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Abstract 8 

The aerosol first indirect effect (FIE) is typically characterized by a reduction in cloud droplet 9 

size and an increase in cloud optical thickness in the presence of high concentrations of 10 

condensation nuclei.  Past studies have derived observational evidence of the FIE in specific 11 

locations and conditions, yet critical uncertainties in the validity of this conceptual model as it 12 

applies to a range of cloud types and meteorological settings remain unaddressed. We utilize five 13 

years of surface aerosol measurements and Moderate Resolution Imaging Spectroradiometer 14 

(MODIS) observations of cloud properties to discern the FIE in springtime cloud statistics over 15 

the Southern Great Plains region of the United States. We extend this analysis to explore the role 16 

of three confounding factors: cloud phase, observational uncertainty and the role of regional 17 

meridional flow. While high aerosol days are dominated by smaller average droplet size in liquid 18 

clouds, the response of cloud optical thickness is variable and is dominantly a function of cloud 19 

water path. Ice clouds experience more variability in their response to high aerosol loading and 20 

satellite retrieval uncertainty thresholds. Finally, the direction of meridional flow does not play a 21 

large role in stratifying the cloud response to different aerosol loading. Overall, these 22 

observations show that much of the classical theory for liquid clouds is supported. Higher 23 

aerosol loadings are correlated with a reduction in effective radius and generally higher cloud 24 

optical thickness, and this relationship dominates over any driving influence from the low-level 25 
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jet. However, for ice clouds we see a variable response that may be driven by aerosol 26 

composition and cold cloud microphysics. These observations provide further insight into the 27 

importance of considering deviations from the classic FIE in understanding regional variability 28 

in aerosol-cloud interactions in a continental setting. 29 

 30 

1 Introduction 31 

Under the classic paradigm, aerosols can both brighten clouds (Twomey, 1977) and 32 

lengthen cloud lifetime (Albrecht, 1989) by reducing droplet size and increasing droplet number. 33 

Along with the aerosol direct and semi-direct effects, understanding these so-called indirect 34 

effects is critical for studying Earth’s energy budget and reducing uncertainty in global climate 35 

projections (Rosenfeld et al., 2014a). However, the effect of aerosols on clouds is sensitive to a 36 

variety of complicating factors, and a complete diagnosis of the physical system remains elusive 37 

(Stevens and Feingold, 2009). Critical uncertainties in the impact of aerosols on the lifetime of 38 

shallow clouds (Small et al., 2009) and the ability of aerosols to invigorate deep convection (Fan 39 

et al., 2013) remain. Competing effects of reduced precipitation formation efficiency and 40 

enhanced cloud-base evaporation make it difficult to fully determine aerosol-driven changes in 41 

liquid cloud water path (Han et al., 2002; Tao et al., 2012). Furthermore, aerosol effects on ice 42 

cloud properties (Lee and Penner, 2010; Storelvmo et al., 2011), the impact of measurement 43 

technique and uncertainty (Platnick et al., 2004) and the role of large-scale atmospheric 44 

conditions in modulating cloud microphysics (Jones et al., 2008; Muhlbauer et al., 2014) remain 45 

open questions. The first goal of this study is to observe which traditional FIE elements, 46 

including reduced droplet size and increased optical thickness, can be detected over the Southern 47 

Great Plains (SGP) by using liquid cloud field statistics as derived from satellite data. We then 48 
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move beyond these variables to address whether cloud phase, measurement uncertainty and 49 

regional meteorology introduce substantial deviations from the standard FIE as determined from 50 

observations. 51 

Observations of cloud microphysics under different aerosol conditions are abundant. Data 52 

on aerosol optical thickness (AOT), cloud effective radius (reff), cloud water path (CWP) and 53 

cloud optical thickness (COT) from a variety of satellite platforms have been used to develop 54 

correlative relationships between aerosol loading and cloud optical properties that show the first 55 

indirect effect at work (Chen et al., 2014; Jones et al., 2008; Kaufman and Koren, 2006; Koren et 56 

al., 2004, 2009; Rosenfeld, 2003). However, most of these studies reserve their analysis for 57 

warm clouds. Ice clouds play an important role in Earth’s radiation budget (Liou, 2005), and it is 58 

likely their reff, CWP and COT respond to aerosols differently than liquid clouds (Gettelman et 59 

al., 2012). Both modeling (Storelvmo et al., 2011) and observational (Jiang et al., 2009) studies 60 

have suggested that an increase in available ice nucleation particles will decrease reff in ice 61 

clouds, in a similar fashion to their liquid counterparts. More work is needed to fully develop the 62 

relationship between aerosol composition, the balance of heterogeneous and homogeneous 63 

freezing and the net climatic effect (Gettelman et al., 2012; Zhou and Penner, 2014). It has been 64 

suggested that the heterogeneous activation of certain hydrophilic particles (e.g. mineral dust, 65 

organics) can reduce water concentrations and supersaturations necessary for homogenous 66 

activation (Chylek et al., 2006). This curtails the further formation of ice particles and limits the 67 

efficacy of a Twomey-like mechanism. Further observational statistics of ice cloud reff, CWP and 68 

