ &igher  concentrations measured within the dust layer as condensa-
at the same altitudes. For example, cloud temperature dion and immersion freezing nuclei at (hominally) 105% RH
3km above the Central Valley was abeut3 and—8°C on by the CFDC were about 51! at a processing temperature
FEB16 and MARO2, respectively. There were two flights on of —30°C in FIt0216. These INP concentrations are about 10
MARO02: at 17:00-20:00 and at 22:00-23:58 UTC. These ardimes higher than the measured concentrations from the pre-
referred to as FIt0302a and FIt0302b, respectively. Cloudssious day (i.e., FIt0215). Note that the clouds were warmer
sampled in FIt0302a were mixed-phase and convective, buand no ice particles were significantly detected in FIt0215.
then became shallow and liquid-only in FIt0302b. For the two flights on 2 March, the CFDC-measured INP

The aerosol and cloud properties were measured by mulwere on the order of 111 at—20°C and 3—20 1, depend-
tiple instruments mounted on G-1, including a passive cav-ng on the altitude, and at a temperature-&0°C.
ity aerosol spectrometer probe (PCASP) sizing particles with Ground-based measurements of equivalent radar reflectiv-
maximum dimensionD between 100 to 3000 um; a ultra- ity factor (Z¢) and Doppler velocity by the NOAA (National
high sensitivity aerosol spectrometer (UHSAS), measuringOceanic and Atmospheric Administration) S-band (2875
fine mode aerosol size spectra of 55-800 nm; a SPEC 2MHz) precipitation profiler (S-PROF; White et al., 2000) at
Dimensional Stereo (2DS) optical imaging probe, which Sugar Pine Dam (SPD) are directly compared with the simu-
sizes droplets and ice crystals between 10 and 3000 um; kated quantities from a radar simulator coupled with the SBM
Droplet Measurements Technologies (DMT) cloud droplet (Fan et al., 2009). Details about the radar simulator are de-
probe (CDP, 2 to 50 um); and a DMT cloud imaging probe scribed in Fan et al. (2009). Surface precipitation from tip-
(CIP, nominally sizing between 25 to 1550 um). The SEA ping buckets and other types of gauges deployed over the
Model WCM-2000 Multi-Element Water Content System is region are also compared with the modeled output.
designed to measure liquid-water content (LWC) and total Satellite-retrieved liquid-water path (LWP) is also com-
water content (TWC). When ice is present, the ice-water conpared with the model results. The observed LWP is from the
tent (IWC) is derived by taking the difference between TWC satellite cloud products retrieved using the Visible Infrared
and LWC. The aircraft data used in this study represent theSolar-Infrared Split Window Technique (VISST) algorithm
best estimates of LWC, IWC, dropleN(,) and ice particle  (Minnis et al., 2006). The data streams are pixel-level re-
number concentrationsVf). It should be noted that the tips trievals on~0.5° latitude—longitude grid. Since the satellite
on the 2DS and CIP probes were modified to minimize shat+retrieved ice-water path (IWP) has very large uncertainties,
tering of large ice particles (Korolov et al., 2011). an evaluation of IWP is not carried out.

We obtained aerosol particle size distribution over the
range 0.06—4 um based on a combination of UHSAS and ) ) ) ) .
PCASP measurements by excluding cloudy points. The UH3 Model configuration and simulation design

SAS and PCASP were usec_i for diameters Ie§s than am31imulations were performed using WRF version 3.1.1 de-
greater than 200 nm, respectively. Aerosol particle number cloped at the National Center for Atmospheric Research

concentrations Wllth diameter Iarger than 0.5 Hm were use NCAR) (Skamarock et al., 2008)WRF solves the fully
as a proxy for mineral dust particle concentrations, repre-

senting an upper limit for ice-nucleating particles (DeMott compressible, nonhydrostatic Euler equations formulated on

. i i . the terrain following hydrostatic-pressure vertical coordi-
et al., 2010). Using this definition on FEB16, variable dust ates and the Arakawa C-grid. The model uses the Runge—

layers were ob_saerved between 3'5._6 km with the hlghesEutta second- and third-order time integration schemes, and
values of~2cmi°. On MARO2, the inferred dust concen- . . ) :
second- to sixth-order advection schemes in both horizontal

. . . _3 - .
trations were hlghe_rz with-4 ¢ at 3 4km in F|t03026.l'. and vertical directions (Li et al., 2008). The fifth-order advec-
Based on compositions measured in cloud and precipita;

tion residues (Creamean et al., 2013), the INP on FEBléIon scheme is used in th|s study. The monotolnlc teghmque
: . . . Is employed for advection of scalar and moist variables.
are likely mineral dust or biological aerosols. On MARO2,

because clouds were shallower and warmer, not much col(-:l_he microphysical schemes used in the study are briefly de-

rain was detected. Still, dust and biological aerosols Werescnbed below.

found in 60-70% of precipitation residues and about 10% ¢ Spectral-bin microphysics (SBM)

