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A B S T R A C T
Mesoscale Convective Systems (MCSs) are important contributors to rainfall in the High Plains of the United
States and elsewhere in the world. It is therefore of interest to understand how diﬀerent aerosols serving as cloud
condensation nuclei (CCN) may impact the total amount, rates and spatial distribution of precipitation produced
by MCSs. In this study, diﬀerent aerosol concentrations and their eﬀects on precipitation produced by an MCS
are examined by simulating the 8 May 2009 “Super-Derecho” MCS using the Regional Atmospheric Modeling
System (RAMS), a cloud-resolving model (CRM) with sophisticated aerosol and microphysical parameterizations. Three simulations were conducted that diﬀered only in the initial concentration, spatial distribution, and
chemical composition of aerosols. Aerosol ﬁelds were derived from the output of GEOS-Chem, a 3D chemical
transport numerical model. Results from the RAMS simulations show that the total domain precipitation was not
signiﬁcantly aﬀected by variations in aerosol concentrations, however, the pollution aerosols altered the precipitation characteristics. The more polluted simulations exhibited higher precipitation rates, higher bulk precipitation eﬃciency, a larger area with heavier precipitation, and a smaller area with lighter precipitation. These
diﬀerences arose as a result of aerosols enhancing precipitation in the convective region of the MCS while
suppressing precipitation from the MCS's stratiform-anvil. In the convective region, several processes likely
contributed to an increase of precipitation. First, owing to the very humid environment of this storm, the enhanced amount of cloud water available to be collected overwhelmed the reduction in precipitation eﬃciency
associated with the aerosol-induced production of smaller droplets which led to a net increase in the conversion
of cloud droplets to precipitation. Second, higher aerosol concentrations led to invigoration of convective updrafts which enhanced precipitation in accordance to the convective invigoration hypothesis. The reduction in
stratiform precipitation in the more polluted simulations was found to be attributed to the presence of greater
aerosol number concentrations that reduced both collision-coalescence and riming. Analysis of back trajeocty
ﬂow showed that the air feeding the stratiform-anvil originated within the free troposphere, by mesoscale ascent.
Therefore, increased aerosol pollution at higher elevations impacted the stratiform precipitation formation
within the simulated MCS. As a consequence, the more polluted simulations produced the smallest precipitation
from the MCS stratiform-anvil region. In Part II the impact of aerosols on the severe winds produced by this
storm is examined.

1. Introduction
An MCS is a complex of thunderstorms organized on a larger scale
than the thunderstorms themselves with a shared stratiform-anvil
(Cotton et al., 2010). MCSs can range in size from a multicellular
thunderstorm having three or four cells, to a Mesoscale Convective
Complex (MCC), the largest form of MCSs (Cotton et al., 2010). Maddox
(1980) deﬁned an MCC as a long-lived circular MCS with speciﬁc
characteristics according to infrared satellite imagery. Maddox's (1980)
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deﬁnition of an MCC is an MCS which (1) exhibits a cloud top temperature colder than − 52 °C over an area exceeding 50,000 km2, (2)
that is embedded within a larger area of 100,000 km2 with cloud top
temperatures colder than − 32 °C, (3) these speciﬁcations need to be
upheld for at least 6 h, and (4) the MCS must exhibit an eccentricity of
at least 0.7 at the time of maximum extent. Seeking a more dynamically
based deﬁnition of an MCC, Cotton et al. (1989) and later Olsson and
Cotton (1997a, 1997b), concluded that a mature MCC “represents an
MCS that is in a nearly balanced dynamical state and whose horizontal
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increased concentrations of several diﬀerent aerosols species on the
precipitation production of the 8 May 2009 MCS. The case study is
described in Section 2. The RAMS numerical model set up, the GEOSChem model and its output and implementation with in RAMS is described in Section 3.The results of changing aerosol concentration on
the precipitation produced by the case study storm are presented in
Section 4. In Part II the impact of aerosols on the severe winds produced
by this storm is examined.

scale is comparable to or greater than a locally deﬁned Rossby radius of
deformation”.
Previous studies showed that MCS development, intensity and precipitation is dependent on environmental conditions such as the low
level jet (LLJ) (Maddox, 1983), vertical wind shear (Rotunno et al.,
1988), convective available potential energy (CAPE), and moisture (Tao
et al., 1993). Only in recent years have numerical simulation studies
examined the impacts of changing aerosol concentrations on MCS intensity and the precipitation produced by these systems. It has been
found that increased concentrations of potential cloud condensation
nuclei (CCN) can impact MCS intensity, propagation and precipitation
via their impacts on the microphysical processes and, in turn, the dynamical feedbacks to the system (Khain et al., 2005; Tao et al., 2007; Li
et al., 2009; Seigel et al., 2013; Lebo and Morrison, 2014). Numerical
simulations have suggested an increase in mid-latitude MCS-produced
precipitation in a more polluted environment due to the enhancement
of cold precipitation processes such as ice vapor deposition and riming
(Khain et al., 2005), convective invigoration of the updrafts (Andreae
et al., 2004; Koren et al., 2005; Rosenfeld et al., 2008), and the production of larger rain drops which survived evaporation more readily
below cloud base (Berg et al., 2008; Li et al., 2009; May et al., 2011).
For a given amount of liquid water content, increased potential CCN
concentrations nucleate more numerous and smaller cloud droplets
(Twomey, 1974, 1977) leading to a suppression of warm rain formation
by collision coalescence (Squires, 1958; Albrecht, 1989). In turn, more
cloud water is lofted to higher levels and cold precipitation production
is enhanced, thereby invigorating the convective updraft due to the
latent heat release of freezing of supercooled drops, vapor deposition
growth of ice particles, and riming (Andreae et al., 2004; van den
Heever et al., 2006; Rosenfeld et al., 2008). Furthermore, enhanced
riming within stronger updrafts produces larger hailstones which are
found to shed more numerous and larger raindrops, contributing to the
surface precipitation (Storer et al., 2010; Storer and van den Heever,
2013).
The eﬀect of increased concentrations of potential CCN on MCS
precipitation have been found to be dependent on environment conditions such as humidity (Khain et al., 2005; Tao et al., 2007) and
vertical wind shear (Fan et al., 2009; Lebo and Morrison, 2014) due to
the microphysical eﬀects of increased aerosols and its dynamical
feedback on the storm intensity. The impacts of higher aerosol concentrations on precipitation production from an MCS was found also to
depend on the type of aerosol and its chemistry, size and distribution.
For example, using only mineral dust as an aerosol, Seigel et al. (2013)
identiﬁed a time dependent precipitation response to an increase in
aerosol concentration. This was attributed to the bi-modal nature of the
dust distribution, whereby, the smaller mode served as CCN while the
coarser mode served as Giant CCN (GCCN) and Ice Nuclei (IN). During
the ﬁrst couple of hours of the MCS simulation, the presence of dust
increased the precipitation due to presence of dust serving as GCCN,
thus, enhancing warm rain production by collision-coalescence. However, early rainout led to a reduction of supercooled water aloft, which
reduced the riming rates and the contribution of riming to the latent
heat release. This, in turn, led to weaker updrafts, suppressed convective mass ﬂux, and a reduction in total precipitation.
In this study, we seek additional insight into the impact of enhanced
CCN concentrations on a mid-latitude MCS by simulating the variability
of a spatially heterogeneous ﬁeld of 12 aerosols species on a case-study
MCS. Estimates of aerosol concentrations were derived from output of
GEOS-Chem, a 3D chemical transport model (Bey et al., 2001). The case
chosen for this study is the 8 May 2009 “Super Derecho” MCS and has
been analyzed in several papers (Przybylinksi et al., 2010; Coniglio
et al., 2011; Coniglio et al., 2012; Keene and Schumacher, 2013;
Weisman et al., 2013; Evans et al., 2014; Xu et al., 2015a, b). However,
none of these studies examined the potential sensitivity of the storm
characteristics to changes in aerosol concentrations. This study adds to
the current body of work by examining the microphysical impacts of