COT are needed to clarify large-scale patterns of aerosol-ice cloud interactions.    69 

Additionally, satellite retrievals are subject to some degree of uncertainty. For MODIS 70 

cloud products, both instrumental and retrieval algorithm error contributes to uncertainty (King 71 
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et al., 1997; Platnick et al., 2004). The impact of this uncertainty depends on the product and the 72 

proposed application of the data. Assimilating MODIS observations into forecast products 73 

requires a low tolerance for uncertainty because of high model sensitivity to noisy initial 74 

conditions (Shi et al., 2011), and uncertainty thresholds for MODIS data products have 75 

developed over the instrument history (Chu, 2002; Remer et al., 2002; Tan et al., 2005). These 76 

thresholds motivate independent validation of the satellite retrievals and provide insight into the 77 

effect of product uncertainty on scientific conclusions. With this in mind, we can use thresholds 78 

to understand the role of retrieval uncertainty on observational understanding of the FIE.  79 

Over the SGP, aerosol-cloud interactions occur against the backdrop of rapidly changing 80 

meteorology. The SGP region is known for its severe springtime convective weather, largely 81 

driven by synoptic-level disturbances moving with the jet stream (Doswell, 1980; Maddox, 82 

1983). As spring transitions into summer, a major dynamical feature of the SGP region, the low-83 

level jet (LLJ), evolves and brings warm, moist air off of the Gulf of Mexico (Weaver and 84 

Nigam, 2008) and defines the regional warm-season climate (Balling, 1985; Lee et al., 2008; 85 

Weaver et al., 2012). Large-scale dynamics set the stage for mesoscale activity by controlling 86 

factors critical to aerosol and cloud microphysics in varying degrees, including tropospheric 87 

stability (Chen et al., 2014), humidity (Altaratz et al., 2013) and vertical motion (Muhlbauer et 88 

al., 2014). The specific role of the largely meridional LLJ flow during the warm season (roughly 89 

May-September) in modulating aerosol-cloud interactions over this region has not been fully 90 

explored, however. Determining whether the LLJ influences reff, CWP and COT is a necessary 91 

prerequisite before attributing any bulk cloud response to changes in aerosol concentration.  92 

In this manuscript, we use a unique combination of data to improve our understanding of 93 

the FIE in the SGP.  By utilizing ground-based observations of aerosol concentrations and 94 
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composition, and satellite-derived reff, LWP or IWP, we identify the cloud-aerosol interactions in 95 

the SGP and develop an understanding of the role of meteorological conditions on the bulk cloud 96 

response to changes in aerosol concentration. 97 

 98 

2 Methods 99 

2.1 Aerosol Surface Concentrations and Event Identification 100 

To identify the role of aerosols in clouds, we use aerosol measurements from five 101 

Interagency Monitoring of Protected Visual Environments (IMPROVE) sites in the Southern 102 

Great Plains (Fig. 1; Table 1) to define climatological high and low aerosol events. All sites 103 

report reconstructed PM2.5 mass every three days, including speciated ammonium nitrate, 104 

elemental and organic carbon, sulfate and soil (Malm et al., 1994). Springtime (April-May-June; 105 

AMJ) averaged concentrations by composition are shown for each site in Fig. 2. By using 106 

surface concentration data to determine an aerosol threshold, we assume that the IMPROVE 107 

surface concentrations are indicative of concentrations aloft, and we discuss the validity of this 108 

assumption in Sect. 4.1.  109 

Evaluation of PM2.5 data at each site over a decade (2003-2013) reveals an overall 110 

downward trend in aerosol concentrations with a seasonal cycle that peaks in the summer 111 

months. This overall decrease in aerosol is consistent with other studies over the continental US 112 

showing a decrease in PM2.5 concentrations over the past decade (Lamsal et al., 2015; Xing et al., 113 

2015). We focus our analysis on the convective season (April-May-June; AMJ), and use the 114 

IMPROVE record to determine thresholds for minimum and maximum aerosol events. The first 115 

half (2003-2008) of the observational record had noticeably higher concentrations than the latter 116 

half (2008-2013), which could interfere with the determination of thresholds. We apply Eq. (1) 117 
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to calculate the cumulative sum of deviations (S) and determine change points in data (Fealy and 118 

Sweeney, 2005) (Figure 3)  119 

 Si = xk −  x
i

k=1
.                                                                                                                                      (1) 

Positive slopes indicate that the individual aerosol concentration xk  for time k is above the 120 

average aerosol concentration (x), while negative slopes indicate the data is below average. 121 