of cloud residues (Creamean et al., 2013). Dust aerosols can

be activated as CCN and thereby enter clouds and precip3.1.1 The original SBM

itation. However, since ice was measured in these clouds,

it is possible that some dust or mixtures of dust and bio-The spectral-bin microphysics (SBM) scheme used in this
logical aerosols (referred to as “bio” hereafter) interactedstudy is based on the Hebrew University Cloud Model
with some clouds that were cold enough to form ice in this(HUCM) described by Khain et al. (2004), Lynn and
case. The INP concentrations were measured in situ by th&hain (2007), and Khain et al. (2009). The microphysics
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parameterization solves a system of kinetic equations for thavith mineral dust particle concentrations at sizes larger than
size distribution functions for water drops, ice crystals (plate,0.5 um (i.e., all aerosols >0.5um in this study). The pa-
columnar and branch types), snow aggregates, graupel andmeterization is an update of that of DeMott et al. (2010),
hail, as well as CCN. Each size distribution is representedvhich was found to underestimate INP number concentra-
by 33 mass doubling bins, i.e., the mass of a particlen tions in direct samplings of Saharan and Asian dust in both
thek bin is determined as;, = 2m;_1. The CCN size dis- field and laboratory studies. The implementation uses inde-
tribution is calculated prognostically with sinks and sources,pendent exponential and power law dependencies of INP
which include advection, droplet nucleation, and CCN regen-concentrations on temperature and aerosol concentrations,
eration from droplet evaporation (Fan et al., 2009). Scavengas suggested first by Tobo et al. (2013), in the favipp,
ing of CCN by precipitation is not considered. CCN activa- Ty = (CF) (n4=05um) @ ?"316-10+8) exp(y (27316—T;) +8)
tion is calculated according to the Kohler theory, i.e., CCN (DeMott et al., 2013). CF is an instrumental correction fac-
with radii exceeding the critical value that is calculated basedtor with a value of 3. Coefficients, . T, and § are
on supersaturation at a grid point are activated to becom®.0000594, 1.25, 0.46, and11.6, respectively, for min-
droplets, and the corresponding bins of the CCN spectra areral dust particles (DeMott et al., 2013} is tempera-
emptied. The original model employs the parameterizationture in kelvin, and N.os5,,» represents aerosol concentra-
of Meyers et al. (1992) for condensation freezing and de-tions (at standard temperature and pressure) with diameters
position nucleation, and Bigg (1953) for drop freezing (i.e., larger than 0.5 pm and S¥|p, 7, is also referenced to stan-
immersion and homogeneous freezing). Use of these twalard temperature (273 K) and pressure (1013.5mb) condi-
schemes together may provide a liberal estimate of INP contions. With this parameterization, the frozen fractions are
centrations in the mixed-phase regime, as it is now recogabout 2.9« 10~4 and 2.8x 10~ for a dust concentration of
nized that CFDC measurements, which were the basis of thé cm2 at temperatures of20 and—30°C, respectively. For
Meyers et al. (1992) parameterization, most likely accountcontact freezing, we adopt the implementation of Muhlbauer
forimmersion freezing nucleation (DeMott et al., 2011; Tobo and Lohmann (2009) for the parameterizations described in
etal., 2012); but homogeneous freezing of aerosol particles i€otton et al. (1986) and Young (1974) to connect with INP.
not included in these schemes. More details about the microTherefore, besides horizontal and vertical advection, the INP
physical processes included in the original SBM are providedsink terms are the immersion and contact freezing as de-
in Khain et al. (2004) and Fan et al. (2009). scribed above, and the source terms are the initial and bound-
Following Fan et al. (2012a), this study also employs Fast-ary conditions that are described in Sect. 3.2 for the case
SBM (Khain et al., 2009, 2010), in which ice crystal and setup. Since INP number concentrations predicted by the
snow (aggregates) in the full SBM are calculated on oneDeMott et al. (2013) parameterization reference the num-
size distribution with separation at 150 um (referred to asber concentrations of aerosol particles larger than 0.5 um,
low-density ice), and graupel and hail in the full version are we represent dust with a single prognostic parameter in this
grouped as high-density ice, represented by one size distristudy.
bution without separation. No changes in the microphysical In this study, we implemented the parameterization of
processes are made compared to the full SBM. The fast verbeMott et al., 2013 for immersion freezing, that is, a pre-
sion was able to produce cloud microphysical and dynamicakxisting liquid particle (droplet or drop) is consumed for each
structure as well as precipitation similarly to the full SBM formed ice crystal determined by the parameterization (at

(Khain et al., 2009). the same time, an ice nucleus is removed from the INP cat-
egory). Over the size spectrum of water drops, the largest
3.1.2 Modifications of the SBM for this study drops freeze first, and then the smaller ones freeze when ice

nucleation occurs. An upper limit of ice particle concentra-
As discussed in Sect. 1, the ice nucleation parameterization was applied after nucleation to prevent excessive nucle-
tions of Meyers et al. (1992) and Bigg (1953) employed ation, i.e., the total ice particle concentration can not exceed
in the original SBM do not connect aerosols with ice nu- the initial INP concentration set at a specific grid. With the
cleation. To examine the effects of mineral dust (or a mix- prognostic INP and the upper limit constraint, we are able to
ture of dust and biological aerosols with nucleating proper-simulate ice particle concentrations reasonably well. We do
ties assumed to be similar to mineral dust) acting as INPnot include a parameterization for deposition nucleation in
we modified the SBM to incorporate new ice nucleation pa-the simulations performed. Note that deposition nucleation
rameterizations in which ice crystal formation is connectedof mineral dust is not supported, except for the largest super-
with aerosols. An additional prognostic variable for INP con- micron particles, by laboratory studies in mixed-phase cloud
centration was added to represent the sinks and sources abnditions (DeMott et al., 2011; Hoose and Moehler, 2012;
INP. We implemented the parameterization of DeMott et Sullivan etal., 2010; Tobo et al., 2012). Nor is it supported by
al. (2013) in the SBM to connect with the prognostic ice field observations (e.g., Stith et al., 2009; Field et al., 2012).
nucleating aerosols. This parameterization specifically condn a test using the deposition parameterization of Meyers
nects ice nucleation by full mineral dust size distribution et al. (1992) to predict INP concentrations (and connected
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Fig. 2.Images of 2DS for cloud hydrometeors(a) FEB16 andb) MARO2 at 18:46:30 UTC on 16 February and 18:17:00 UTC on 2 March,
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Since new ice crystals form on tiny ice nuclei with at the dust
sizes when activating in the deposition mode, so they are put
into the first bin of the ice crystal spectrum which is about 4—
5um in diameter, and thus a small ice crystal mode persists
in the simulated clouds. For this reason, and the fact that the
Meyers parameterization for deposition nucleation does not
well represent the activation properties of mineral dust parti-
cles, simulations did not give results in good agreement with
observed cloud properties. With our implementation of the
immersion freezing (i.e., DeMott et al., 2013) as described
above (i.e., the largest drops freeze first and then the smaller
ones), we are able to obtain a majority of large ice particles
in our simulations, matching better with observations.

