
1 
 

Supporting information 1 

This document contains supplemental Methods, Results, Tables and Figures. Table S1 2 

and Figures S1-S4 are referenced directly from the main text. 3 

1. Methods 4 

1.1. Modeling framework 5 

The chemistry version of the Weather Research and Forecasting (WRF-Chem) model 6 

(Skamarock et al., 2008; Grell et al., 2005), Advanced Research WRF (ARW) core, 7 

version 3.4.1 was used in regional simulations of meteorology and atmospheric 8 

composition including aerosol-cloud-radiation interactions. The code is publicly available 9 

through the WRF users’ webpage (http://www2.mmm.ucar.edu/wrf/users/). WRF-Chem 10 

has been used extensively to characterize aerosol feedbacks in a wide variety of 11 

environments (Fast et al., 2006; Chapman et al., 2009; Zhao et al., 2010; Zhao et al., 12 

2011; Zhao et al., 2012; Gustafson et al., 2007; Ntelekos et al., 2009; Grell et al., 2011; 13 

Saide et al., 2012; Yang et al., 2011; Yang et al., 2012; Eidhammer et al., 2014; 14 

Shrivastava et al., 2013), while WRF (no chemistry) is used by many institutes for real-15 

time experimental forecasting and also for operational numerical weather prediction 16 

(http://wrf-model.org/plots/wrfrealtime.php), and is the basis for the NOAA/NCEP Rapid 17 

Refresh and North American Mesoscale Forecast System models. 18 

Additional WRF-Chem configuration other than the one in the main text is described as 19 

follows. The chemistry-aerosol treatment used corresponds to the CBM-Z MOSAIC 20 

(Zaveri and Peters, 1999; Zaveri et al., 2008) models. MOSAIC is a sectional aerosol 21 

model and the version selected uses eight sectional size bins, two aerosol phases (dry and 22 
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in-cloud), and nine aerosol composition species (aerosol water, sulfate, nitrate, 23 

ammonium, organic carbon, black carbon, sodium, chloride and other inorganics, where 24 

dust is included). It also tracks independently total aerosol number per size bin and per 25 

phase, resulting in a total of 160 aerosol and 26 gas variables tracked in the model. Other 26 

parameterization options include MYJ boundary layer (Janjić, 2002), NOAH land surface 27 

model (Chen and Dudhia, 2001), Goddard shortwave radiation (Chou et al., 1998), which 28 

uses the Slingo (1989) scheme for computing cloud optical depth (COD), RRTMG 29 

longwave radiation (Mlawer et al., 1997), Mie theory along with a Shell-Core mixing 30 

rule for aerosol optical properties (Fast et al., 2006; Barnard et al., 2010), Morrison cloud 31 

microphysics (Morrison et al., 2009) and critical saturation aerosol activation (Abdul-32 

Razzak and Ghan, 2002), with the last five options allowing the aerosol interactions with 33 

radiation and clouds (Fast et al., 2006; Chapman et al., 2009; Zhao et al., 2011; Yang et 34 

al., 2011). Modification of droplet nucleation due to aerosol composition (both from 35 

primary sources and secondary inorganic aerosols) through changes in hygroscopicity are 36 

also modeled in the activation treatment (Abdul-Razzak and Ghan, 2004). While WRF 37 

supports a variety of microphysics schemes, only two include aerosol indirect effects. 38 

Within these two we chose the Morrison scheme, which is currently among the most 39 

sophisticated and most capable of generating accurate clouds (Cintineo et al., 2013). 40 

Convective parameterizations in WRF-Chem v3.4.1 do not include aerosol-cloud 41 

interactions, which is why they were not used on the outer domain. This could generate 42 

problems in the outer domain as at 12 km resolution explicit convection will not be 43 

completely resolved. However, sensitivity simulations using the Grell 3D convective 44 

parameterization (Grell and Dévényi, 2002; Grell and Freitas, 2013) on the 12 km 45 
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domain did not present major changes in the smoke transport or in the smoke effects (not 46 

shown).  47 

Although aerosol-cloud-radiation representations in models are considered to have large 48 

uncertainties (Boucher et al., 2013), there seems to be a relatively greater understanding 49 