Extrema in the slope reveal change points in the data, and Fig. 3 illustrates that 2008 was a 122 

change point in the time series of PM2.5 data that is likely related to economic recession and 123 

changes in air quality regulations (Russell et al., 2012). As a result we focus on the 2008-2013 124 

data for statistical consistency. From 2008-2013, aerosol maximum events for each site are 125 

determined by concentrations greater than one standard deviation above the 2008-2013 AMJ 126 

average, and aerosol minimum events are marked by concentrations less than one standard 127 

deviation below the same average. Aerosol maximum events have surface concentrations of 128 

about 10 µg m-3 (individual sites ranging from 8.8-13.6 µg m-3) and aerosol minimum events 129 

have surface concentrations of about 2-4 µg m-3.  At each site, there are about 20-25 events of 130 

each type during the five-year period, with the exception of the Tallgrass site, which has very 131 

few days that meet the aerosol minimum threshold. Table 1 provides the details of each 132 

IMPROVE site, including the number of identified minimum and maximum events and the 133 

aerosol minimum and maximum thresholds used. 134 

 135 

2.2 MODIS Cloud Data 136 

Cloud data was retrieved from the Terra MODIS instrument (Platnick et al., 2015), with 137 

retrieval algorithms discussed in King et al. (1997). In this study, we utilize cloud optical and 138 

microphysical properties retrieved using the 0.645, 2.13 and 3.75 µm bands at 1 km resolution, 139 
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including effective radius and cloud optical thickness (King et al., 1997). Cloud water path and 140 

phase is also derived at 1 km resolution using reff and CWP retrievals. Each retrieval value is 141 

tagged with a relative uncertainty value determined by contributions from both instrument and 142 

algorithm errors. Cloud top temperature is also derived at 5 km resolution.  143 

On each aerosol maximum and minimum day, MODIS cloud properties are selected from 144 

0.1° regions around each IMPROVE site, and both liquid and ice cloud field statistics are 145 

calculated. We compare all MODIS retrievals in the study window to data with less than 20% 146 

uncertainty in reff and COT, allowing an examination of the role of MODIS uncertainty on the 147 

observed FIE. Because CWP is derived from reff and COT, we did not constrain the data with 148 

CWP uncertainty. Given the three-day surface aerosol sampling time interval, it is more useful to 149 

compare distributions of cloud properties from a relatively large number of aerosol events over 150 

the five-year period rather than attempt to isolate effects from aerosols on individual events. We 151 

use a Kolmogorov-Smirnov analysis (Massey, 1951; Miller, 1956) to determine whether these 152 

distributions are statistically distinct. By defining F1 and F2 in Eq. (2) as the cumulative 153 

distribution functions for the aerosol minimum and maximum cloud property distributions, the D 154 

test statistic is compared to critical value tables to accept or reject the null hypothesis that the 155 

samples are statistically the same, 156 

D = max F1 x  -F2 x                                                                                                                             (2) 

The null hypothesis that the minimum and maximum distributions are statistically the same is 157 

tested with a significance value (α) of 0.05. 158 

 159 

 160 

 161 
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2.3 Meteorological Data and Microphysical Clustering 162 

 To determine the role of meteorology, we use daily average output from the North 163 

American Regional Reanalysis (NARR; Mesinger et al., 2006). The horizontal spatial resolution 164 

is 32 km in the horizontal with 29 vertical pressure levels. While much of the most important and 165 

potentially resolvable physics involved in cloud development and aerosol-cloud interactions is 166 

beyond the resolution of this reanalysis product, NARR accurately represents the larger scale 167 

atmospheric conditions such as wind speed and direction. In our analysis, we examine vertical 168 

profiles of temperature, specific humidity, and vertical, meridional and zonal winds in the SGP 169 

region.  170 

To identify the potential role of meridional wind direction on cloud microphysics, we use 171 

k-means cluster analysis (Arthur and Vassilvitskii, 2007) on plots of average CTT vs. average 172 

reff. The clustering algorithm partitions data into a fixed number of clusters by minimizing the 173 

sum of squares between the data points and the cluster mean. Cloud top temperature-effective 174 

radius space allows us to visualize any potential interactions of the larger scale meteorology (e.g. 175 

meridional wind direction) with mean cloud properties and examine the continuum from liquid 176 

to ice clouds in a single framework. Any clusters based on the wind direction will help indicate 177 

the effect of NARR-determined meteorological conditions on aerosol-cloud interactions.  178 

 179 

3 Results 180 

3.1 Liquid Cloud Distributions 181 

For each site, we evaluate the probability distribution of MODIS observations of reff, 182 

CWP and COT for aerosol minimum and maximum days with the 20% uncertainty filter at the 183 

five IMPROVE sites  (Fig. 4).  Kolmogorov-Smirnov tests indicate statistically distinct cloud 184 

Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-289, 2016
Manuscript under review for journal Atmos. Chem. Phys.
Published: 18 April 2016
c© Author(s) 2016. CC-BY 3.0 License.