3.2 Design of numerical experiments

Simulations are performed using realistic initial and lateral
boundary conditions. Two nested domains with a horizon-
tal resolution of 10 and 2km are used (Fig. 3) with 51 ver-
tical levels. The numbers of horizontal grid points for do-
main 1 (coarse-grid domain) and domain 2 (fine-grid do-
main) are 138 134 and 301 281, respectively. We use

the one-way nesting approach for the two-domain simula-
tions. For FEB16, three-hourly NCEP (National Centers for
Environmental Prediction) North American Model (NAM)

Data at 32 km resolution is processed to provide initial con-
ditions for both domain 1 and domain 2, and also to pro-

with dust concentrations on the basis of van den Heever etide lateral boundary conditions for domain 1. domains 1
al. (2006)), it was found that more than half of ice particles and 2 are run at the same time with a one-way nesting ap-
produced were less than 100 um, while the observed ice paproach. For MARO2, the one-way approach is executed a
ticles in both cases are very large, with sizes generally largelittle differently, i.e., domain 2 is run separately with initial
than 200 um, based on both the 2DS and CIP images (Fig. 2and lateral boundary conditions obtained from a simulation

Atmos. Chem. Phys., 14, 81101, 2014
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Table 1. The CCN and INP setup for the simulations of (a) FEB16 and (b) MARO2.

Runs CCN (crm3)  *Background Dust layer (cnT3)  Lateral boundaries
INP (L) (serve as INP)
(a) FEB16
**LoCCN&Dust 32 1.0 2 at 3.5-6.5km CCN: 32cr
INP: 1.0L~1 plus
dust profile
**HICCN&Dust 32x5 1.0 2 at 3.5-6.5km CCN: 32 ¢
INP: 1.0L~1 plus
dust profile
LoCCN&NoDust 32 1.0 No CCN: 32cim
INP: 1.0L71
HICCN&NoDust  32x 5 1.0 No CCN: 32¢cm?
INP:1.0L°1
(b) MARO2
*LoCCN&Dust 145 1.0 4 at 3-6 km CCN: 145 cra
INP: 1.0 L1 plus dust profile
**HiCCN&Dust 145x 5 1.0 4 at 3-6 km CCN: 145 ¢
INP: 1.0 L1 plus dust profile
LoCCN&NoDust 145 1.0 No CCN: 145 cd
INP:1.0L71
HICCN&NoDust  145x 5 1.0 No CCN: 145cm3
INP: 1.0L71

* The background INP is set to be vertically uniform. Dust layer is only set at certain vertical levels, which serves as additional INP on top of
the background INP. All of the INP is fed to the ice nucleation parameterizations to determine their nucleation.

** LoCCN&Dust is the base run which is evaluated by observations.

*** For HICCN&Dust, only the CCN over land with terrain height within 200 m (i.e., at the Central Valley and coastal plains in Fig. 1) are
increased by 5 times.

with domain 1 alone (the so-called “nest-down” approach). CDP-measured cloud droplet concentrations. As discussed in
The initial and lateral boundary conditions for domain 1 are Sect. 2, clouds in the ascent period of FIt0206 were formed
obtained from the three-hourly NCEP North American Re- from the maritime clean air which was decoupled from the
gional Reanalysis (NARR) data at 32km resolution. Dif- boundary layer due to weak inversion near the surface and
ferent nesting approaches and large-scale data are used fhave cloud droplet concentrations of only about 30ém
the FEB16 and MARO2 cases to achieve more realistic re{Rosenfeld et al., 2014). On MARO02, cloud droplet con-
sults compared with observations. For both cases, the lateralentrations are~120 cnm3 around the cloud bases. There-
boundary conditions are updated every 3 h. fore, the total CCN concentrations used in the base run
For FEB16, both domains are run with SBM cloud micro- (LoCCN&Dust) are~32 cnt3 for FEB16 and 145 crhfor
physics and the rapid radiative transfer model for global cir-MARO2 (Table 1). The smallest and largest CCN bin sizes
culation models (RRTMG) (lacono et al., 2008) short-wave (in radius) are 0.05 and 2 um for FEB16, respectively, and
and long-wave radiation schemes are used to account fod.063 and 2 um for MARO2, respectively. Also based on the
aerosol—cloud—radiation interactions based on the droplet elJHSAS and PCASP measurements, CCN are set to be uni-
fective radius £4) calculated by SBM. With this connection, form from the ground to 6.5km for FEB16 (ignoring the
the long-wave positive forcing due to aerosol indirect effectsCCN differences between the decoupled boundary layer and
is very significant for deep convective clouds as shown inthe layer above it, since aerosols from the decoupled bound-
Fan et al. (2012b). For MARO2, the same SBM and RRTMG ary layer do not interact with the clouds above the boundary
schemes are used in the single-domain run (domain 2). layer). For MARO2, CCN are uniform within 0—1.5km, then
The setups of CCN and dust concentrations for FEB16reduced by half from 1.5-4 km. For altitudes above 6.5km
and MARO2 are shown in Table 1. Due to a lack of CCN for FEB06 and 4 km for MARO2, an exponential decrease of
measurements on these particular days, the initial CCNCCN is employed. Sea-salt composition is assumed for CCN
size distribution for the base run (i.e., LOCCN&Dust) is activation since the air was under relatively pristine marine
set using the PCASP measurements under cloud-free coraerosol conditions (Rosenfeld et al., 2013, 2014). This also
ditions and the total CCN number is adjusted based on thenakes our setup of total CCN concentrations based on the
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Fig. 4. Comparison of model accumulated precipitation from the base run (LoCCN&Dust) with observati¢sHBB16 andb) MAR02
during the day (00:00-23:00 UTC). The day refers to 16 February for the FEB16 case, and 2 March for the MARO2 case.

observed droplet concentrations valid since sea salt is easiltal domain. We understand that dust may also act as CCN.
activated under supersaturation. Given that the dust concentration is much lower (1-2 magni-
Section 2 discussed how we obtained the proxy dust contudes) than the CCN concentrations in these cases, its CCN
centration (Vgus), Which is the sum of aerosol particles effect may be negligible. Therefore, only the effects of dust
with diameters larger than 0.5um under clear-sky condi-as INP are examined in this study. To examine the impacts
tions. Ngqustwas~1—2 and~4 cm 3 for FEB16 and MAR02  of aerosol particles from local pollution versus long-range
(FIt0302b only has about 1 min time period showing virtu- transported dust on the winter clouds and precipitation, we
ally no ice), respectively. Based on laboratory experimentsconduct three sensitivity runs besides the base run, which
the fraction of dust particles acting as effective INP to form are referred to as “HICCN&Dust”, “LoCCN&NoDust” and
ice crystals is generally in the range ©f4-5x 10~ (Nie- “HICCN&NoDust” (Table 1). Local pollution particles in the
mand et al., 2012) at temperatures-22°C. Based on this Central Valley region and along the coastal plains are mainly
information, the ice crystal concentrations should be aboutanthropogenic, which increase CCN concentrations (Moore
4-10L"1 for FEB16 and <20L! for MARO2, which is et al., 2012). We assume no special INP properties for the
close to the CFDC-measured effective INP and the ice cryspollution particles. Therefore, in HHCCN&Dust, based on the
tal concentrations measured by 2DS in FEB16 (Creameaibase run (LoCCN&Dust), we increase CCN concentration
et al., 2013). From the vertical distribution of dust, the lo- by 5 times over land grid points with topographic height less
cation of dust is set at 3.5-6.5km for FEB16 and 3—6 kmthan 200 m, which covers the coastal plains and the Central
for MARO2. The dust layer is applied to the entire horizon- Valley area as shown in Fig. 3. In LOCCN&NoDust, the dust
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Fig. 5. Comparison of the modeled cloud droplet number concentraig) (iquid-water content (LWC), ice particle number concentration