2. The 8 May 2009 MCS
The 8 May 2009 event has been characterized in previous studies
(Coniglio et al., 2011; Weisman et al., 2013) as a leading-line, trailing
stratiform (Houze et al., 1989; Parker and Johnson, 2000) bow-echo
(Fujita, 1978). The MCS developed in western Kansas and moved southsoutheastward to the southern Appalachians, traveling over a thousand
miles in under 24 h (Coniglio et al., 2011; Storm Prediction Center
(SPC)). Further details of the environment of the 8 May 2009 MCS and
the evolution of the storm can be found in previous studies (Coniglio
et al., 2011; Keene and Schumacher, 2013; Weisman et al., 2013).
In order to determine the MCS lifespan (genesis, mature, dissipation) and the convective structure of the MCS, satellite infrared cloud
top temperature from the Geostationary Operational Environmental
Satellite 12 (GOES-12) imagery and Weather Surveillance Radar, 1988,
Doppler (WSR-88D) mosaic radar images of composite reﬂectivity were
analyzed (Fig. 1). The ﬁrst convective clouds prior to the MCS genesis
stage occurred on May 8 shortly after 0300 UTC along the eastern
slopes of the Rockies, which is a common location for MCS genesis in
the High Plains of the United States (Cotton et al., 1983; Maddox, 1983;
Velasco and Fritsch, 1987; Augustine and Caracena, 1994). The initial
convective clouds then propagated eastward into Kansas, into a region
with high precipitable water (PW), which was found to be anomalously
high in comparison to other mid-latitude MCS environments (Coniglio
et al., 2011). The region of high PW (> 30 kg m− 2), which at ﬁrst is
conﬁned to eastern Kansas, grew in extent and covered most of Kansas
by 0600 UTC, most likely in association with the formation of the LLJ
(Fig. 2) that supplied the region with moisture as well as appropriate
wind shear. By 0700 UTC (Fig. 1a) the individual convective cells
merged and deepened, signifying the genesis stage of the MCS
(McAnelly and Cotton, 1986). The orientation of the initial MCS convection (Fig. 1d) was on the cold side of a surface boundary, also a
common characteristic in an MCS environment (Maddox, 1983; Cotton
et al., 1989).
During the next several hours the storm progressed eastwards while
it grew in size both horizontally and in depth, and entered Missouri by
1000 UTC. The storm reached its maximum size at ~ 1200 UTC
(Fig. 1b), signifying the storm's mature stage (Maddox, 1983). It was
during this time when the MCS exhibited a pronounced bow echo
(Fig. 1e). As the storm exited Missouri at ~1700 UTC, the cloud-top
temperatures began to increase indicating that the convective cells
within the MCS were beginning to dissipate (Fig. 1c). From the analysis
of the IR imagery, the 8 May 2009 MCS embodies MCC-like characteristics by being more circular than linear; however, it does not
exhibit a deﬁned inner core of temperatures below − 52C, and therefore does not comply with Maddox's criteria for a classic MCC.
The observed precipitation from the 8 May 2009 MCS was assessed
according to the National Weather Service Advanced Hydrological
Prediction Service (NWS-AHPS) River Forecast Centers (RFCs) gridded
observation of accumulated 24 h precipitation. Data from 7 May 1200
UTC until 9 May 1200 UTC were plotted in order to capture the precipitation produced by the 8 May MCS (Fig. 3). This storm system
produced large amounts of precipitation in both Kansas and Missouri,
with areas receiving up to 115 mm of accumulated precipitation
(Fig. 3). In this study, we examine how changes in the environmental
aerosol concentrations can alter the precipitation produced by this
system. A key feature of the 8 May 2009 system was the strong straight194

Atmospheric Research 199 (2018) 193–208

M. Clavner et al.

Fig. 1. Top: Satellite infrared cloud top temperature from the Geostationary Operational Environmental Satellite 12 (GOES-12) at (a) 0701 UTC, (b) 1145 UTC and (c) 1702 UTC. Bottom:
Weather Surveillance Radar, 1988, Doppler (WSR-88D) mosaic radar images of composite reﬂectivity at (d) 0726 UTC, (e) 1155 UTC and (f) 1654 UTC.

line winds (derecho) (Johns and Hirt, 1987) produced by the storm. The
sensitivity of the dynamics of the 8 May 2009 MCS, speciﬁcally the
derecho strength, to changes in aerosols concentrations is examined in
Part II.
3. Numerical model and experiment setup
3.1. Model conﬁguration
The case study of the 8 May 2009 was simulated using the Colorado
State University Regional Atmospheric Modeling System (RAMS)
(Cotton et al., 2003; Saleeby and van den Heever, 2013). The RAMS
model simulation was set up as a cloud resolving mesoscale model with
three interactive model grids (Fig. 4). Grids 1 and 2′s spatial areas were
determined in order to simulate the synoptic and mesoscale environments, respectively. Grid 3′s spatial area covers the entire domain of the
simulated MCS from genesis to decay. All three grids were set up with
55 vertical levels and a model top height extending to 19 km above
ground level (AGL) with a vertical grid spacing of 50 m at the lowest
vertical grid level stretched to a maximum of 500 m. The simulation
duration was 24 h from 0000 UTC May 8, 2009 until 0000 UTC May 9,
2009 and was initialized using the North American Regional Reanalysis

Fig. 3. National Weather Service Advanced Hydrological Prediction Service (NWS-AHPS)
River Forecast Centers (RFCs) gridded observation of accumulated 24 h precipitation
[mm] from 8 May at 1200 UTC to 9 May at 1200 UTC 2009.

(NARR) data from 8 May 2009 at 0000 UTC. RAMS soil moisture in all
3 grids was also initialized with NARR surface soil moisture. Further
information on the RAMS simulation set up is presented in Table 1.
RAMS uses a sophisticated two-moment, bin-emulating, bulk microphysics scheme that prognoses both mass and number concentration
for eight hydrometeor classes: cloud, drizzle, rain, pristine ice, snow,
Fig. 2. NARR 850 mb plot of horizontal wind (vectors)
geopotential heights [m] (black contours) and speciﬁc humidity [g kg− 1] (shaded) for 8 May 2009 at 0000 UTC.
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Fig. 4. Regional Atmospheric Modeling System (RAMS)
nested grid set up locations for the parent grid (Grid 1) and
the nested grids: Grid 2 and 3.

RAMS is described in Section 3.3.