of interactions for shallow clouds (e.g., Saide et al., 2012; Yang et al., 2011) than for 50 

convective clouds (e.g., Ntelekos et al., 2009; Eidhammer et al., 2014) which could be 51 

related to the differences in extent, scale and complexity of the systems. Also, the 52 

activation parameterization used here only activates aerosols at cloud base for pre-53 

existing clouds (Ghan et al., 2001), which can be detrimental for assessing indirect 54 

effects in convective clouds, where in-cloud activation well above the base can play an 55 

important role (Pinsky and Khain, 2002). The use of a two-moment bulk microphysics 56 

scheme, compared to spectral-bin schemes, also increases uncertainties for convective 57 

cloud effects (Fan et al., 2012). Thus, we expect our conclusions to be more robust when 58 

analyzing results for shallow clouds compared to convective clouds. 59 

The accuracy of biomass burning emissions is central to quantitative skill in modeled 60 

smoke impacts. The Quick Fire Emission Dataset (QFED) v2.4 biomass burning 61 

emissions (Darmenov and da Silva, 2014) used here deals with obscured fires and 62 

employs tunable emission coefficients adjusted using an inverse modeling technique to 63 

improve model agreement with AOD estimates. This empirical fitting improves model 64 

performance. Fire emissions were coupled to the WRF-Chem online plume-rise model 65 

(Grell et al., 2011). Anthropogenic emissions for the outer domain were computed using 66 

PREP-CHEM-SRC (Freitas et al., 2011), and NEI 2005 was used for the inner domain 67 

(http://www.epa.gov/ttnchie1/net/2005inventory.html). Other emission sources include 68 
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online MEGAN biogenics (Guenther et al., 2012), Gong et al. (1997) sea salt 69 

parameterization and GOCART dust scheme (Zhao et al., 2010). Meteorological and 70 

chemical initial and boundary conditions for the coarser domain correspond to NCEP 71 

Final Analysis (http://rda.ucar.edu/datasets/ds083.2/) and RAQMS chemical and aerosol 72 

analyses (Pierce et al., 2007; Natarajan et al., 2012), respectively. 73 

Data assimilation of satellite AOD was implemented to improve modeled aerosol 74 

distributions. We used the Grid-point Statistical Interpolation (GSI) 3DVAR system (Wu 75 

et al., 2002; Kleist et al., 2009) modified to assimilate AOD within WRF-Chem for the 76 

MOSAIC aerosol model (Liu et al., 2011; Saide et al., 2013). GSI was configured 77 

similarly as previous studies (Saide et al., 2013), assimilating AOD at 550 nm from the 78 

NASA NNR retrieval (GMAO, 2014) with no thinning or re-gridding, using logarithmic 79 

state and observations when minimizing the cost function, and using the NMC method 80 

(Parrish and Derber, 1992)  for computing the standard deviations and vertical and 81 

horizontal length scales. As we show in the main text, transport of smoke is well 82 

represented by the model, thus, assuming that the model aerosol vertical profile is 83 

realistic and that departures from observations come mainly from differences in 84 

emissions, we used a long vertical length scale (40 vertical levels) so similar scaling 85 

factors are applied to nearly the whole column during assimilation and thus changes are 86 

distributed throughout the column. This approach is similar to 2DVAR assimilation, as is 87 

regularly done in other AOD assimilation systems (Benedetti et al., 2009). 88 

Modeled cloud top heights were computed by finding the vertical level closest to the top 89 

where cloud optical depth above it was at least 0.5. This eliminates the influence of very 90 

thin cirrus often found in the model.  91 
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2. Supporting results 92 

2.1. Thunderstorm invigoration 93 

Invigoration of convection by aerosols (Andreae et al., 2004) is often associated with 94 

increases in precipitation (Bell et al., 2008) and thunderstorm cloud top heights (Bell et 95 

al., 2009). We compare these two variables for simulations Fire ON+DA and Fire OFF to 96 

investigate the possibility of convection invigoration by smoke on the April 27 outbreak. 97 