9 
 

properties between aerosol minimum and maximum days, both with and without (not shown) the 185 

uncertainty filter.  One site (TALL) does not observe any liquid clouds for aerosol minimum 186 

events, so we discuss the four sites that have both aerosol minimum and maximum events.  The 187 

MODIS domain-averaged filtered and unfiltered reff decreases at all sites where liquid clouds are 188 

detected on aerosol maximum days (Fig. 4a, Table 2), with greater site-to-site variation in the 189 

response of CWP and COT (Fig. 4b,c, Table 2). There is a decrease of average reff of 20-39% 190 

(filtered) and 10-19% (unfiltered) at the four sites with liquid clouds reported. At three of the 191 

four sites, the filtered average CWP decreases between 25-47% at three sites (CACR, UPBU and 192 

CEBL). A drop in average CWP generally corresponds to lower average COT on aerosol 193 

maximum days, with the unfiltered average CWP decreasing by 31-71% with a corresponding 194 

15-62% decrease in COT at two of the four sites.  However, at the CACR site, the decrease in 195 

CWP is accompanied by an increase in COT, which is inconsistent with the other sites.  196 

Additionally, a the WIMO site, the unfiltered average CWP increases 71% with a 118% increase 197 

in COT on aerosol maxima days.  Therefore, while reff changes are as predicted for the FIE at all 198 

sites, the response in COT and CWP appear to be affected by other factors such as synoptic 199 

conditions as discussed in Section 3.3 below. 200 

 201 

3.2 Ice Cloud Distributions 202 

In contrast to the liquid phase retrievals, the sign of change in mean ice cloud effective 203 

radius is more sensitive to the uncertainty threshold, likely to due to the known uncertainties in 204 

ice cloud retrievals (Kahn et al., 2015; Platnick et al., 2004). When using an uncertainty 205 

threshold of 20%, three of the five sites (CACR, TALL and CEBL) show a 4-45% decrease in reff 206 

under higher aerosol loading and two sites (UPBU and WIMO) show a 6-31% increase in reff 207 
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(Fig 5; Table 3). However, when all data is considered, the reff consistently decreases between 208 

10-43% at all sites. KS tests determined that all of the distributions, both filtered and unfiltered 209 

for uncertainty threshold, are statistically distinguishable. Compared to the liquid phase, there is 210 

a consistent decrease in the average ice cloud water path to higher aerosol loading, with the 211 

filtered average decreasing 17-63% at all sites under higher aerosol conditions and the unfiltered 212 

data showing a 19-90% decrease at four of the sites (CACR, UPBU, WIMO, TALL). With the 213 

filtered data, average COT drops between 12-62% on from aerosol minimum to maximum days 214 

at four sites (UPBU, WIMO, TALL and CEBL) yet increases at one site (CACR; 66%). In 215 

contrast, unfiltered COT increases between 1.8-50% at WIMO and CEBL but decreases between 216 

79-85% at CACR, UPBU and TALL.  Like the liquid phase, there are two sites (CACR, CEBL) 217 

where an increase in COT is observed despite a decrease in CWP. Both are sites that are affected 218 

by the uncertainty range, and we suspect that this may be due to retrieval error. 219 

 220 

3.3 Meteorological Conditions  221 

Because the CWP can play an important role in the COT response, this suggests that 222 

synoptic conditions may also be affecting cloud properties in addition to aerosol loading. To 223 

examine this question, we use the NARR to determine the effects of some synoptic indicators 224 

such as zonal, meridional and vertical wind speeds (Figure 6).  Generally, the differences in our 225 

NARR-derived composite profiles between aerosol minimum and maximum days are most 226 

pronounced at approximately 900 hPa and below. Above 900 hPa, the error bars (representing ± 227 

one standard deviation) on the average profiles show greater overlap, suggesting little difference 228 

in the conditions for these two event types. Profiles of specific humidity (not shown) suggest a 229 

moister lower atmosphere when flow comes from the South, consistent with our expectations for 230 
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the LLJ (Berg et al., 2015; Weaver and Nigam, 2008). However, above about 800 hPa, the 231 

composite profiles are virtually indistinguishable between aerosol minimum and maximum days 232 

at all sites. Two of the most pronounced features in the meteorological data are the average 233 

meridional and vertical wind profiles at approximately 900 hPa. All sites exhibit strong southerly 234 

flow on aerosol maximum days (59-91% of all days) consistent with the presence of the low 235 

level jet in the region and peak windspeeds near the top of the planetary boundary layer (a 236 

maximum of 7-10 m s-1 at approximately 900 hPa). In contrast, aerosol minimum days show 237 

northerly flow with a weak jet (2-5 m s-1) at 900 hPa at two sites, with three sites lacking any 238 

distinct low-level jet, though 70-100% of the aerosol minimum days have at least weak northerly 239 

flow (see Table 4). At the same altitude, aerosol maximum days show an area of downward 240 

vertical motion of 0.05-0.2 m s-1 at all sites (Figure 6). This downward motion at around 900 hPa 241 

is not evident for aerosol minimum days with the exception of the CEBL site, which shows a 242 

slight (0.05 m s-1) downward motion closer to 800 hPa.  243 

 244 

4 Discussion 245 

4.1 Microphysical Regimes 246 

Satellite observations have suggested that convective clouds develop through distinct 247 

microphysical regimes as described through the relationship between cloud top temperature 248 