Table 1
RAMS conﬁguration and options.
Model Aspects

Settings

Grid

Arakawa C grid (Mesinger and Arakawa, 1976)
Three grids
Horizontal grid: Grid 1: Δx = Δ y = 40 km
120 × 80 points
Grid 2: Δx = Δy = 8 km
507 × 267 points
Grid 3: Δx = Δy = 1.6 km
1422 × 822 points
Vertical grid: 55 levels, 12 below 1 km AGL
Δz = variable
Minimum Δz = 50 m, maximum Δz = 500 m
Vertical stretch ratio = 1.09
Model top ≈ 19 km
Grid 1: 20 s
Grid 2: 10 s
Grid 3: 3.33 s
24 h: 8th May 0000 UTC–9th May 0000 UTC
North American Regional Reanalysis (NARR)
Radiative lateral boundary (Klemp and Wilhelmson,
1978)
Lateral and top model nudging from NARR
Two-moment bulk microphysics (Meyers et al., 1997)
Eight hydrometeor classes (Saleeby and Cotton, 2004)
DeMott et al. (2010) ice nucleation parameterization
Microphysical budget tracking (Saleeby and van den
Heever, 2013)
Smagorinsky (1963) deformation K closure scheme with
stability modiﬁcations by Lilly (1962) and Hill (1974)
Two-stream radiation parameterization (Harrington,
1997; Harrington et al., 1999)
Land Ecosystem- Atmospheric Feedback (LEAF-3) (Walko
et al., 2000) with soil moisture from the NARR data
12 aerosol species from the Goddard Earth Observing
System – Chemistry (GEOS-Chem, Bey et al., 2001)

Time step

Simulation durations
Initialization
Boundary conditions

Microphysics scheme

Turbulence scheme
Radiation scheme
Surface scheme
Aerosol treatment

3.2. GEOS-Chem model and simulations
GEOS-Chem is a global/regional three-dimensional chemical transport model driven by the assimilated meteorological observations from
the Goddard Earth Observing System (GEOS) of the NASA Global
Modeling Assimilation Oﬃce (GMAO), the GEOS-5 product (Bey et al.,
2001). GEOS-Chem simulates the emission, chemical interactions,
transport and removal of 64 gas and particle-phase species. Emissions
ﬁelds and model spatial characteristics are described in detail in
Stevens and Pierce (2014). Twelve aerosol species were used in this
study: three inorganic aerosols (sulfate, nitrate and ammonia) and eight
organic aerosols (primary hydrophilic organic carbon, primary hydrophilic black carbon, primary hydrophobic organic carbon and primary
hydrophobic black carbon as well as 5 secondary organic aerosol (SOA)
groups. For this study, two GEOS-Chem simulations were performed:
the ﬁrst with anthropogenic emissions included and the second with
anthropogenic emissions turned oﬀ, thereby creating two separate
aerosol concentration data sets for North America. The ﬁrst data set
included therefore only aerosols from natural emissions, while the
second data included emissions from both natural and anthropogenic
sources.
3.3. Implementation of GEOS-Chem aerosols into RAMS
GEOS-Chem model output of 8 May 2009 0000Z, corresponding to
the RAMS simulation initialization time, was used in order to represent
“realistic” horizontally heterogeneous aerosol concentrations with
varying hygroscopicity. The concentrations of the diﬀerent aerosol
species depends on location and altitude. Therefore, the incorporation
of several aerosols species into RAMS generated a more comprehensive
three dimensional representation of an aerosol concentration population. All 12 of the aerosol species were assumed to have a lognormal
distribution with a geometric mean radius of 60 nm and a geometric
standard deviation of 1.8. The twelve aerosol species were introduced
into RAMS as three diﬀerent internally mixed aerosol groups based on
their CCN activity, represented by Kappa. Kappa is deﬁned as a nondimensional single hygroscopicity parameter ranging from 0 (non-hygroscopic) to 1.4 (very hygroscopic) (Petters and Kreidenweis, 2007).
The three groups were categorized as: inorganics (highly-CCN-active),
hygroscopic organics and non-hygroscopic organics with kappa values
of 0.6, 0.12 and 0, respectively. The grouping of the twelve aerosol
species into three groups was motivated by reducing the RAMS

aggregates, graupel, and hail (Meyers et al., 1997; Saleeby and Cotton,
2004, 2008; Saleeby and van den Heever, 2013). The RAMS microphysical scheme was set up with the option of budget tracking of microphysical processes, which is critical in analyzing the precipitation
microphysics and processes within the simulation (Saleeby and van den
Heever, 2013). Aerosol data from the 3D chemistry transport model,
Goddard Earth Observing System Chemistry (GEOS-Chem) v9.01.03
(Bey et al., 2001) were incorporated into RAMS. The GEOS-Chem
model and GEOS-Chem simulations are described in Section 3.2. The
implementation of GEOS-Chem aerosols as potential CCN and IN into
196
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sources of anthropogenic aerosols within the boundary layer. The difference between the CLEAN and POLLUTED aerosol concentration decreases as a function of height. It is important to note that at 0630 UTC,
for the 5 × POLLUTED simulation, the aerosol concentrations were
larger by a factor of 5 at all vertical levels. The GEOS-Chem aerosols
were incorporated in all three of the RAMS grids (Fig. 4) at the time of
model initialization, after which, the only sources of aerosols are the
advection of aerosols from the coarser to ﬁner grids as well as the
formation of aerosols due to the evaporation of cloud droplets.

computation time while still representing diﬀerent aerosols types that
diﬀer in their nucleation potential. Each of the aerosol groups was set to
be radiatively inactive and hence, the direct eﬀect (Haywood and
Boucher, 2000; Koren et al., 2004) of these aerosols was not represented in the model simulations. This conﬁguration was chosen in
order to isolate the eﬀects of changes in aerosol quantities on cloud
microphysics and on the simulated MCS dynamics and precipitation.
The three aerosol groups potentially can serve as serve as either
CCN or IN as follows. In order to represent cloud nucleation competition among the three aerosol groups the three groups are assumed to be
internally mixed and a concentration-weighted kappa is calculated at
the time of aerosol activation. The fraction of activated aerosols from
the total aerosol concentration at a given grid point is then calculated
using a lookup table, which was created oﬄine using Lagrangian parcel
model runs with internally mixed aerosols (Ward et al., 2010; Ward and
Cotton, 2011; Letcher and Cotton, 2014). Aerosol concentrations serving as IN were calculated as a function of the total number of non-sea
salt aerosols with diameters > 0.5 μm (DeMott et al., 2010) of each of
the three aerosol groups, separately. The heterogeneous ice nucleation
scheme used in the RAMS simulations captures IN via deposition nucleation, condensation freezing, and immersion freezing (DeMott et al.,
2010; Saleeby and van den Heever, 2013). Therefore, aerosol particles
outputted from GEOS-Chem can potentially serve as CCN and IN, depending on the aerosol characteristics.

4. Simulation results
4.1. Isolating the simulated MCS
In all three simulations, convective elements not associated with the
MCS did occur in the analyzed grid (Grid 3). In order to perform statistical analysis, such as computing the precipitation produced solely
from the MCS, data from the other convective elements were numerically ﬁltered out. The ﬁltering technique used in this study was motivated by past studies that separated a region into cloudy and clear sky
using cloud top temperature from infrared satellite imagery. Similar to
Igel et al. (2014), cloud objects were identiﬁed using a binary function,
labeling a continuous area of the domain as cloudy or clear according to
prescribed cloud property thresholds. In this study, only cloudy pixels
that could be considered a part of the MCS were of interest. Therefore, a
dominant criterion for labeling a grid column as cloudy was set according to cloud top temperature, a salient feature in MCSs (Maddox,
1980; Jirak et al., 2003). The ﬁltering technique also incorporated the
two dimensional parameters of precipitation rate [mm h− 1] and vertically-integrated total condensate (VITC) [kg m− 2]. In this study, data
analyzed from the simulated MCS were taken from MCS genesis at 0630
UTC until 1730 UTC, after which the method for isolating the MCS was
less reliable due to the dissipation of the system and subsequent fragmentation of the MCS' stratiform-anvil as well as close proximity of the
storm to neighboring convection.