(N;), and ice-water content (IWC) with aircraft measuremednjsfor flt0206 on FEB16 andb) for ft0302a on MARO2. The black dots

denote the observed daf¥ is from CDP, LWC and IWC are from the WCM measurements, &ni from 2DS. The bars denote standard
deviation. The model results are from the base run (LoOCCN&Dust). The model results are averaged over the cloudy points identified by the
detection limit of each instrument in the aircraft-measurement domain instead of the flight track due to the extreme heterogeneous nature of
the clouds in this region.

layer is removed from the base run to examine the impact ofuns, CCN at the lateral boundaries are set to be the same as
dust as INP. HICCN&NoDust is conducted so that we canthose in the clean runs (Table 1) in order to mimic the clean
examine the CCN effects under the condition of no dust, asirflow from the south and, which isolates the impact of pol-
well as the dust effects in the polluted condition (i.e., high lution produced locally (not transported from other regions).
CCN). Note that the background INP of T (Table 1) is  CCN are diagnosed rather than predicted for cloudy points at
set to be vertically uniform in the NoDust runs at the initial the lateral boundaries to prevent excessive droplet nucleation
time step. It is used as input to the ice nucleation parame{Fan et al., 2012a).
terization of DeMott et al. (2013) and the contact freezing
parameterizations described in Sect. 3.1.2 for calculation of
ice nucleation and is treated as being prognostically similars Results
to dust particles.

To avoid atrtificial dilution of CCN and INP by the in- 4.1 Comparison with observations
flow air from the lateral boundaries, CCN and INP sources
are set at the lateral boundaries that include the outer 5 gridhe base runs (i.e., LoCCN&Dust) of both FEB16 and
cells on each side of domain. Specifically, the CCN and INPMARO2 are evaluated with available observations from air-
at the lateral boundaries are the same as their initial condieraft, satellite retrieved data, and surface precipitation data.
tions (Table 1) except for the boundary CCN in the polluted Most importantly, a radar simulator (Fan et al., 2009) is cou-
runs (i.e., HICCN&Dust and HICCN&NoDust). In those two pled with WRF-SBM so that we are able to compare the
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(a) FEB16 VISST Model
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Fig. 6. Comparison of the modeled LWP from the base run (LoCCN&Dust) with the VISST observatiofs feEB16 andb) MARO2.

LWP is averaged over the time from 12:00-23:00 UTC of the day when the solar zenith @niglées than 80, since the observational

data are only good with< 80 degree and there are no observations at some hours during 00:00-12:00 UTC. Both model and observations are
hourly data. The model values are averaged over the 50 km scale for comparison with the VISST data grid scak ¢i®rhid-latitudes.

direct radar measurements from the ground-based S-PRO#icts precipitation for most stations along the Central Valley
with the model-simulated values, which are calculated basedor FEB16, but does a better job for MARO2.
on model-predicted size distribution for each hydrometeor.  Figure 5 shows a comparison of the modeled cloud micro-
First, the accumulated precipitation from 00:00 to physical properties with in situ aircraft measurements. The
23:00UTC on 16 February for FEB16 and on 2 March for observed droplet concentratioVy) is from the CDP mea-
MARQO?2 for stations with values larger than 1 mm are com- surements with a size range of 2-50 um and the modeled
pared with the corresponding results in the base runs (Fig. 4)values are integrated over the same size range. On FEB16,
The model captures the observed spatial pattern of precipitathe model reasonably reproducdésand LWC during the as-
tion in both cases, i.e., heavier precipitation for stations oncent period of the flight, especially for the cloud layer below
the windward side of the Sierra Nevada and lighter precip-3.5km (Fig. 5a). The model also captures the supercooled
itation for stations along the Central Valley. For most sta- droplet layer above 3.5 km. The valuesf from the sim-
tions over the mountains, the modeled precipitation agreesilation are in good agreement with the 2DS measurements
well with observations in both cases. The model underpre-below 3.6 km. The 2DS was not operating above 3.6 km on
FIt0216, but obviously ice particles are present since the
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observed IWC is significant and the model captures it very (s Fes1s

well. IWC is approximately a few times larger than LWC (be- 7 100.00F
tween 3.8-5.2 km), consistent with the observed large cloud :
ice fraction due to the dust layer (Fig. 2 of Creamean et al., .
2013). For MARO2, the simulation captures the vertical vari- - .00}
ation of N¢ very well. The modeled LWC values also agree

with observations. Note that the large horizontal bars in the
measuredV. below 1.8km suggest that the cloud field is

highly variable. The modeled IWC is reasonably good, but  yare2
N; tends to be lower than observed. The model simulates a

few deeper clouds in the flight domain, resulting in the higher
modeled cloud top seen in Fig. 5b. On the other hand, the air- -
craft did not fly above 4 km in FIt0302a, and we do not know

if there were clouds above this height or not.

The modeled LWP from the base runs is compared with :
the VISST LWP as shown in Fig. 6. Note that the model 001l
values are averaged over the 50 km scale, which is close tc e L 203 Dugpler Yelecity (rfs)
the grid scale of-0.5° for the VISST data at mid-latitudes.