(CTT) and reff, with regimes defined as diffusion, collision-coalescence, warm rainout, mixed 249 

phase and glaciation (Martins et al., 2011). It is important to note that not all five regimes are 250 

necessarily present in each cloud system, depending on aerosol conditions (Rosenfeld and 251 

Lensky, 1998). Other observations have supported Rosenfeld and Lensky’s initial conclusions 252 

(Suzuki et al., 2011) and this regime has been adapted and generalized in other work (Rosenfeld 253 
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and Woodley, 2003; Rosenfeld et al., 2014b).  Adopting this framework has two main benefits; 254 

we can compare average cloud top temperature and effective radius profiles between aerosol 255 

minimum and maximum days and examine whether the direction of the LLJ clusters the response 256 

of these clouds on these plots.  257 

The observed reff vs. CTT for aerosol minimum (Fig. 7a) and aerosol maximum (Fig. 7b) 258 

during our time period of analysis across all sites is shown with approximate microphysical 259 

regimes as suggested by Martins et al. (2011). We see a similar relationship between the two 260 

variables as in prior studies, yet no clear distinction between our aerosol minimum and 261 

maximum events. We had hypothesized that the aerosol minimum and maximum events would 262 

separate as the theoretical moderately and heavily polluted microphysical regime curves 263 

(Rosenfeld et al., 2014b) reproduced in Fig. 7a,b, yet there is no clear distinction between the 264 

aerosol minimum and maximum events with respect to this framework. The lack of clear 265 

differences could be explained with several factors. The first is that the separation between 266 

aerosol minimum and maximum conditions as defined by the thresholds in Table 1 does not 267 

produce dramatic changes to the microphysical evolution of clouds. This indicates that the 268 

selection of minimum and maximum concentration thresholds may not follow the same 269 

definitions for clean, moderate pollution and heavy pollution, originally developed by Rosenfeld 270 

and Lensky (1998). They originally defined their pollution regimes based on a spectrum bounded 271 

by maritime clouds (clean) and clouds forming in the presence of smoke over land-based 272 

biomass burning (heavily polluted). Even on aerosol minimum days for the SGP sites, average 273 

total PM2.5 concentration is 3.3 µg m-3. Secondly, we assume that surface concentrations of 274 

aerosols are an indicator of CCN availability near clouds as they develop with time. Further work 275 
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will be needed to test the strength of this assumption, especially for ice clouds whose formation 276 

is more detached from boundary layer aerosols.  277 

Applying k-means analysis (for up to five statistically distinct clusters) does not reveal 278 

any clustering of mean cloud reff by meridional wind direction. This is despite the fact that 279 

aerosol maximum days are dominated by southerly flow, while aerosol minimum days are 280 

dominated by northerly flow. Given the lack of any clear influence of the meridional flow, it is 281 

likely that the aerosols are playing a role in bulk cloud field variability than the LLJ during this 282 

time of the year. This does not rule out the influence of other large-scale dynamical features as 283 

sources of variability in cloud microphysics (Muhlbauer et al., 2014), but it does implicate 284 

aerosols as a significant factor over the SGP. While we may be operating over a relatively 285 

narrow range of aerosol conditions from a global perspective, differences in cloud property 286 

distributions remain meaningful and statistically distinct by our local definition of aerosol 287 

minima and maxima.     288 

 289 

4.2 Liquid and Ice Cloud Responses  290 

 Liquid clouds observed in this study exhibit the expected drop in effective radius under 291 

aerosol maximum conditions. One out of the four sites with the liquid phase registered has 292 

optically thicker clouds on these high aerosol events as well. The response of the COT is 293 

conditional on whether CWP increases or not, and we observe decreases in CWP at three out 294 

four sites with registered liquid clouds. The site (WIMO) that sees an increase in CWP does not 295 

have noteworthy differences in aerosol minimum and maximum concentration thresholds from 296 

the other sites (see Table 1). Modeling and observational studies of both shallow and deep clouds 297 

have suggested that liquid cloud water path should increase under high aerosol loading, and this 298 
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is often attributed to a decrease in precipitation efficiency caused by smaller droplets within the 299 

cloud (Lee et al., 2009; Tao et al., 2012). However, there are known mechanisms for decreasing 300 

CWP under high aerosol conditions, including the influence of semi-direct effects (Koch and Del 301 

Genio, 2010) and enhanced cloud-base evaporation of smaller droplets (Tao et al., 2012).  302 

 The response of the ice clouds to aerosol loading is inconsistent between the sites, with 303 

only three out of five sites showing a decrease in effective radius under higher aerosol conditions 304 

and considering only data with less than 20% uncertainty. Prior work suggests that ice cloud reff 305 

does often exhibit similar responses to its liquid counterpart (Chylek et al., 2006; Jiang et al., 306 