3.4. Experimental design: RAMS simulations
In order to examine the impact of the presence of anthropogenic
aerosols concentrations and increased aerosol concentrations on the
RAMS simulated case study MCS, three sensitivity simulations were
performed (Table 2). The only diﬀerence among the three simulations
at the time of RAMS model initialization was the GEOS-Chem aerosol
concentration and spatial distribution. The ﬁrst simulation, labeled as
“CLEAN”, was initialized with aerosol concentrations from the GEOSChem simulation containing aerosols from only natural emissions (no
anthropogenic sources). The second simulation, labeled as “POLLUTED”, was initialized with aerosol concentrations from the GEOSChem containing aerosols from both anthropogenic and natural emissions. In order to examine a more highly polluted scenario, the third
simulation, labeled as “5 × POLLUTED”, was initialized with the same
aerosol distribution as the POLLUTED simulation, but with aerosol
number and mass multiplied by a factor of ﬁve. The 5 × POLLUTED
simulation was motivated by past studies that looked at the impact of
increased aerosol concentration > 6000 cm− 3 (Storer et al., 2010;
Carrio and Cotton, 2011).
The vertical proﬁles of the average total aerosol number concentrations and the concentration weighted kappa value at the time of
the MCS genesis (0630 UTC) in the three simulations are presented in
Fig. 5. In order to examine the heterogeneous distribution of both
concentration and chemical composition of the aerosols within the
three simulations, Fig. 5 also shows the vertical proﬁles of the upper
and lower 10th percentile of the total aerosol concentration (Fig. 5a)
and the estimated kappa values (Fig. 5b). Diﬀerences in the aerosol
distribution between the GEOS-Chem data containing both anthropogenic emission and natural emission in comparison to just natural
emissions are most evident in the lower levels due to the regional

4.2. Comparisons with observations
VITC was analyzed in order to identify the geographic location,
evolution, spatial extent and temporal timing of the simulated MCS.
Qualitatively, the three simulations produced similar MCS genesis
times, storm sizes, propagation locations and life spans. For brevity,
only plots of VITC for the POLLUTED simulation are presented for 0700
UTC, 1200 UTC and 1700 UTC (Fig. 6a, b, c). In all three of the simulations, MCS development occurred in western Kansas at 0630 UTC
and quickly organized under a shared stratiform-anvil at 0700 UTC
(Fig. 6a). The convective cores exhibited a west-east orientation, similar
to the observed composite radar reﬂectivity (Fig. 1d). As the convective
cores propagated east-southeastward with time, the stratiform-anvil
spread out and grew to a horizontal scale comparable to an MCC
(~ 1200 UTC) (Fig. 6b), similar to the observed infrared satellite imagery (Fig. 1b). At 1200 UTC, the higher VITC values, indicative of the
presence of convective cores, were located in the southeastern corner of
Kansas, similar to the composite radar reﬂectivity (Fig. 1e). Synthetic
satellite imagery has also been found to be a useful tool for validating
simulated cloud ﬁelds with observations from GOES imagery (Grasso

Table 2
RAMS Simulations.
Simulation

Simulation Name

Characteristics

1
2

CLEAN
POLLUTED

3

5 × POLLUTED

Initialized with a heterogeneous aerosol distribution using output from the GEOS-Chem simulation with only natural emissions.
Initialized with a heterogeneous aerosol distribution using output from the GEOS-Chem simulation with both anthropogenic and natural
emissions.
Initialized with GEOS-Chem aerosols with 5 times as much aerosols as in the Polluted simulation.
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Fig. 5. Top: Vertical proﬁle of the mean (solid line) aerosol concentration for the three simulations at the time of the MCS genesis
(0630 UTC): Clean (blue), Polluted (green) and 5 × Polluted (red).
Bottom: Vertical proﬁle of the number concentration weighted
mean (solid line) kappa values for the two simulations: Clean
(blue) and Polluted (green). The 5 × Polluted featured the same
kappa value estimates as that of the POLLUTED simulation due to
the multiplication of all aerosols species by a factor of ﬁve. For
both panels, the vertical proﬁle of the upper and lower 10th percentiles are represented in the dash-dotted and dashed line, respectively. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this
article.)

GOES-12 imagery at 1200 UTC from the three simulations. A comparison between the synthetic satellite imagery and the observed GEOS-12
image at 1145 UTC (Fig. 1b) shows that RAMS was successful in simulating the 8 May 2009 MCSs' location, size, and values of infrared
cloud top temperatures. The onset of MCS dissipation occurred shortly
after 1430 UTC in all three simulations as the MCS stratiform-anvil

and Lindsey, 2011; Jankov et al., 2011; Grasso et al., 2013). Synthetic
imagery was produced by coupling RAMS output data with a radiative
transfer numerical model in order to simulate a cloud top temperature
for a given wavelength. In this study the wavelength of 10.7 μm was
chosen in order to compare the synthetic satellite imagery to GOES-12
infrared cloud top temperature. Fig. 6d, e and f presents the synthetic

Fig. 6. (a) RAMS vertically integrated total condensate [kg m− 2] (shaded) for the Polluted simulation at 0700 UTC, (b) 1200 UTC and (c) 1700 UTC. Contoured in black is the region
which is considered to be part of the MCS following the isolation guidelines described in Section 4.1. Synthetic GOES-12 cloud top temperature imagery [K] at 1200 UTC for the (d) Clean
(e) Polluted and (f) 5 × Polluted.
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4.3. Response of simulated MCS precipitation to changes in aerosol
concentrations
4.3.1. Total precipitation
By the end of the analysis period (0630–1730 UTC), all three of the
simulations produced similar amounts of volumetric precipitation
(~ 8∙ 109 m3), with diﬀerences of < 1% among the simulations.
Although the total volumetric precipitation did not diﬀer substantially,
the spatial distribution of accumulated precipitation among the three
simulations did change as a function of aerosol number concentration.
An increase in aerosol concentration produced heavier precipitation
over a larger area and lighter precipitation over a smaller area. This is
evident in the number of grid points containing precipitation totals
above thresholds between 0 and 140 mm (99% of the data) in 5 mm
precipitation intervals (Fig. 8). The 5 × POLLUTED exhibited a smaller
number of grid points with lighter accumulated precipitation
(0–25 mm) and more numerous grid points with heavier accumulated
precipitation amounts (30–135 mm), relative to the CLEAN simulation.
These ﬁndings indicate that increased aerosol number concentrations
led to a shift from lighter to heavier precipitation rates. A similar trend
is seen between the CLEAN and the POLLUTED simulation, however,
the diﬀerences were smaller in magnitude. This shift is further indicated in Fig. 7, where the area of total MCS precipitation (contoured
in blue in Fig. 8) was 8% and 9.5% less in the POLLUTED and
5 × POLLUTED simulations than in the CLEAN simulation, respectively. However, the spatial extent of the area with accumulated total
precipitation > 50 mm (90th percentile, contoured in red in Fig. 7) was
greater in the POLLUTED and 5 × POLLUTED simulations by 9.6% and
21.8%, respectively. Therefore, the simulated storm's precipitation
production varied as a function of aerosol loading.
Precipitation eﬃciency is an indication of how eﬃcient a storm as a
whole is in converting water vapor into precipitation. The precipitation
eﬃciency of the simulated MCS was calculated using two methods:
(Albrecht, 1989) calculating the ratio between the diﬀerences in hydrometeor mass gain and loss to hydrometeor mass gain (Khain et al.,
2005), and (Altaratz et al., 2014) determining the ratio between the
surface rainfall rate to the rate of condensation and deposition (the
Cloud Microphysics Precipitation Eﬃciency (CMPE) (Sui and Li,
2005)). Both calculations showed a shift to higher precipitation eﬃciencies in the more polluted simulations throughout the analysis
period (not shown). The diﬀerences in precipitation rates, area of precipitation and precipitation eﬃciency are now explained by analyzing
the contributions of the convective and stratiform precipitation to the
total precipitation.
4.3.2. Convective and Stratiform precipitation
MCS precipitation can be characterized into two regions: convective
and stratiform-anvil, which diﬀer in dynamical properties, microphysical processes and precipitation rates (Leary and Houze, 1979). The
division into the two regions utilized for the simulated MCS data was
based on two parameters: surface precipitation rate [mm h− 1] and the
column maximum vertical velocity [m s− 1], that was adapted from the
criteria set by Churchill and Houze (1984), Tao et al. (1993) and
Alexander and Cotton (1998). The MCS partitioning into convective
and stratiform-anvil regions was done as follows. A grid column is deﬁned as convective if ANY of the following are true: (1) the precipitation rate is two times the average background precipitation rate with an
added criterion that the precipitation rate must be > 10 mm h− 1 in
order to eliminate stratiform precipitation that exhibits the same trend;
(2) precipitation rates are > 25 mm h− 1; (3) all grid columns adjacent
to a ﬂagged convective column (according to either (1) or (2)) are also
ﬂagged convective; or (4) the maximal vertical velocity exceeds
5 m s− 1 .
The background average precipitation rate was calculated from an
area around the grid column of interest using 6 grid points in each
direction, which corresponds to an area of ~370 km2 and is similar to