For FEB16, the modeled LWP agrees reasonably well withFig. 7. Comparison of the modeled frequency distribution (black)
the VISST LWP in both magnitudes and spatial patterns, ex-of radar reflectivity and Doppler velocity from the radar simulator
cept for overestimating the LWP over the Sierra Nevada andf the base run with the S-PROF measurements (reqpjéfEB16
southern California. For MARO2, the modeled LWP agreesand(b) MARO2. The S-PROF (2875 Mhz) is located at Sacramento.
with the VISST LWP over the mountains, but it is signifi-

cantly lower than the observations over the coastal plains and

the Central Valley. higher on MARO2 (0.18 on FEB16 and 0.5 on MARO02), con-

Figure 7 shows a comparison of the histograms of radar resistent with radar and satellite estimates given in Creamean
flectivity (Ze) and Doppler velocity (Vd) from S-PROF with et al. (2013). As discussed in Sect. 2, MARO2 is warmer
those simulated by the radar simulator coupled with WRF-and the clouds are shallower. By removing the aerosol layer
SBM. Note that the original observed data are at a frequencyvhich has ice nucleating properties of mineral dust from the
of ~1 per minute. The data shown in Fig. 7 are sampled evenpbase run (LoOCCN&NoDust), show mass concentration is re-
10 min to match with the model data. Since the S-PROF dataluced by~35% on FEB16 and-50 % on MARO02, while
are time series at a single point (SPD), the model data usethindrop- mass concentration is increased~ times on
in Fig. 7 are averages over four adjacent grid points aroundEB16 and only~30% on MARO2. When examining the
SPD. The model reproduces the observed probability distrivaindrops and snow in clouds (Fig. 9), we find that on FEB16,
bution of Z¢ very well in both cases except f@ larger than  the raindrop-mass mixing ratio is increased-b$0 % when
20 dBZ. The model simulation underestimates the frequencydust is removed, accompanied by a substantial reduction of
of Vd>1ms!and Vd<-2ms?! compared to observations snow mass (by 50 % over the mountains). The same trends
on FEB16, but does a much better job on MARO2, thoughexist on MARO2 but the changes are smaller (Fig. 10), be-
it still underestimates the occurrence of Vd-2ms™t. The cause the case is warmer and the clouds are shallower.

5 0 5
Doppler velocity (m/s)

underprediction of both large absolute Vd and highindi- By comparing HICCN&NoDust with HICCN&Dust in
cates the simulated convection may be not as strong as thieig. 8, we see that dust increases snow precipitation by sim-
observed convection at the locations around SPD. ilar magnitudes (i.e., 34 % on FEB16 and 47 % on MARO02)
under the polluted condition compared with the clean condi-
4.2 Aerosol effects tion in both cases. CCN effects decrease rain by 7-15 % and

increase snow by 3 % under both dust and no-dust conditions
In this section, we examine how the local pollution parti- on FEB16. On MARO2, CCN effects are very small because
cles and long-range transported dust change modeled clouihe pollution from the Central Valley does not reach most of
properties and precipitation and which is a more significantthe clouds; this will be discussed further.
factor impacting local precipitation and climate for the cases To more clearly show where significant changes of pre-
simulated. Figure 8 presents the total rain and snow massipitation occur from the coastal area to the Sierra Nevada, a
concentrations at the lowest model level50 m above ter-  cross section is used to compare the simulations (dashed gray
rain height) in domain 2 from the four runs for FEB16 and line in Fig. 11a). Surface precipitation accumulated during
MARO?2. In the base run LoCCN&Dust, snow precipitation the day is integrated over a strip of area parallel to the blue
is significant in both cases because precipitation is mainlyfine in Fig. 11a and then divided by the total number of
located over the Sierra Nevada, but the rain fraction is muchgrid points. Fig. 11b (FEB16) and 11c (MARO2) present the
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Fig. 8. Total rain (blue) and snow (red) mass concentrations at the lowest modeH&g@i{ above terrain height) summed over the domain 2
and during the day (00:00-23:00 UTC) from all the simulations shown in x-axi@j#tEB16 andb) MARO2.
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Fig. 9. Mass mixing ratios of in-cloud raindrops and snow fr¢a) LOCCN&NoDust, (b) LoCCN&Dust, and(c) HICCN&Dust for
FEB16(a), (b), and(c) are for precipitating ice (i.e., snow + graupel but graupel content is negligible compared with snofa),gejland
(f) are for raindrops. The data are averaged over the cloudy grids (with the sum of cloud water and cloud-i€&gkto!) during
00:00-23:00 UTC and below 7 km.

differences in the mean accumulated precipitation between Therefore, Figs. 8-11 consistently show that dust in-
the runs to compare the CCN and dust effects (percentagereases snow precipitation dramatically over the region in
changes are presented in Fig. 11d, e). By removing the dudioth cases, for both high and low CCN conditions. Without
layer under the clean condition (red solid line), the mean prethe dust layers, snow can be reduced by 40-50 % and the pre-
cipitation over the mountains can be reduced by up to 3.2 mntipitation over the Central Valley and the windward slopes
(~15%) on 16 February. Over the Central Valley, the reduc-(west slope) of the mountains can be reduced by 10-20 %. As
tion in mean precipitation is less-L mm) but the percentage the fraction of aerosols that serve as effective INP increases,
change is even larger. For MARO2, the reduction in precip-freezing of water drops is enhanced, leading to much more
itation by removing dust is small from the coast to Central snow formation (Table 2). The increase of snow is because
Valley and in the mountains, but is up to 15 % on the wind- of the stronger WBF and riming processes as the total riming
ward slopes (west side of the mountains). Along the stripsgrowth is increased by three times and the total ice deposi-
dust effects on surface precipitation are more significant untion growth is increased by five times in LoCCN&Dust com-
der the polluted condition (the red dashed line) on FEB16pared with LOCCN&NoDust. We also see that ice deposition
but are similar to the clean condition on MARO2 (i.e., the red growth is dominant, which is about 20 times larger than the
dashed line is very close to the red solid line in Fig. 11c).  rimming growth in both dust and no-dust cases, consistent
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Fig. 10.Same as Fig. 9, except for MARO2.