Fig S5 illustrates observed and simulated precipitation maps for the period of the 98 

outbreak with both models showing some skill in predictions of spatial patterns, with a 99 

tendency to underestimate accumulated precipitation rates. Both simulations do not 100 

represent the southern portion of the observed precipitation pattern (South-central 101 

Alabama, North-central Georgia), as no convective cells are generated in either 102 

simulation in this area. This region is excluded from the “Tornado region” of Figure S2 103 

where tornado parameter values were assessed. By comparing the time series of 104 

precipitation and cloud heights for both simulations (Fig S5, bottom), it can be seen that 105 

the means and upper tails (75th and 90th percentile) of the precipitation rates and cloud 106 

heights distributions are generally higher in the simulation without smoke, with the mean 107 

differences being statistically significant most of the time. While differences in mean rain 108 

rates could be due to reduced warm rain processes by smoke effects, the upper tails of the 109 

hourly distributions are associated with convective precipitation. Thus, smoke effects 110 

start playing a role in reducing convection vigor as described in previous studies 111 

(Rosenfeld et al., 2008; Koren et al., 2008), which reduced precipitation and lowers cloud 112 

top heights when smoke emissions are included. However, the reduced convective vigor 113 

by smoke is only a slight effect as both simulations can fully develop updrafts (CAPE is 114 
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usually over 1000 J/kg reaching values over 3000 J/kg, see Fig. S6 and S7). Thus we 115 

conclude that there is no evidence in the model that tornado occurrence or severity were 116 

enhanced by smoke invigoration of convection during this outbreak. Given the 117 

uncertainties in modeling aerosol-cloud interactions for convective cells (see section 118 

S1.1) and discrepancies compared to observed fields (e.g., lower precipitation), we 119 

cannot rule out that in reality aerosol invigoration had a role during this outbreak. 120 

However, the smoke effects described in section 3.3 of the main text are associated with 121 

shallow clouds, which we show can be responsible for the intensification of tornado 122 

parameters in the absence of a modeled aerosol invigoration effect. 123 

2.2. Model performance for shallow clouds before the 27 April outbreak 124 

Shallow clouds were present in both the outbreak area and the inflow region. Fig. S8 125 

depicts satellite, in situ soundings and modeled cloud heights. GOES and MODIS have 126 

been found to overestimate low-level cloud height (Naud et al., 2005). This is evident 127 

from soundings at three different locations (lower-right graph of Fig. S8) that consistently 128 

present cloud heights below 3 km. Despite this positive bias, the model seems to 129 

represent fairly well the coverage and structure of shallow clouds. Even though some of 130 

the model soundings do not indicate the multi-layer structure seen in the observations, the 131 

close proximity of the temperature and dew point at two different heights (sounding 3) 132 

suggest that this structure is present in the model in nearby grid-cells. On the other hand, 133 

modeled cloud heights are found to be biased low (from ~0 to 1 km, Fig. S8), which 134 

could be related to multiple reasons such as model vertical and horizontal resolution (e.g., 135 

Wang et al., 2011), and PBL scheme for cloud layers capping the boundary layer.  The 136 

model does not fully resolve the eastern side of the cloud system (over Alabama at 16:45 137 
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UTC) where broken clouds are found (Fig. S8, top panels). However, temperature and 138 

dew point differences in both the model and observations are small in this area (location 139 

#3 in Fig S8) showing that the model was close to generating local clouds. 140 

2.3. Smoke effects on vertical profiles 141 

As seen in Fig. S9a, the simulation including fire emissions compared to not including 142 

them presents similar wind speeds at the surface and at heights larger than 3 km, 143 

producing little change in the 0-6 km wind shear (Fig. S6). However, wind speeds around 144 

~1 km are higher when including fire emissions, resulting in higher shear in the 0-1 km 145 

layer. The higher 0-1 km shear is due to the differences in temperature (Fig. S9b), with 146 

the simulation including fires indicating lower surface temperatures (0.65 K lower in 147 

mean, larger differences found by location, Fig. 3f), and thus presenting more stable 148 

conditions that reduce mixing and lead to sharper vertical gradients. The colder surface 149 

temperatures are due to the reduced radiation reaching the ground below optically thicker 150 

clouds and subsequent reduction in surface heat fluxes (section 3.3 main text). Also, 151 

potential temperature in the free troposphere (above 3 km) tends to be higher when 152 

smoke is included due to black carbon absorption (section 3.3 main text). As seen in Fig. 153 