Fig. 7. Total accumulated precipitation (shaded) [mm], 0.05 mm isopleth (contoured in
blue) and the 50 mm isopleth (contoured in red) from the three MCS simulations: (a)
Clean, (b) Polluted and (c) 5 × Polluted. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

became fragmented and the MCS horizontal scale began to decrease in
size (Fig. 6c).
The simulated total accumulated precipitation from the entire
analysis period for the three simulations is illustrated in Fig. 7. All three
simulations produced similar spatial distributions of the surface precipitation to that observed (Fig. 4). The highest accumulated precipitation occurred over central Kansas, south-central Kansas and central Missouri, coinciding with the observations. The diﬀerence in the
spatial distribution of accumulated precipitation among the simulations
due to aerosol impacts is discussed in Section 4.3.
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Fig. 8. Relative diﬀerence in the areas containing accumulated
precipitation above a given value [mm] in the Polluted (green)
and the 5 × Polluted (red) simulations in comparison to the Clean
simulation. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this
article.)

Fig. 9. Relative contribution of the volumetric precipitation rate [m3 s− 1] from the each of the regions: convective (magenta), mixed (cyan) and stratiform-anvil (black) to the total
volumetric MCS precipitation in the (a) Clean, (b) Polluted and (c) 5 × Polluted simulations. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

simulation, respectively. Therefore, even though changes in the aerosol
concentrations among the three simulations had little eﬀect on the total
amount of accumulated volumetric precipitation, it did change the
precipitation contributions from the convective and stratiform-anvil
regions (Fig. 10). The diﬀerences among the simulations in the mixed
region were found to be negligible (Fig. 9) in comparison to the convective and stratiform regions, and therefore, are not discussed further.
The trends in volumetric precipitation are a function of both the
precipitation area and precipitation rates (Kane et al., 1987). In order to
examine the aerosol impacts on the two components of volumetric
precipitation, the mean precipitation rates [mm h− 1], and the total
precipitation area of each region: convective and stratiform [km2] are
compared (Fig. 11). Furthermore, Fig. 11 also shows the area of the
non-precipitating points, in order to compare between the total MCS
area and the MCS precipitating area within each of the regions in the
three simulations. The higher convective volumetric precipitation in
5 × POLLUTED is predominantly attributed to the precipitation rates
(on average 23.7% higher relative to CLEAN, Fig. 11a) and not the areal
extent of the convective region (on average 3.3% higher relative to
CLEAN, Fig. 11c). The higher volumetric precipitation in the stratiformanvil of the CLEAN simulation is attributed to both higher precipitation
rates from the time of MCS's mature stage until the end of the analysis
period (on average 11% higher relative to 5 × POLLUTED, Fig. 11b) as
well as a larger precipitating area within the stratiform-anvil region (on
average 20% larger relative to 5 × POLLUTED, Fig. 11d). Therefore,
increased aerosol concentrations limited the precipitation formation
processes within the stratiform-anvil with the 5 × POLLUTED simulation as seen by the smaller area with stratiform precipitation (solid
lines, Fig. 11d) versus the larger area extent of the stratiform-anvil
region (dashed lines, Fig. 11d). In order to understand why greater
aerosol concentrations in the POLLUTED and 5 × POLLUTED simulations caused an increase in the convective precipitation and decreased

the background area size deﬁned in Churchill and Houze (1984). A
third region referred to as “mixed” for cumulative variables such as
accumulative precipitation was deﬁned as a grid column which was
deﬁned as convective (stratiform-anvil) at analysis ﬁle output time t,
but as stratiform-anvil (convective) in the previous output ﬁle time, t-1.
Therefore, for a given grid point, the accumulated precipitation over
30 min will be deﬁned as convective (stratifrom) only if that grid point
was deﬁned as such in two consecutive output times, otherwise, the
grid point is labeled as “mixed”. The relative contributions to the total
volumetric precipitation rate [m3 s− 1] from the three regions (Fig. 9)
show that the convective region is the dominant contributor to the total
volumetric precipitation rate during the ﬁrst half of the analysis period
(0630–1230 UTC). However, after 1230 UTC, the highest contributor to
the precipitation shifts from convective to stratiform-anvil in the
CLEAN and POLLUTED simulations. This shift from convective to
stratiform-anvil precipitation as the system matures is in agreement
with previous ﬁndings of MCC precipitation characteristics (McAnelly
and Cotton, 1986). A shift to a larger contribution from the stratiformanvil region to the total volumetric precipitation also occurs in the
5 × POLLUTED simulation, however at 2 h later than in both the
CLEAN and POLLUTED simulations, indicating that the 5 × POLLUTED
simulation had the highest precipitation yield from convective precipitation and smallest from the stratiform precipitation throughout the
analysis period.
The comparison of the accumulated volumetric precipitation among
the regions shows that enhanced aerosol concentrations led to an increase in convective precipitation, a decrease in stratiform precipitation
and negligible change in the mixed region throughout the analysis
period (Fig. 10). By the end of the analysis period, the POLLUTED and
5 × POLLUTED simulations produced 2.43% and 15% more convective
precipitation, 3.5% and 5% more mixed precipitation and 10% and
25% less stratiform precipitation in comparison to the CLEAN
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Fig. 10. Accumulated volumetric precipitation from the (a) convective, (b) stratiform and (c) mixed regions for the three simulations: Clean (blue), Polluted (green) and 5 × Polluted
(red) as a function of time. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