with the findings of Saleeby et al. (2013). Note that riming luted condition. Therefore, it is suggested that ice and snow
efficiency may be reduced due to the smaller ice particlesontribute to the increase of surface precipitation. Compar-
size in the dust run, but the riming occurs more extensivelying Fig. 9c with 9b, in-cloud snow increases in HICCN&Dust
due to increased ice particle number concentrations. Ice crydrom LoCCN&Dust, especially over the southern part of the
tal number and mass concentrations are very small relativ&ierra Nevada. The results in Table 2 also show a similar
to snow in both dust and no-dust cases. In the model, icdarend when they are averaged over the domain. For MARO2,
forms through immersion and contact freezing of drops. Asincreasing CCN does not reduce raindrop-mass concentra-
the large drops freeze first, it is likely that many of the ice tion over the Central Valley and snow over the mountains
particles formed are immediately placed in the snow cate-also does not increase (Fig. 10) compared with the base run,
gory when their size is large than 150 um. Without dust, bothresulting in no change in both rain and snow near the surface,
snow and ice number and mass concentrations are reducexs shown in Fig. 8.
by over 50 %, accompanied by an increase of raindrop num- Under the conditions of no dust and bio, the effects of lo-
ber and mass concentrations (Table 2). Therefore, by freezingal pollution on rain and snow near the surface are smaller:
more water drops mainly through immersion freezing (con-pollution aerosols suppress rain by 8% and increase snow
tact freezing contributes little since immersion freezing con-by 3% on FEB16. Figure 11d shows that the surface pre-
sumes most of the INP) when INP increases, dust particlegipitation from the Central Valley to the lower part of wind-
increase snow precipitation by 10-20% over the Central Val-ward slope of the mountains is reduced by 5-9 % but is in-
ley and the Sierra Nevada. creased around the peak and lee side of the mountains on
As for the effects of local pollution particles which serve FEB16 (blue dashed line), consistent with Rosenfeld and Gi-
as CCN, increasing CCN over the Central Valley and coastavati (2006) and Lynn et al. (2007) in which dust was not
plains (HICCN&Dust) from the base run (LoCCN&Dust) in- present or considered. On MARO2, rain is suppressed by
creases the accumulated surface precipitation averaged ovenly 1% and snow is increased by 3% (Fig. 8; compare
the grid points along the strips shown in Figure 11a on theHICCN&NoDust with LoCCN&NoDust), and the surface
windward slopes of the mountains for both cases (blue solidorecipitation is also decreased slightly for the Central Valley
line in Fig. 11d and e). In fact, in-cloud raindrop mass is but increased over the slope.
reduced in HICCN&Dust compared to LOCCN&Dust, espe- Figure 9e, f and Fig. 10e, f show that increasing CCN
cially over the Central Valley and the southern part of thelocally (i.e., over the Central Valley and coastal plains) re-
mountains on FEB16 (Fig. 9e, f), since the coalescence ofluces in-cloud raindrop mass and number from autoconver-
smaller droplets is less efficient in forming rain in the pol- sion of droplets especially for the southern part of the Central
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Table 2.Cloud microphysical properties from the simulations of (a) FEB16 and (b) MARO2. Data shown are averaged over all of grid points

in domain 2 below 7 km during the day (00:00-23:00 UTC). The CCN effect is calculated by (HICCN&Dust-LoCCN&Dust)/LoCCN&Dust
-100, and the dust effect is calculated by (LOCCNNoDust-LoCCN&Dust)/LoCCN&DLGA. The symbols in the table are defined as: Nc

and Qc denote droplet number concentration and mass mixing ratio, Nr and Qr denote raindrop number concentration and mass mixing ratio,
Ni and Qi denote cloud ice humber concentration and mass mixing ratio, Ns and Qs denote snow number concentration and mass mixing
ratio, and Ng and Qg denote graupel number concentration and mass mixing ratio, respectively.

LoCCN& NoDust LoCCN& Dust HIiCCN& Dust CCN effect (%) Dust effect (%)

(a) FEB16

Nc (cm3) 4.72 3.53 6.19 75.33 33.66
Nr (L~ 1.67 0.73 0.58 —20.41 127.43
Ni (L1 0.01 0.05 0.05 1.94 —72.54
Ns (L1 0.17 0.49 0.50 1.73 —64.93
Ng (L™ 0.04 0.03 0.03 —14.00 17.52
Qc (mgkg 1) 31.75 21.26 22.38 5.28 49.35
Qr (mgkg1) 11.11 3.92 3.05 —22.22 183.85
Qi (mgkg™1) 0.002 0.009 0.010 2.44 —74.41
Qs (mgkg1) 43.45 71.92 75.18 3.14 —39.59
Qg (mgkg1) 5.22 2.90 2.46 —15.34 79.90
(b) MARO2

Nc (cm3) 9.87 9.59 16.77 74.96 2.91
Nr (L~ 3.32 2.73 2.64 —3.26 21.37
Ni (L1 0.01 0.06 0.06 6.43 —89.91
Ns (L1 0.11 0.37 0.38 4.61 —71.36
Ng (L™1) 0.00 0.01 0.01 5.03 —27.11
Qc (mgkg 1) 26.63 24.59 26.11 6.16 8.27
Qr (mgkg1) 20.00 14.08 13.94 —-0.97 42.08
Qi (mgkg1) 0.001 0.013 0.014 4.79 —89.88
Qs (mgkg1) 21.35 43.91 45.07 1.50 —51.38
Qg (mgkg1) 0.57 0.54 0.58 7.32 7.14

Valley and the mountains. The increase of precipitation byentire domain,N¢ in the orographic clouds could increase
the increased CCN occurs mainly on the upper slopes obufficiently to reduce riming as the droplet size becomes
the Sierra Nevada (Fig. 11). In contrast to deep convectivaoo small. This highlights the sensitivity of aerosol-cloud—
clouds, cloud top temperatures were warme+g6°C), so precipitation interactions to CCN relative to the complex ter-
increased droplet numbers in the polluted condition did notrain.