2009; Storelvmo et al., 2011), yet our data show there may be more variability. This may be due 307 

to the uncoupling between surface aerosols and cold cloud processes, as ice nuclei may be 308 

transported from other locations aloft. At two of the five sites we observe an increase in effective 309 

radius under high aerosol loading, raising the possibility of an “anti-Twomey" effect connected 310 

to the dominant ice nucleation pathway and ice nucleation particle composition (Gettelman et al., 311 

2012; Panicker et al., 2010). At all sites and regardless of uncertainty threshold, we observe a 312 

decrease in cloud water path in the ice phase on aerosol maximum events. At four out of fives 313 

sites (UPBU, WIMO, TALL and CEBL) surface concentrations of combined soil and organics, 314 

the particles typically associated with heterogeneous activation, tend to occur in higher 315 

proportions than sulfate on aerosol maximum days, indicating it is possible that heterogeneous 316 

freezing may be dominant. Heterogeneous freezing has been shown to decrease ice particle 317 

concentration and increase ice particle size, leading to increased particle aggregation efficiency 318 

and settling rate in climate models; this leads to reductions in ice cloud water path (Hendricks et 319 

al., 2011). It is unclear whether the fraction of heterogeneous to homogeneous nucleation has a 320 

definitive radiative effect in climate model simulations (Gettelman et al., 2012), though some 321 
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ice-aerosol processes are clearly more sensitive to background activation processes (Zhou and 322 

Penner, 2014). However, k-means clustering analysis does not reveal any significant 323 

stratification of the the reff vs. CTT data in Fig. 7 if we use dominant chemical composition 324 

instead of meridional wind direction as the basis for the clustering. This study is limited in its 325 

ability to fully diagnose all the potential microphysical mechanisms at work, however, and more 326 

investigation is needed before attribution can be made.  327 

From the given MODIS retrievals, it is clear that the level of tolerance for data with high 328 

uncertainty can alter both the magnitude and direction of changes in cloud properties over certain 329 

sites. For example, average ice reff increases using data with less than 20% uncertainty but 330 

decreases when considering the entire data set. Using observations to determine the feasibility of 331 

a physical process (e.g. an anti-Twomey effect for ice clouds) requires careful consideration of 332 

uncertainty thresholds, and it is clear more work is needed to better understand the impact of 333 

measurement uncertainty on scientific conclusions.  334 

 335 

4.3 Effect of Meridional Flow 336 

The importance of the jet in the convective meteorology of this region is well-established 337 

(Balling, 1985; Lee et al., 2008; Weaver and Nigam, 2008), and it is thus important to consider 338 

any indirect roles the LLJ could be playing in setting the stage for observations of aerosol-cloud 339 

interactions. Northward flow across this region is known to transport particulate matter over the 340 

SGP, and it has been suggested the transport of biomass burning particles can impact tornado 341 

formation (Saide et al., 2015). Furthermore, shear at the top of the planetary boundary layer 342 

caused by low-level jets can induce downward vertical mixing and could allow for the build-up 343 

of particulate matter and other pollutants in the lower atmosphere (Hu et al., 2013). This is 344 
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consistent with the region of downward vertical motion we observe in the NARR wind speed 345 

profiles on aerosol maximum days (Fig. 6) at the same level as the highest LLJ shear. This 346 

interpretation requires some degree of confidence in the convective and turbulence 347 

parameterizations used in the development of NARR. The exact role of each of these 348 

mechanisms on the time scales we observe will require further work with back-trajectory 349 

analysis and new developments in LLJ dynamics (Klein et al., 2015).  350 

 351 

5 Conclusions 352 

We present MODIS observations of cloud effective radius, water path and optical 353 

thickness under surface aerosol minimum and maximum conditions over the Southern Great 354 

Plains region of the United States in the context of region meteorology derived from the North 355 

American Regional Reanalysis product. These data show a decrease in effective radius for liquid 356 

clouds with higher aerosol concentrations as expected from the traditional first indirect effect 357 

mechanism, with changes in cloud optical thickness tied to changes in cloud water path. The 358 

response of ice cloud properties is more variable, though measured surface aerosol composition 359 

coupled with observations of large reductions in ice cloud water path on aerosol maximum days 360 

suggests a heterogeneous freezing mechanism may be a driver of these inconsistencies. K-means 361 

cluster analysis does not reveal any direct relationship between meridional flow and mean cloud 362 

properties, indicating aerosols are likely playing an important role in springtime cloud 363 

variability. We also find that MODIS uncertainty threshold implementation has a strong potential 364 

to change scientific conclusions. Our results reemphasize the need for continuous improvement 365 

and testing of remote sensing products used for verifying models and drawing conclusions about 366 

aerosol-cloud-climate interactions. A great deal of progress has already been made in this regard, 367 
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particularly in the detection of cirrus clouds (Meyer and Platnick, 2010) and understanding the 368 

