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 210 

Figure 4. a) Particulate depolarization of smoke at 532 nm at 3.03 km from CALIPSO for August, 211 

2006-2010 and b) volume depolarization of smoke at 1064 nm at 3 km from CATS for August 212 

2015-2016. A minimum number of 15 samples per grid box was used for each plot. 213 

 Figure 4a shows the spatial distribution of the particular depolarization of smoke samples 214 

at 3.03 km from CALIPSO, once again using only nighttime cloud free profiles in August for 215 

2006-2010. We rejected depolarization data having estimated relative uncertainty above 500%.  216 

This criterion removes data points with very low negative particulate depolarization with 217 

associated uncertainties much higher than 500%. There is significant noise in the data. There seems 218 

to be suggestion of a somewhat higher depolarization over the land areas over South Africa as 219 

compared to the oceanic regions, although the contrast is not as striking as the particulate color 220 

ratios shown in Figure 2. As an independent measurement, Figure 4b shows the spatial distribution 221 

of the volume depolarization of smoke at 3 km at 1064 nm as observed by the CATS lidar for 222 

August 2015-2016. The CATS data products do not report particulate depolarization ratios.  223 

However, because molecular contributions to the backscatter signal at 1064 nm are substantially 224 

smaller than at 532 nm (by a factor of ~17), the CATS 1064 nm volume depolarization ratios 225 

should provide essentially the same information as the particulate depolarization ratios.  The CATS 226 
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3. Results 90 

3.1. Particulate color ratio evolution in transported smoke.      91 

   92 

 93 

 Figure 1. CALIPSO browse images of a) 532 nm attenuated backscatter coefficients and 94 

 b) aerosol subtypes from V3 and c) V4 on September 5, 2010.  95 

Figure 1a shows the 532 nm attenuated backscatter coefficients measured over the South Atlantic 96 

off the coast of Southern Africa on September 5, 2010. The extended plume at 2-5 km altitude 97 

between 19oS and 5oN is smoke that has been transported from the extensive fires that occur over 98 

Southern Africa between June and October every year.  Figure 1b shows the aerosol subtypes 99 



 

6 
 

assigned in the version 3 (V3) data products. As can be seen, in the V3 analysis the plume between 100 

2 and 5 km is punctuated by a large number of misclassified marine layers (in blue). The 101 

misclassification of smoke layers as marine was a pervasive problem in V3 data over this area. 102 

Figure 1c shows the recently released V4 data, where now we can see a fuller and more coherent 103 

smoke plume.  The V4 analysis reports much larger number of smoke layers (and an upward 104 

revision of the aerosol optical depth) over this most important and extensive biomass burning area. 105 

Thus, we now have more representative information about the spatial extent of biomass burning 106 

plumes in this region so that we can better exploit the optical properties reported in the CALIPSO 107 

data products.   108 

 109 

 110 
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 Figure 2. a) Particulate color ratio distribution of smoke at 3.03 km for August, 2006-2010 111 

 (binned at 2ox2o in latitude and longitude), with wind vectors from MERRA-2 (August 112 

 2006-2010) re-binned into 2.5ox2.5o in latitude and longitude; b) histograms of particulate 113 

 color ratio over land (25oS-0,10oE-35oE, in blue) and ocean (25oS-0, 30oW-10oE, in 114 

 aquamarine, filled) at 3.03 km (August 2006-2010); and c) height-longitude cross section 115 

 of particulate color ratio along 0-25oS (August 2006-2010).  116 

Figure 2a shows the spatial distribution of the particulate color ratio of the aerosol samples 117 

classified as smoke at 3.03 km using nighttime data for the month of August averaged over 2006-118 

2010. An important change in CALIPSO V4 that is particularly relevant over this area is that the 119 

V4 aerosol subtyping algorithm no longer distinguishes between polluted continental and smoke 120 

at low altitudes. Instead these layers are identified �D�V���‡�S�R�O�O�X�W�H�G���F�R�Q�W�L�Q�H�Q�W�D�O���V�P�R�N�H�·����An �‡�H�O�H�Y�D�W�H�G��121 

�V�P�R�N�H�·���V�X�E�W�\�Se is defined for those smoke layers with top altitudes exceeding 2.5 km.  We have 122 

included both smoke categories in our analysis. The particulate color ratio is the ratio of the total 123 

backscatter coefficients at 1064 nm and 532 nm, and provides a measure of aerosol particle size. 124 

The data shown in Figure 2 used only cloud free nighttime profiles.  Further, we have included 125 

data from only those profiles which had the extinction quality control flag as either zero, indicating 126 

that the initial lidar ratio resulted in stable extinction retrievals, or one, which flags those cases 127 

where the lidar ratio could be inferred directly from the data (constrained retrievals). We also 128 

filtered out the data points where the extinction uncertainty estimate diverged and where the 129 

uncertainty of particulate color ratio exceeds 500%. A minimum number of 15 samples was used 130 

for each grid box. 131 

 As can be seen in Figure 2a, there is a clear increase in the particulate color ratio values 132 

from the source areas over land to those over the ocean. Figure 2b shows the histograms of the 133 
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particulate color ratio at 3.03 km over the source regions on land (in blue, between 25oS-equator, 134 