influence ice formation via homogeneous freezing. We see Under the conditions without dust and bio, increasing
a significant increase a¥. and reducedV; for clouds that CCN leads to an opposite effect on precipitation (i.e., de-
ascend from the Central Valley to the foothills at the 800 m creases precipitation) from the Central Valley to the wind-
altitude. The suppression of warm rain in the Central Val- ward slope of the mountains on FEB16 as discussed above.
ley and foothills by the increased CCN (Fig. 9f) allows more This is consistent with the fact that when dust and bio are
condensates (i.e., more droplet number and mass) to feed th@resent (high INP), CCN increases precipitation due to in-
ice generation regime on the upper slopes, leading to morereases of snow. Without dust and bio, ice nucleation pro-
snow formation through more riming and enhances precipi-cesses become inefficient. The clouds behave like warm
tation. Note that both location and concentration of pollution clouds, and increasing CCN suppresses precipitation as con-
are very important in determining whether riming and snow version of droplets to raindrops is less efficient. For oro-
are reduced or increased. The hypothetical polluted environgraphic clouds, the suppression of warm rain processes re-
ment simulated is moderate, since CCN are only increased bgults in more condensates being transported to the higher
5 times based on a very pristine condition of CERO cnt 3, altitudes and the lee side of the mountains to form ice
Furthermore, CCN are not increased over the mountain terand snow, leading to more precipitation at those places as
rain so they are confined to the low-lying areas in the Cen-shown in Fig. 11b. Similar results were shown in Rosenfeld
tral Valley and coastal plains. If CCN are increased over the
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little from LoCCN&Dust to HICCN&Dust (Fig. 10). Aver-
aged over domain 2, the reductions of raindrop number and
mass from LoCCN&Dust to HICCN&Dust are only 1-3%
< for MARO2, much less than the 20 % reduction for FEB16
(Table 2). The same is true when there is no dust. There-
fore, clouds on MARO2 are much less sensitive to the in-
ia crease of CCN than those on FEB16. The reduced sensitivity
of snow formed in the clouds for MARO?2 is likely related to
the warmer temperatures and shallower clouds compared to
FEB16.
To understand why increasing CCN has little effect on
_ raindrop number and mass concentrations for MARO2, we
2 plot the vertical profiles of CCN, droplet and raindrop con-
centrations only for grid points where high CCN are ap-
plied in HICCN&Dust (Fig. 12). It is found that the increase
of N¢ from LoCCN&Dust to HICCN&Dust on MARO2 is
not significant above 1km, while the increase is very ev-
ident by a few times over the entire vertical profile on
FEB16. The small change @¥. for MARO2 is due to the
negligible change of CCN above 1km (Fig. 12d). So the

/7 % 500 question is what makes CCN change so little above 1km
. ‘ in this case, when the initial CCN in HICCN&Dust over
——— the entire vertical profile are increased by 5 times from
LoCCN&Dust for both FEB16 and MARO2. Theoretically,
CCN in HICCN&Dust should be close to the blue line shown
in Fig. 12d. Sensitivity tests performed with uniform CCN
vertical distribution from 0—6 km for MARO2 show similar
\ L ‘ results, i.e., CCN decreases dramatically above 1 km. There-
100 10 200 i 500 50 e fore, the employed vertical distribution of CCN in the simu-
o lations is not a reason.

By examining the wind field at the altitude 6f1.1 and
3km in the Central Valley for FEB16 (Fig. 13) and MARO2
(Fig. 14), we find very strong southwesterly wind blow-
ing through the Central Valley associated with the strong
SBJ described in Sect. 2 during 2 March (Fig. 14a). In

St o) HiICCN&Dust where only CCN at the coastal plains and
Fig. 11. Differences of the accumulated precipitation averaged Central Valley are increased, the strong southwesterly wind
over the gnd points a|ong a Strip one gnd cell wide and par- quCkly dilutes the CCN concentrations in the Central Val-
allel to the blue line in the(a) along the cross section (i.e., ley area because the air from the western and southern
the dashed gray line ifa)) for (b) FEB16 and(c) MARO2. boundaries is much cleaner (i.e., CCN at the boundaries in
(d) and (e) are the corresponding percentage changes. The blugdiCCN&Dust are prescribed the same as in LOCCN&Dust).
lines denote the CCN effects under the conditions of dustTherefore, the CCN in the Central Valley would have little
(solid; HICCN&Dust — LoCCN&Dust) and no dust (dashed; jmpact on precipitation since they are not entrained by the
;tif':ﬁe'\(';sl)f; ;er:%(jﬁg'g;wg%“usg l:;sr t:idrsrd t":r(‘eefo\?ver(‘:og\l upslope flow that generates orographic precipitation in the
(S0l LoCCN&NoDust —LoCCNaDust) and figh CON (dashed 0 R T T B2 R A Fot e O o
HICCN&NoDust — HICCN&Dust) conditions. g .
ern boundary. To further validate the hypothesis, we per-
formed a sensitivity run (red line in Fig. 12e, f) based on
HICCN&Dust, but with polluted CCN concentration at the
and Givati (2006), Lynn et al. (2007), and Jirak and Cot- southern and western boundaries. Clearly, CCN concentra-
ton (2006), when dust was not present or considered. tions above 1km are much larger compared with that in

Figures 8-11 also clearly show that increasing CCN overHiCCN&Dust (close to the blue line except around the cloud
the Central Valley and coastal plains have much less impacbase where nucleation scavenging occurs). Therefore, Nc
on precipitation for MARO2 than FEB16. In clouds, both (cloud droplet number concentration) is a few times higher
raindrop and snow mass concentrations on MARO2 changeorrespondingly, and Nr is reduced by over 30%. These
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Fig. 12. Vertical profiles of CCN, N, and N from LoCCN&Dust (black solid line) and HICCN&Dust (black dashed line) for FERB46

b, c) and MARO2(d, e, f). The red line denotes a sensitivity run that is based on HICCN&Dust but with polluted CCN concentrations at
the southern and western boundaries. The data are averaged over the regions where the elevated CCN are applied in HICCN&Dust (i.e.
land with sea levels <200 m) during 00:00-23:00 UTC. The dashed blue I{d¢ for MARO2 denotes the increase of CCN from base-run
conditions (black line) by 5 times.