causes of MODIS retrieval failures (Cho et al., 2015). Determining causal links with relatively 369 

uncontrollable observational experiments is difficult, though this kind of work can reinforce and 370 

guide modeling efforts. We have shown that characterizing complexities in the traditional first 371 

indirect effect mechanism is possible through observations of aerosol concentrations and cloud 372 

properties combined with a reanalysis product. More work is needed to better understand the 373 

spatial and temporal variability of the impact of cloud phase, measurement uncertainty and 374 

regional meteorology on the traditional first indirect effect.  375 

 376 

Data Availability 377 

NCEP/NARR Reanalysis data provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, 378 
USA, from their Web site at http://www.esrl.noaa.gov/psd/. The IMPROVE Network is 379 
maintained by the National Park Service and the data can be accessed at 380 
http://vista.cira.colostate.edu/improve/Data/IMPROVE/improve_data.htm. Terra MODIS L2 381 
cloud data (MOD06_L2) is available from NASA Goddard Space Flight Center at http://modis-382 
atmos.gsfc.nasa.gov/MOD06_L2/acquiring.html.  383 
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Figure 1- Southern Great Plains (SGP) region of study with the location of five IMPROVE sites 
(Table 1) utilized for ground-based aerosol concentrations. 
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Figure 2- Average aerosol mass concentration (µg m-3) by composition for 2008-2013 during 
April-May-June (AMJ) on aerosol maximum (left column) and minimum (right column) events 
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Figure 4- Distributions of aerosol minimum (shaded) and maximum (outlined) liquid cloud (top row) 
effective radius (µm), (middle row) optical thickness and (bottom row) water path (g m-2) over each site 

with 20% uncertainty filter applied. The satellite retrieval did not register any liquid clouds on the 
aerosol minimum days at TALL. 
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Figure 5- Distributions of (top row) effective radius (µm), (middle row), cloud optical thickness 
and (bottom row) cloud water path (g m-2) from MODIS-determined ice clouds with 20% 

uncertainty filter applied. 
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Figure 6- North American Regional Reanalysis (NARR) daily averaged vertical wind profiles 
in (top row) zonal, (middle row) meridional and (bottom row) vertical wind speeds (m s-1) 

separated by site and aerosol conditions (red = aerosol minimum; blue = aerosol maximum). 
Bars represent one standard deviation around average profile. 
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Figure 7- Average cloud top temperature versus average effective radius on (a) aerosol minimum 
days and (b) aerosol maximum days. Markers indicate the direction of daily averaged meridional 

flow from NARR product as either northerly (circles) or southerly (crosses). Curves in (a,b) 
developed from Rosenfeld et al. (2014b) for heavy (dashed line) and moderate (solid line) pollution. 
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Tables 686 
 687 
Table 1- Summary of site geography and aerosol information 688 
 689 

Site Latitude Longitude Elevation 
(ft) 

Number of 
Aerosol 

Maximum 
Days 

2008-2013 

Number 
of Aerosol 
Minimum 

Days 
2008-
2013 

AMJ 
Aerosol 

Minimum 
Threshold 
(μg m-3) 

AMJ 
Aerosol 

Maximum 
Threshold 
(μg m-3) 

Caney 
Creek 

(CACR) 

34.4544N 
 

-94.1429 683 27 23 4.06 11.4 

Upper 
Buffalo 

Wilderness 
(UPBU) 

35.8258N -93.203 722 27 23 4.0 11.1 

Wichita 
Mountains 
(WIMO) 

34.7323N 
 

-98.713 509 21 22 3.5 10.6 

Tallgrass 
(TALL) 

38.4341N -96.5602 390 16 4 1.9 13.6 

Cedar Bluff 
(CEBL) 

38.7701N -99.7634 
 

665 26 25 2.9 8.8 

 690 
 691 
 692 
 693 
 694 
 695 
 696 
 697 
 698 
 699 
 700 
 701 
 702 
 703 
 704 
 705 
 706 
 707 
 708 
 709 
 710 
 711 
 712 
 713 
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Table 2- Statistics of liquid cloud properties over each site on both aerosol minimum and maximum days with 20% 714 
uncertainty filter applied (top) and no filter applied (bottom). 715 

 716 
 717 

 718 
 719 
 720 
 721 
 722 
 723 
 724 
 725 
 726 
 727 
 728 
 729 
 730 
  731 

Site 
 
 
 
 

Aerosol 
Minimum 

Avg. reff (μm) 

Aerosol 
Maximum  

Avg. RE (μm) 

Aerosol 
Minimum 
Avg. COT 

Aerosol 
Maximum 
Avg. COT 

Aerosol 
Minimum 
Avg. CWP 

(gm-2) 

Aerosol 
Maximum 
Avg. CWP  

(gm-2) 

CACR 17.9 (9.9) 10.9 (3.8) 12.3 (5.3) 14.8 (8.7) 123.5 
(65.2) 

92.8 (48.4) 