warm rain. The reduction in collision coalescence yielded more cloud
mass (Fig. 13c) to be lofted to higher levels and freeze, producing a
larger number (Fig. 13e) of smaller pristine ice hydrometers (Fig. 13d).
The smaller pristine ice aggregated to produced more numerous
(Fig. 13k) yet smaller aggregates (Fig. 13j), the main ice hydrometer
to undergo riming within the stratiform-anvil region (not shown).
Therefore, the smaller cloud droplets reduced both collision
coalescence and riming rates within the stratiform-anvil region.
Previous numerical studies have shown that an increase in aerosol
number concentrations impacted the precipitation formation within the
stratiform-anvil of an MCS by altering the hydrometeor distribution
within the convective outﬂow of the storm composing the anvil (e.g.
Tao et al., 2012). However, other studies have shown that the outﬂow
of hydrometeors from the deep convective cells is the sole air source of
the anvil only during the development stages of the storm and as the
storm matures, slow ascending mesoscale ascent develops, which forms
the stratiform-anvil of the MCS (Cotton et al., 1995, 2010; Houze,
2004). This slow ascent was found to be present in the middle and
upper troposphere in a broad region surrounding the convective cores,
and it is formed in response to the deep convergence layer associated
with the diabatic heating proﬁle of an MCS (e.g. Cotton et al., 1989).
Therefore, higher aerosol number concentrations at higher elevations
AGL may potentially impact the formation of stratiform precipitation.
In order to determine the source of the hydrometers (slow ascent or
convective outﬂow) within the stratiform-anvil region in this case
study, a Lagrangian model (LM) (Grasso, 1996) was used to compute
the backwards parcel trajectories from diﬀerent regions within the
stratiform-anvil. The starting points for these parcels within the stratiform-anvil were subjectively placed around the convective cores at time
1230 UTC (Fig. 14). This time was chosen since 1230 UTC was the time

the stratiform precipitation formation mechanisms, the precipitation
formation mechanisms for the two regions composing the MCS are now
examined.
4.3.3. Precipitation processes: warm versus cold microphysics
The column integrated mean collision coalescence and riming rates
[kg s− 1] were calculated in the convective and stratiform-anvil regions
for each simulation as a function of time. The relative diﬀerences in
these rates within the POLLUTED and 5 × POLLUTED simulations in
comparison the CLEAN (Fig. 12) indicate that the enhanced precipitation from the convective region and the reduction from the stratiformanvil region are attributed to changes in both the warm rain processes
of collision-coalescence as well as cold precipitation formation via
riming and are discussed in the following sections.
4.3.3.1. Stratiform-anvil region. Increased aerosol concentrations led to
a decrease in total volumetric stratiform precipitation (Fig. 10),
primarily due to a smaller fraction of the stratiform-anvil which
produced precipitation (Fig. 11d), indicative of changes within the
precipitation formation eﬃciency. During the majority of the analysis
period, the 5 × POLLUTED simulation exhibited reduced collisioncoalescence and riming rates [kg s− 1] in the stratiform-anvil region
in comparison to the CLEAN simulation (Fig. 12d). On the other hand,
the POLLUTED simulation alternated from having higher and lower
rates of precipitation formation throughout the analysis period, in
comparison to the CLEAN simulation (Fig. 12c). The decrease in both
precipitation formation mechanisms in the simulations with greater
aerosol number concentrations can be explained by the formation of
more numerous (Fig. 13b) yet smaller cloud droplets (Fig. 13a), which
reduced the eﬃciency of collision-coalescence and the formation of

Fig. 11. For the three simulations Clean (blue), Polluted
(green) and 5 × Polluted (red) simulations: (a) Mean convective precipitation rate [mm h− 1] as a function of time.
(b) Mean stratiform precipitation rate [mm h− 1] as a
function of time. (c) Total area of the convective region
[km2] (dashed) and area with convective precipitation
(solid). (d) Total area of the stratiform-anvil region [km2]
(dashed) and area with stratiform precipitation (solid).
Note, nearly 100% of the convective region was precipitating, therefore, in panel c, the dashed and solid lines
overlap. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of
this article.)
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Fig. 12. Relative diﬀerences in the mean column integrated
riming and collision coalescence (C-C) rates [kg s− 1] in the
polluted simulations relative to Clean: for the Polluted simulation in the (a) convective region and (c) stratiformanvil region and for the 5 × Polluted simulation in the (b)
convective region and (d) stratiform-anvil region.

present in both the low level stratiform cloud (region 6: Fig. 16c) and
the deep mixed phase cloud (region 4: Fig. 16b). Therefore, both mesoscale ascent and convective outﬂow impact the precipitation formation mechanisms within the statiform-anvil region of the simulated
MCS. The 90 min back trajectory analysis shows that the mesoscale
ascent originates 1–9 km AGL, depending on the parcels origin height.
For this reason, varying aerosol concentrations at these higher altitudes
impact the hydrometeor distribution, and the precipitation formation
within this ﬂow. The 5 × POLLUTED simulation contained higher
aerosol concentrations both within the boundary layer and within the
free troposphere (Fig. 5), which explains the formation of the smaller
and more numerous cloud droplets which hampered precipitation
processes within the stratiform-anvil region. Above the boundary layer
(~ 1 km AGL), the aerosol concentrations in the CLEAN and POLLUTED
simulations were similar (Fig. 5), since the additional anthropogenic
aerosols in the GEOS-Chem model output incorporated in the POLLUTED simulation introduced higher aerosol concentrations predominantly near the surface. Therefore, the regions of mesoscale ascent
originating above the boundary layer feeding the deep stratiform-anvil
contained similar aerosol concentrations in the CLEAN and POLLUTED
simulations (Fig. 5). This explains why the 5 × POLLUTED simulations
consistently had lower precipitating formation rates leading to a 25%
less stratiform precipitation by the end of the analysis period in comparison to the CLEAN simulation, while the POLLUTED simulation only
exhibited a deﬁciency of 10%.

where the MCS stratiform-anvil became an important contributor to the
MCS precipitation (Fig. 9). Each region (Fig. 14) represented a grid
volume with an area of 10 × 10 km2 with approximately 35 vertical
proﬁles (corresponding to ~35 horizontal grid points with a horizontal
spacing of 1.6 km). From the 7 locations, parcels within cloudy grid
boxes (total condensate ≥ 0.01 g kg− 1) were inserted into the LM.
RAMS was rerun for the period of 90 min from 1100 to 1230 UTC and
the 3D wind components (u, v and w) from the Eulerian RAMS Grid 3
were saved at each time step. Values of the extracted variables were
then transferred, by a tri-linear spatial interpolation scheme within the
LM, to the parcel's location. Advection of a parcel was accomplished
with the use of the 4th order Runge-Kutta method and a time step of
3.33 s, corresponding to the output time of RAMS velocity data; consequently, interpolation in time was not needed. The time interval of
90 min was chosen in order to be able to examine the presence of the
slow ascending mesoscale ascent which travels over a hundred kilometers horizontally at these slow ascent speeds.
Results of the back trajectory analysis for the regions 2, 4 and 6 are
presented by 2D trajectory of parcel height as a function of time and the
maximum vertical velocity along the 90 min trajectory of each parcel
for the three regions (Fig. 15). These three regions were chosen here
since they represent three diﬀerent cloud structures as seen from the
seven sampled regions. Upstream of the convective region, the stratiform-anvil clouds were composed primarily of upper-level stratiform
clouds (example: Region 2, Fig. 16a). North of the convective region,
thicker stratiform clouds with cloud bases as low as 3 km AGL were
evident (example: region 4 Fig. 16b). Downstream of the convective
region, thin stratiform clouds with cloud bases of 3 km AGL and cloud
top heights below 6 km AGL, below a shallow stratiform-anvil were
evident (example: region 6 Fig. 16c). The composition of hydrometeors
in the various regions is as follows. Within the elevated stratiform cloud
the hydrometeors are only ice-phase hydrometeors (Fig. 16a and c).
Within the low-level stratus cloud only liquid-phase hydrometeors are
present (Fig. 16c). Mixed-phase hydrometeors prevail within the deep
stratiform cloud (Fig. 16b). At this time, the CLEAN and 5 × POLLUTED simulations exhibited similar trends in cloud structure to that in
the POLLUTED simulation. For brevity, only the vertical proﬁles of the
hydrometeor mixing ratio and results from the LM of the POLLUTED
simulation for regions 2, 4 and 6 are shown.
The results from the LM model indicate that the main air source
feeding the MCS's stratiform-anvil for the three regions shown here, is
slow mesoscale ascent, as seen by both the parcel elevation with time
and maximum vertical velocities below 2 m s− 1 (Fig. 15). The source of
parcels from convective outﬂow is present only at higher altitudes in
regions 4 and 6, as seen by the higher vertical velocities (Fig. 15e, f) as
well as the parcel's elevation with time (Fig. 17b, c). Precipitation is