S9c, water vapor is modified by two processes that happen simultaneously due to the 154 

presence of smoke. First, as surface latent heat fluxes are reduced, less evaporation 155 

occurs, reducing water vapor near the surface (Feingold et al., 2005). However, this 156 

effect does not seem to play a role in the case studied as surface water vapor is not 157 

reduced by smoke effects because moisture is mainly transported from the GoM (Knupp 158 

et al., 2013). Second, the smoke stabilization reduces entrainment of dry air, maintaining 159 

moisture in the mixed layer and increasing water vapor near the top of the mixed layer 160 
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(Brioude et al., 2009; Wilcox, 2010). Overall, there is a general increase in relative 161 

humidity in the mixed layer when smoke is present (Fig. S9d), due to the moisture 162 

accumulation and the lower temperatures at the surface. The higher relative humidity and 163 

more stable conditions under the presence of smoke produce lower cloud base and LCL. 164 

CAPE is only slightly modified by the presence of smoke (Fig. S6) due to compensating 165 

effects of the changes in temperature in multiple levels and water vapor profiles.  166 
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Supporting Tables 412 

Table S1: Observational data used in the study. COD: Cloud optical Depth, LWP: Liquid 413 

Water Path, AOD: Aerosol Optical Depth, PM2.5: aerosol mass of sizes below 2.5 µm, 414 

AERONET: Aerosol RObotic NETwork, GOES13: Geostationary Operational 415 

Environmental Satellites number 13, CALIPSO: Cloud-Aerosol Lidar and Infrared 416 

Pathfinder Satellite Observations, AQS: Air Quality System, NEXRAD: Next-Generation 417 

Radar, USRCRN: U.S. Regional Climate Reference Network, SPC: Storm Prediction 418 

Center, MODIS: Moderate Resolution Imaging Spectroradiometer, CALIOP: Cloud-419 

Aerosol Lidar with Orthogonal Polarization, NNR: Neural Network Retrieval, SDA: 420 

Spectral Deconvolution Algorithm. The following data is available through the websites 421 

in parenthesis: MODIS (http://ladsweb.nascom.nasa.gov/data/search.html),  AERONET 422 

(http://aeronet.gsfc.nasa.gov/), CALIPSO (http://reverb.echo.nasa.gov/), AQS 423 

(www.epa.gov/rsig/), Rainfall (http://data.eol.ucar.edu/codiac/dss/id=21.093), USRCRN  424 

and tornado tracks (http://www.ncdc.noaa.gov/), Upper air soundings 425 

(http://weather.uwyo.edu/upperair/sounding.html) 426 

Observation 
Satellite / 

Instrument  Algorithm  Reference 
Network 

COD  Terra/Aqua  MODIS  ‐  (King et al., 2006) 

   GOES 13  Imager  PATMOS‐x  (Pavolonis et al., 2005) 

Cloud top 
heights 

GOES 13  Imager  PATMOS‐x  (Pavolonis et al., 2005) 

  Terra/Aqua  MODIS 
Use WRF‐Chem 
pressure levels to 
obtain height 

(Platnick et al., 2003) 

AOD  Terra/Aqua  MODIS  NASA NNR  (GMAO, 2014) 

   AERONET 
Sun 
photometer 

SDA  (O'Neill et al., 2003) 

Angstrom 
Exponent 

AERONET 
Sun 
photometer 

AOD 
(Dubovik and King, 
2000) 

Aerosol plume  CALIPSO  CALIOP  Feature type  (Young and Vaughan, 
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height  detection  2009) 

Ground PM2.5  AQS  TEOMS, FRM  ‐  (EPA, 2013) 

Rainfall 
NEXRAD + 
rain gauges 

Radar and 
rain gauges 

Stage IV 
(Lin and Mitchell, 
2005) 

Solar radiation  USRCRN  Pyranometer  ‐  (Diamond et al., 2013) 