10oE-35oE) and over oceanic regions (in aquamarine, filled, between 25oS-equator, 30oW-10oE). 135 

There is a significant difference in the color ratio distribution between land and ocean. At 3.03 km, 136 

the mean particulate color ratio over land is ~0.7 while that over the ocean is ~0.9, an increase of 137 

~29%, while at 2 km it can be as much as 60% with much larger contrast in the color ratio 138 

distributions between land and ocean (not shown). This likely represents an increase in the size of 139 

the smoke particles as they are swept over the ocean over 5-7 days. To our knowledge this is the 140 

first time such an increase in the size of the smoke particles is being reported over this area. This 141 

was seen for all months between June and October and in all years with some interannual 142 

variability. Similar results were also obtained using the daytime data. The full altitude information 143 

can be seen in Figure 2c, which shows the height-longitude cross-section of the particulate color 144 

ratios over 0-25oS, using only the cloud free nighttime profiles for August 2006-2010. Once again, 145 

the difference between the land and ocean can be clearly seen with somewhat higher values at the 146 

lowest altitudes over the ocean, which might be due to gravitational settling of relatively larger 147 

and heavier particles.  Given that this phenomenon occurs consistently for the key biomass burning  148 

months every year, it is not likely to be a data artifact.    149 

 The current version (V4.10) of CALIPSO data processing scheme employs the Modern Era 150 

Retrospective Analysis for Research and Applications version 2 (MERRA-2) for meteorological 151 

information. The latter, for the first time, assimilates aerosol optical depth (AOD) retrieved from 152 

AVHRR, MODIS, MISR and AERONET through the integration of the GOCART model and the 153 

aerosol radiative feedbacks to the atmospheric fields (Randles et al., 2016). Comparisons of 154 

MERRA-2 assimilated AODs with independent retrievals (including DIAL/HSRL from 155 

SEAC4RS) have shown good correlations. The vertical profiles of the total attenuated backscatter 156 
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from MERRA-2 generally reproduce the CALIPSO vertical profiles at various places over the 157 

globe but show some biases (Randles et al., 2016).  Insofar as MERRA-2 already incorporates 158 

aerosol information, it is important to determine if the results presented above are biased in any 159 

way. We found similar particulate color ratio enhancements over the ocean using V3 CALIPSO 160 

data, which reported fewer smoke layers but used GEOS-5.7.2 meteorological data that did not 161 

assimilate the aerosol information, thus discounting the possibility of any bias coming from the 162 

MERRA-2 meteorology. 163 

3.2  Relative Humidity Variations 164 

The most likely explanation for the increase in size of the smoke particles has to do with swelling 165 

of the particles by water uptake which might have a signature in the relative humidity (RH) 166 

profiles.  167 

 168 
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 Figure 3. Height longitude cross sections (0-25oS) of relative humidity for a) clear air 169 

 profiles, b) profiles with smoke samples in them, and c) averaged profiles and standard 170 

 deviations of relative humidity (0-25oS, 30oW-10oE, using all data for August, 2006-2010. 171 

Figures 3a and 3b show the height longitude distribution of RH from MERRA-2 as available in 172 

CALIPSO data files averaged over 25°S-equator, for August 2006-2010 nighttime data. The clear 173 

air RH profiles correspond to cloud free and aerosol free columns within this area, while the smoky 174 

profiles correspond to columns that are cloud free but contain smoke samples (essentially 175 

corresponding to Fig 2c). Enhanced RH values seem to be associated with the biomass burning 176 

smoke plumes. As can be seen in Figure 3c, there is a notable difference between the two mean 177 

RH profiles between 2 km and 6 km (over the Atlantic ocean, 0-25oS, 30oW-10oE) where the RH 178 

values for the smoky profile are substantially larger than in the clear air mean profile.  179 

 To characterize the uncertainty in MERRA RH profiles, Adebiyi et al. (2015) had earlier 180 

shown that the RH profiles on average tend to reproduce the large scale features from high 181 

resolution radiosonde profiles obtained at St. Helena Island (~16°S, 6°W), which is located near 182 

the southern parts of the region in this study. The deviation in the mean RH profiles between 183 

MERRA and radiosondes is ~10% (Adebiyi et al., 2015). However the bias changes sign around 184 

700 hPa. Below this pressure level, MERRA profiles have a low bias as compared to sondes; above 185 

this pressure level, they have a higher bias. Note, however, that Adebiyi et al. (2015) used an 186 

earlier version of the MERRA product, and not the MERRA-2 reanalyses.    187 

  188 

  189 