4.3.3.2. Convective region. The spatial and temporal mean vertical
proﬁles of collision-coalescence and riming (Fig. 17) shows that both
these rates were increased within the convective region of the
5 × POLLUTED simulation throughout the entire vertical column
relative to both the CLEAN and POLLUTED simulations. These
increases within the 5 × POLLUTED simulation are larger at the
elevations which these processes are more prevalent, indicating that
the increases in aerosol concentrations impacted the eﬃciency but not
the depth these processes occurred. In comparison, the POLLUTED
simulation only exhibited higher collision-coalesce rates relative to
CLEAN. Increased aerosol concentration led to enhanced collision
coalescence and riming in the 5 × POLLUTED simulation and
enhanced collision coalescence in the POLLUTED simulation (Fig. 17)
due the increase in cloud droplet concentration (Fig. 18h), despite the
decrease in cloud mixing ratio (Fig. 18i). This is explained by the fact
that the enhanced concentration of cloud water available to be
collected by rain drops and hail within the 5 × POLLUTED
simulation overwhelmed the reduction in the collection eﬃciency
associated with the aerosol-induced production of smaller cloud
droplets (Fig. 18g), leading to a net increase in the conversion of
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Fig. 13. Spatial and temporal means during 0630–1730 UTC in the stratiform-anvil region of: (a) cloud droplet diameter [microns], (b) cloud droplet concentration [cm− 3], (c) cloud
mixing ratio [g kg− 1], (d) pristine ice diameter [microns], (e) pristine ice concentration [cm− 3], (f) pristine ice mixing ratio [g kg− 1], (g) rain diameter [mm], (h) rain concentration
[m− 3], (i) rain mixing ratio [g kg− 1], (j) aggregates diameter [mm], (k) aggregates concentration [m− 3] and (l) aggregates mixing ratio [g kg− 1] for the Clean (blue), Polluted (green)
and 5 × Polluted (red) simulations.

accumulated convective precipitation.
Another impact of changing aerosol concentrations on convective
precipitation formation has been found to be through convective invigoration. Past studies have shown that increased aerosol number
concentration may led to stronger updraft velocities by altering the
amount of latent heat release as evidenced in the review article by Tao
et al. (2012), which in turn could increase precipitation formation by
transporting liquid water to higher levels (e.g. Andreae et al., 2004;
Koren et al., 2005; van den Heever and Cotton, 2007; Storer and van
den Heever, 2013) and increasing hydrometeor residence time within
an updraft by sustaining larger hydrometers (Bowen, 1951). In this
study, the strongest maximum vertical velocities, which are representative of the convective region, were found within the
5 × POLLUTED (Fig. 19a) simulation which is consistent with the

cloud droplets to precipitation. The same process occurred in the
POLLUTED simulation, however only for collision-coalescence. The
smaller aerosol concentrations in the POLLUTED simulation in
comparison to the 5 × POLLUTED along with the enhanced collisioncoalescence in comparison to CLEAN led to a depletion of cloud number
concentration at higher levels (Fig. 18h). As a result, the riming rates
are smaller in the POLLUTED simulation even when compared with the
CLEAN simulation (Fig. 17). The result of increased aerosol number
concentration therefore led to fewer (Fig. 18b) yet larger rain drops
(Fig. 18a) in both polluted simulations and less (Fig. 18e) yet larger hail
(Fig. 18d) in the 5 × POLLUTED simulation. The formation of larger
rain drops reduced the potential for evaporation below cloud base
(Fig. 18c) owing to their net reduction in surface area (van den Heever
and Cotton, 2004), thereby further enhancing the amount of surface
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Fig. 14. Vertically-Integrated Total Condensate (VITC) at 1230
UTC with the locations of the 10 × 10 km2 grid volumes within
the stratiform-anvil (locations 1–7). This image is for the Polluted
simulation.

heavier accumulated precipitation and decrease the area with lighter
accumulated precipitation. This shift in precipitation rates was attributed to higher aerosol concentrations increasing the amount of convective precipitation and decreasing the amount of stratiform precipitation produced by the MCS. Enhanced convective precipitation
arising from an increased aerosol number concentration has been found
in past numerical simulations of deep convection due to enhanced
warm rain production (Seigel et al., 2013), formation of larger raindrops with reduced low level evaporation rates (Berg et al., 2008; Li
et al., 2009; Storer et al., 2010; Storer and van den Heever, 2013) as
well as more eﬃcient cold rain production (Khain et al., 2005; van den
Heever and Cotton, 2007; Tao et al., 2012). An increase in aerosol
number concentrations can increase precipitation production by the
dynamical feedback of convective invigoration. There are two facets to
this hypothesis: (Albrecht, 1989) convective invigoration due to suppression of warm rain production and (Altaratz et al., 2014) increased

convective invigoration hypothesis. Fig. 19 presents the spatial and
temporal mean of the maximum updraft speeds as well as a relative
probability density function of updraft speeds at 5 km AGL, showing
that greater aerosol concentrations produced stronger updraft speeds.
Therefore both microphysical impacts of increased aerosol concentrations on precipitation formation and their dynamical feedback on
convective invigoration contributed to enhanced convective precipitation within this simulated case study.
5. Discussion
In this study, changes in aerosol concentrations both within and
above the boundary layer impacted the precipitation characteristics of
the simulated MCS by altering the amount of precipitation produced by
the convective and stratiform-anvil regions of the storm. The higher
aerosol concentrations were found to increase the size of the area with