Cloud height  Upper air  Radiosonde  ‐  (NOAA NWS, 2013) 

Tornado tracks  SPC  ‐ 
Reports and 
damage surveys 

(SPC, 2013) 
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Supporting Figures 427 

 428 

Figure S1. Average NASA NNR AOD (top-left) and model estimates maps for Terra and 429 

Aqua on 27 April. Simulations correspond to including fire emissions and data 430 

assimilation (top-right), fire emissions with no data assimilation (bottom-left) and not 431 

including fire emissions (bottom-right). 432 
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 433 

Figure S2. Inner modeling domain, analysis region, and observational networks. See 434 

definitions on Table S1 and outer domain in Fig. 1. 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 
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447 
Figure S3. As Fig. 2 but for LCL and 1 km shear. The panels show a) Fire ON (no data 448 

assimilation) and Fire OFF simulations at 4 km resolution using the base model 449 

configuration, b) Fire ON+DA and Fire OFF simulations at 12 km resolution using the 450 

base model configuration, c) Fire ON+DA and Fire OFF simulations at 12 km resolution 451 

but using the Lin microphysics scheme (Chapman et al., 2009) and d) Fire ON+DA and 452 

Fire OFF simulations at 12 km resolution but using the MYNN boundary layer scheme 453 

(Nakanishi and Niino, 2004). 454 
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 455 

Figure S4. Cloud optical depth statistics as in Fig. 2 for GOES13 and models over the 456 

inflow region (Fig. 3) before the outbreak. 457 

 458 
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 466 

Figure S5. Top panels: Observed and model twelve hour accumulated precipitation (mm) 467 

valid at 6 UTC on 28 April. Bottom-left: Tornado tracks color coded by magnitude on the 468 

Enhanced Fujita (EF) Scale (Potter, 2007). Bottom-right panels: Model statistics as in 469 

Fig. 2 for precipitation and cloud top height for the “Tornado region” depicted in Fig S2. 470 

Precipitation over 0.1 mm/h and cloud top heights over 5 km were considered when 471 

computing statistics. Statistically significance differences for each time are represented 472 

by the symbol “*” on top of each panel. 473 
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 474 

Figure S6. Hourly box and whisker distributions as in Fig. 2 of model parameters used in 475 

tornado forecasting. The three models represent simulations with fire emissions and data 476 

assimilation (Fire ON+DA), fire emissions and data assimilation with black carbon 477 

absorption set to 0 (Fire ON+DA, no Abs), and no fire emissions (Fire OFF). Statistics 478 

are computed as in Fig 2. 479 

 480 

 481 

 482 

 483 
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 484 

Figure S7. Maps of selected parameters averaged from 18 to 00 UTC for the simulation 485 

using fire emissions and data assimilation. Units: LCL in m, shear in m/s, CAPE in J/kg 486 

SRH in m2/s2 and Lapse Rate in C/km. 487 

 488 

 489 

 490 
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 491 

Figure S8. Top and bottom-left panels: Cloud top height (in m) maps for 27 April. Upper 492 

row illustrates GOES13, MODIS and WRF-Chem model (with fire emissions and data 493 

assimilation) for 16:30-16:45 UTC (Terra overpass at 16:30, GOES scan at 16:45), while 494 

the bottom panel shows GOES13 at 18:15 UTC. Bottom right panels: Temperature (T, 495 

solid lines) and dew point temperature (Td, dashed lines) profiles for three special upper 496 

air soundings (location indicated on bottom-left map) and model at 18 UTC. Model 497 

profiles are shifted +10 C to avoid overlapping and to improve visualization. Blue 498 

shading indicates T and Td difference of less than 1.5 ºC, which suggests overcast or 499 

broken cloud conditions, while red shading represents model cloud occurrence. 500 

 501 

 502 
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 503 

Figure S9. Statistics as in Fig. 2 for vertical profiles at 16 UTC over the inflow region 504 

(Fig. 3) for simulations with fire emissions and data assimilation and without fire 505 

emissions. Box and whisker plots are shown for wind speed (WS, a), potential 506 

temperature (THETA, b), water vapor (QVAPOR, c) and relative humidity (RH, d). 507 