results support the idea that clean boundary air advected téore, the transport of CCN and droplets from the lower alti-
the inner domain dilutes the local pollution over the Centraltudes is negligible on MARO2. The observed vertical profile
Valley quickly and results in small CCN impact on clouds of N shown in Fig. 5b is consistent with the small updraft
and precipitation. By contrast, on FEB16, wind at the Cen-flux. Therefore, the strong dilution by the southerly clean air
tral Valley is very weak and the airflow is westerly, which due to horizontal advection combined with the small vertical
passes through high-CCN regions such as the coastal plairtsansport from altitudes below 1 km lead to the small change
in HICCN&Dust (Fig. 13a). To validate the modeled wind of CCN above 1km from LoCCN&Dust to HICCN&Dust
fields, we plotted the observed wind from the wind profilers on MARO2. Below 1 km, wind is much weaker and the di-
at four stations shown in Figs. 13 and 14 (red color). Therection is more southwesterly; therefore, CCN are much less
simulated wind direction and strength match very well with diluted by the clean air from the lateral boundaries com-
observations at both lower and higher altitudes on MARO2.pared to the CCN at higher altitudes. On FEB16, CCN over
The modeled wind fields also agree well with observationsthe entire vertical profile are not diluted because the inflow
at the higher altitudes on FEB16, but do not agree with theair is westerly which pass through high CCN regions in the
observed southerly winds at the lower altitudes before 12:0@oastal plains. So, the increased values of CCN by five times
UTC. However, the southerly wind from the profilers might from LoCCN&Dust to HICCN&Dust (Fig. 12a) result in sig-
be suspicious because the system in this case is dominatedficantly higher cloud droplet concentrations, and raindrop
by westerly winds as described in Creamean et al. (2013). number and mass concentrations are also significantly re-
Besides horizontal advection, vertical mixing is another duced by more than 20 % (Fig.12c and Table 2).
important factor that can contribute to the CCN and droplet
concentrations above 1km. As shown in Fig. 15, consistent
with the SBJ that develops in more statically stable condi-
tions, the updraft mass flux is very weak on MARO2 com-
pared to FEB16, where it is more than 2 times larger. There-
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Fig. 13.Wind vectors at the model levels () 13 (~1 km above terrain height) ar{tl) 26 (3 km above terrain height) for FEB16 at 09:00,

12:00 and 15:00 UTC from the base run (LoCCN&Dust). The arrow above the first panel is the reference wind speed. The terrain height is
denoted by the green contour lines with an interval of 500 m from 0 to 2000 m. The red arrows denote the measurements from four wind
profilers that are located at the stations of CCO (Chico, California), CFC (Colfax, California), SHS (Sloughhouse, California), and SAC
(Sacramento, California).

5 Conclusions and discussion dence from the cloud and precipitation residues suggest the

presence of mineral dust and biological particles on FEB16
Two winter mixed-phase cloud cases occurring on 16 Februtransported aloft from Asia or the Sahara (Creamean et al.,
ary (FEB16) and 2 March (MARO02) from the CalWater 2011 2013) and dust and biological aerosols on MARO2, which
field campaign have been simulated using the WRF modeive assumed to have similar ice nucleating properties as min-
with a spectral-bin microphysical scheme in which ice nu-eral dust. Model sensitivity experiments indicate that the
cleation parameterizations are updated to connect with INRenhanced INP number concentrations provided by the dust
so that the effects of aerosols as INP can be explored. Thend biological aerosols increased precipitation over the Cen-
base runs of the two cases are evaluated with a wide range afal Valley and Sierra Nevada Mountain area by 10-20% on
observations including in situ aircraft measurements of cloudFEB16 and MARO2, by means of increasing40 %) snow
microphysical properties, surface precipitation data, satelliteformation. These dust effects are more significant in conjunc-
retrieved data, S-PROF radar measurements, and wind praion with the local pollution condition (i.e., high CCN) on
filer data. The model simulations agree reasonably well withFEB16. Note that the sensitivity run without the dust layer
the observational data, especially for cloud droplet numberrepresents a condition of very low INP. Therefore, the dust
concentrations, LWC and accumulated precipitation, despiteeffects shown in this study can be treated as the upper bound.
the complexity of the dynamics and terrain of the region. Increasing the local pollution particles increases precip-

By mimicking local pollution from the coastal plains and itation by ~5% with the presence of a dust layer serving

Central Valley area where particles are effective CCN andas INP, mainly an increased snow-mass mixing ratio on the
including dust and biological aerosol layers that provide ef-windward slopes of the Sierra Nevada. The reason for the
fective INP at cold cloud levels, we have examined the ef-increased snow under the polluted condition is that the sup-
fects of local pollution and long-range transported mineralpression of warm rain in the Central Valley and foothills
dust on cloud microphysical properties and precipitation. Inby the increased CCN allows more droplets to feed the ice-
this study, we do not distinguish the actual composition ofgeneration regime of the orographic clouds, increasing snow
the aerosols that are effective INP in forming ice, but evi-
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Fig. 15.Updraft mass fluxes averaged over the domain with terrain
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and less sensitive to aerosols from local pollution that act as
CCN.

Since the winter mixed-phase clouds simulated herein do
not reach homogeneous freezing temperatures, there is no
mechanism to freeze the large amount of droplets in the pol-
luted condition. Hence CCN effects on ice microphysical
processes are much less significant than in deep convective
clouds (Fan et al., 2007), especially for MARO2 when clouds
are warmer and shallower. The INP influence mixed-phase
clouds mainly through the WBF process, as ice deposition
growth is about 20 times larger than riming growth.

The effects of local pollution on warm rain strongly de-

height within 200 m and over 00:00-23:00 UTC from the base runP€Nd on the meteorology and cloud dynamics. As is often
(LoCCN&Dust) for FEB16 and MARO2. The mass fluxes are cal- Observed during the passage of an atmospheric river, an SBJ
culated as (air densityertical velocity).

through more riming. As discussed earlier, this result coul
be sensitive to the location and concentration of the local po
lution prescribed in the model experiments. However, when
dust (INP) is lacking, increasing local pollution (CCN) re-

duces precipitation by 5-9 % from the Central Valley to the
windward slope of mountains as ice microphysical processe
become inefficient. Therefore, for the winter clouds under th
meteorological conditions described, precipitation is muc
more susceptible to mineral dust particles acting as INP afte
transport from Asia and the Sahara (Creamean et al., 201351,

Atmos. Chem. Phys., 14, 81101, 2014

e . X
hdltlons. Dominated by the SBJ at the lower levels, the air-

develops on the foothills of the Sierra Nevada during both
FEB16 and MARO2. On FEB16, the atmosphere was less
statically stable so the SBJ was not too strong and verti-

dcal transport was moderate. In addition, the low-level air-
I_ﬂow had a westerly component that passed over the polluted

coastal plains. Under such conditions, increasing CCN en-
hances droplet number concentration over the entire cloud
profile and suppresses raindrop formation significantly. On

ARO02, however, there was a stronger SBJ and weak ver-
tical transport associated with more stable atmospheric con-

Flow was more southerly. This vented the valley air to the
orth and diluted the CCN entering clouds crossing over the
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