Fig. 15. Top row: 90 min (1100–1230 UTC) parcel height trajectory for regions (a) 2, (b) 4 (b) and (c) 6. Bottom row: scatter plot of the parcel's maximum updraft velocity during the
90 min trajectory for regions (d) 2, (e) 4 (e) and (f) 6. All data point color coded according to the parcel's back trajectory originated height at 1230 UTC.
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Fig. 16. Vertical proﬁles (~35) within three of the regions: (a) region 2, (b) region 4 and (c) region 6 of total hydrometeor mixing ratio (black) as well as the individual mixing ratios of
the dominant hydrometeors: cloud (cyan), rain (blue), pristine ice (magenta) and aggregates (red). (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

invigorate updrafts, lead to greater amounts of condensed water, produce broader, longer-lived convective updrafts and thereby enhance
rainfall. At this time the relative contribution of “condensational invigoration” versus convective invigoration by mixed-phase processes in
MCSs has not been determined. In this study, since the MCS formed in a
highly humid environment, collision coalescence was enhanced with a
moderate increase in pollution aerosols and both collision coalescence
and riming in the highly polluted simulation, it is likely that the condensational invigoration played a key role in the convective invigoration found in this study.
Past studies have shown that changed in aerosol number concentrations altered the stratiform precipitation formation within an
MCS primarily due to the impacts on convective outﬂow. It has been
shown that a decrease in convective precipitation can increase the
outﬂow to the stratiform-anvil, thereby increasing the stratiform precipitation production (e.g. Tao et al., 2007). In this study, the opposite
was found, where the increased aerosol pollution led to a reduction in
stratiform precipitation and an increase in convective precipitation. The
reduction in stratiform precipitation was found to be due to the impact
of aerosols on hydrometeors not only within the convective outﬂow but
also within slow mesoscale ascent. The roles of these ﬂows were determined by performing back-trajectory analysis from locations within
the stratiform-anvil. The results of this analysis indicates that changes
in aerosol concentrations at higher levels impacts the formation of
precipitation within the stratiform-anvil due to the changes in cloud
nucleation within mesoscale ascent that originates at heights above the
boundary layer (1-5 km AGL). This study emphasizes that aerosol impacts on stratiform precipitation are not only due to changes within the
hydrometeor distribution within the convective outﬂow, but also in the
formation of cloud droplets within slow slantwise ascending regions.

Fig. 17. Spatial and temporal mean within the convective region of collision coalescence
(CC) (solid lines) and riming (dashed lines) during 0630–1730 UTC for the Clean (blue),
Polluted (green) and 5 × Polluted (red) simulations. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)

latent heat release of condensation. High concentrations of aerosols
lead to high concentrations of cloud droplets, they suppress warm rain
formation, transport greater quantities of cloud droplets to supercooled
levels, which freezes and ice particle riming is enhanced, thereby releasing greater amounts of latent heat, and the added buoyancy invigorates the updrafts of cumuli, and the invigorated updrafts process
more water thereby enhancing rainfall (Andreae et al., 2004; Khain
et al., 2005; van den Heever et al., 2006; van den Heever and Cotton,
2007; Rosenfeld et al., 2008; Carrio and Cotton, 2011; Fan et al., 2013;
Storer and van den Heever, 2013; Altaratz et al., 2014). The second
facet of the convective invigoration hypothesis is what is now called
“condensation invigoration”. There is modeling and theoretical evidence that high concentrations of pollution-sized hygroscopic aerosol
can invigorate the updrafts of purely warm clouds (Kogan and Martin,
1994; Altaratz et al., 2014; Seiki and Nakajima, 2014; Saleeby et al.,
2015; Sheﬃeld et al., 2015). The theory is that high concentrations of
cloud droplets formed on numerous pollution-sized aerosol exhibit
greater net surface areas upon which condensation occurs, thereby
enhancing net vapor deposition rates which leads to enhanced latent
heat release by condensation in cumuli. Recent studies (e.g. Grabowski,
2016) suggest that at heights above 3 km above cloud base where
droplet collection can be prevalent, supersaturations can exceed nominal near-cloud-base values, which can lead to appreciable enhancement of condensation in a polluted cloud relative to a clean cloud. Thus
latent heat by condensation of droplets can be enhanced enough to

6. Conclusions
In this study, the microphysical eﬀect of increased aerosol concentrations on the precipitation produced by a simulated case study
MCS, the 8 May 2009 “Super-derecho” MCS, was examined. A set of
three RAMS simulations was conducted: CLEAN, POLLUTED and
5 × POLLUTED, in which the initial aerosol distribution, concentration
and chemical composition diﬀered based on the output of a 3D chemical model, GEOS-Chem. Twelve speciﬁc aerosol particle types from
GEOS-Chem were inserted into RAMS in order to represent a more
“realistic” horizontally heterogeneous aerosol concentration ﬁeld with
varying nucleation potential, thereby introducing nucleation competition among the diﬀerent aerosol species. The CLEAN simulation contained only aerosol concentrations from non-anthropogenic sources, the
POLLUTED included aerosols from both anthropogenic and non-anthropogenic sources and the 5 × POLLUTED had the same distribution
as in the POLLUTED simulation, but increased by a factor of ﬁve. All
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Fig. 18. Spatial and temporal means during 0630–1730 UTC in the convective region within the Clean (blue), Polluted (green) and 5 × Polluted (red) of: (a) rain drop diameter [mm], (b)
rain concentration [m− 3], (c) rain mixing ratio [g kg− 1], (d) hail diameter [mm], (e) hail concentration [m− 3], (f) hail mixing ratio [g kg− 1], (g) cloud droplet diameter [microns], (h)
cloud droplet concentration [cm− 3] and (i) cloud droplet mixing ratio [g kg− 1]. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

Fig. 19. (a) Spatial and temporal mean of the maximum updraft velocity within the convective region during 0630–1730 UTC for the Clean (blue), Polluted (green) and 5 × Polluted
(red). (b) Diﬀerence in the spatial and temporal means of the maximum updraft velocity of Polluted (green) and 5 × Polluted (red) to Clean. (c) Relative Probability Density Function
(PDF) of updrafts velocity at 5 km AGL during 0630–1730 UTC between the Polluted (green) and 5 × Polluted (red) simulations and the Clean simulation. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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three of the simulations produced an MCS that was comparable to the
storm observed in terms of the MCS location, genesis time, and total
precipitation quantities. While the total amount of precipitation did not
diﬀer substantially among the simulations, changes in aerosol concentrations altered the precipitation characteristics within the three
simulations in the following ways:

• Greater aerosol concentrations were shown to decrease the total
•
•

•

•
•

area of the MCS precipitation while increasing the area with heavier
accumulated precipitation.
Greater aerosol concentrations led to a decrease in the formation of
stratiform precipitation and an increase in convective precipitation
within the MCS.
In the convective region, several processes likely contributed to an
increase of precipitation: (1) The very humid environment of this
storm, that enhanced amount of cloud water available to be collected which overwhelmed the reduction in precipitation eﬃciency
associated with the aerosol-induced production of smaller droplets
leading to a net increase in the conversion of cloud droplets to
precipitation. (2) Convective invigoration since updraft velocities
are enhanced as aerosol pollution levels are enhanced.
Changes in aerosol concentrations reduced the amount of stratiform
precipitation produced by the MCS due to the impacts of higher
aerosol concentrations on the hydrometeor distribution within the
two ﬂows contributing to the stratiform-anvil: convective outﬂow
and mesoscale slantwise ascent in which the aerosols originated
above the boundary layer.
Higher aerosol concentrations within the free troposphere led to
more numerous smaller cloud droplets within the region of slow
mesoscale ascent, which decreased collision-coalescence as well as
riming rates within the stratiform-anvil.
These simulations have shown that MCS precipitation formation
characteristics are sensitive to the number of aerosols serving as
potential CCN, in both the convective and regions of mesoscale ascent.

In Part 2, the impacts of enhanced aerosol concentrations on storm
dynamics, speciﬁcally, the intensity of the straight-line winds (derecho)
are examined.
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