UPBU 13.3 (5.3) 10.4 (3.5) 19.3 (10.8) 13.9 (6.4) 159.9 
(102.1) 

84.7 (34.9) 

WIMO 10.5 (4.9) 8.3 (2.1) 7.5 (4.1) 18.4 (8.2) 43.8 (19.6) 93.7 (44.8) 

TALL N/A 14.9 (4.6) N/A 7.5 (6.0) N/A 74.9 (76) 
CEBL 12.6 (6.4) 9.2 (4.6) 16.1 (10.5) 14.6 (7.8) 111.5 

(70.3) 
76.2 (44.3) 

Site 
 
 
 
 

Aerosol 
Minimum 

Avg. reff (μm) 

Aerosol 
Maximum 

Avg. RE (μm) 

Aerosol 
Minimum 
Avg. COT 

Aerosol 
Maximum 
Avg. COT 

Aerosol 
Minimum 
Avg. CWP 

(gm-2) 

Aerosol 
Maximum 
Avg. CWP  

(gm-2) 

CACR 12.0 (4.8) 10.6 (3.6) 23.3 (17.3) 19.9 (15.9) 172.2 (125) 119.5 
(188) 

UPBU 12.7 (4.4) 10.3 (3.6) 37.9 (29.6) 14.3 (9.2) 303.7 
(253.4) 

90.4 (44.5) 

WIMO 9.8 (5.3) 8.8 (3.4) 7.9 (12.7) 17.3 (10) 56 (81) 95.9 (52) 

TALL N/A 16.2 (5.6) N/A 5.3 (5.2) N/A 62.2 (68.7) 

CEBL 11.9 (5.5) 10.1 (5) 25 (22.8) 12.8 (11.9) 177.2 (145) 88.7 (79.8) 
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Table 3- Statistics of ice cloud properties over each site on both aerosol minimum and maximum days with 20% 732 
uncertainty filter applied (top) and with no filter applied (bottom). 733 

 734 
 735 

 736 
 737 
 738 
 739 
 740 
 741 
 742 
 743 
 744 
 745 
 746 
 747 
 748 
 749 
 750 
 751 
 752 
 753 

Site 
 
 
 
 

Aerosol 
Minimum 
Avg. reff 

(μm) 

Aerosol 
Maximum 
Avg. reff 

(μm) 

Aerosol 
Minimum 
Avg. COT 

Aerosol 
Maximum 
Avg. COT 

Aerosol 
Minimum 
Avg. CWP 

(gm-2) 

Aerosol 
Maximum 
Avg. CWP 

(gm-2) 

CACR 25.3 (2.7) 13.8 (1.3) 3.8 (4.1) 6.3 (2.7) 65 (85.5) 53.8 (24.3) 

UPBU 21.3 (9) 27.9 (8.2) 13.7 (10.5) 5.2 (3) 162.2 
(167.3) 

86.5 (45.5) 

WIMO 24.0 (5.3) 25.4 (6.6) 17.4 (10.9) 7.2 (9) 233.6 
(136.2) 

85.6 (81.7) 

TALL 24.8 (4.1) 23.9 (4.3) 17.2 (4.4) 8.4 (4.8) 262.5 (75) 118.7 (64) 
CEBL 24 (5.9) 19.4 (5) 9.2 (5.1) 8.1 (6.9) 136.4 (87.3) 83.0 (62.9) 

Site 
 
 
 
 

Aerosol 
Minimum 
Avg. reff 

(μm) 

Aerosol 
Maximum 

Avg. reff (μm) 

Aerosol 
Minimum 
Avg. COT 

Aerosol 
Maximum 
Avg. COT 

Aerosol 
Minimum 
Avg. CWP 

(gm-2) 

Aerosol 
Maximum 
Avg. CWP 

(gm-2) 

CACR 23.6 (2.8) 13.4 (3.8) 78.3 (27.9) 13.8 (5.4) 1145.2 
(407.3) 

116.8 (67.6) 

UPBU 22.5 (9.4) 27.4 (8.0) 41.5 (24.5) 4.7 (4.8) 576.6 (447) 72.3 (49) 
WIMO 21.8 (7.1) 19.0 (6.4) 33 (21.5) 33.6 (22.2) 420.8 

(292.2) 
340.4 

(219.5) 
TALL 25.4 (3.7) 22.9 (5.3) 24.6 (14.5) 6.23 (5.8) 393.5 

(254.8) 
86.2 (71.3) 

CEBL 24.0 (6.5) 19.4 (6.1) 9.5 (7) 14.2 (17.5) 135 (89) 152 (183.5) 
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Table 4- Percent of event days with given meridional flow direction 754 
 755 

Site Aerosol Minimum Days  
(Southward %: Northward %) 

Aerosol Maximum Days  
(Southward %: Northward %) 

CACR 70:30 41:59 

UPBU 83:17 27:73 

WIMO 77:23 9:91 

TALL 100:0 19:81 

CEBL 84:16 15:85 

 756 
 757 
 758 
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