
 

41 

either in situ measurements or next-generation satellite soundings (e.g. COSMIC-2, see: 

http://www.cosmic.ucar.edu/cosmic2/index.html, which should provide enhanced 

measurements over those of the current COSMIC mission) will be used to confirm the 

presence of a wave guide in the near-shore environment, and future modeling studies 

are also planned to test this hypothesis using a mesoscale model. 

The mechanism for the dramatic cloud erosion associated with these gravity 

waves is speculative based on limited observations. The values of the Richardson 

number from St. Helena Island upper air soundings during May unsurprisingly indicate 

conditions unlikely to support mechanically induced turbulence in the background 

environment which would aid entrainment of dry air. We hypothesize the mechanism 

of erosion to be entrainment of warm and dry air from the free troposphere into the 

cloud layer by turbulence and mixing associated with the bore and trailing gravity 

waves (as in Koch et al., 2008), and that this entrainment drying offsets any 

enhancement of the cloud deck that might be caused by upward displacement 

associated with a bore passage. Future modeling studies would be very helpful in 

refining this conceptual model.  

Examination of visible and IR time sequences throughout the year (not shown) 

reveal frequent gravity-wave like perturbations to the cloud field in the southeast 

Atlantic from multiple directions (e.g. section 3.1.3). We infer that gravity waves are 

common year-round but that the marine low cloudiness conditions in the subtropical 

southeast Atlantic in May are particularly susceptible to erosion by gravity wave 

perturbations. These persistent, wide area reductions in cloud fraction may likely 

contribute to lower cloud fraction in the March-April-May season in the southeast 

Atlantic compared to any season in the southeast Pacific or the northeast Pacific 

(Burleyson and Yuter, 2015b).  

Painemal et al. (2014) found that the southeast Atlantic stratocumulus deck is 

thinner than that in the southeast Pacific (on the order of 200 meters thinner for the 

region they examined), implying a greater susceptibility to gravity wave erosion in 

general. Comparison of large scale meteorological conditions reveals that inversion 

strength, SST, and large scale subsidence conditions in May (local fall) are 
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unsurprisingly in between those of the summer and winter seasons. This may indicate 

that there is a particular set of environmental conditions that overlap to generate a 

‘Goldilocks’ condition under which cloud erosion by gravity waves is very likely. The 

underlying reasons why the May southeast Atlantic clouds are more susceptible to 

erosion are a topic for future modeling and observational studies. 

Aircraft measurements from both the cloudy and clear side of the transition (as 

in Crosbie et al., 2016) could confirm that neither advection nor changes in aerosol 

concentration are major players in the erosion of cloud. In situ measurements (e.g. 

Lenschow et al., 2000; Katzwinkel et al., 2012) and remote sensing measurements (e.g. 

Martner and Ralph, 1993) at the interface of the cloud top and free troposphere during 

gravity wave passage could also help constrain the nature of entrainment of warm and 

dry air into the cloud layer and the potential role of Kelvin Helmholtz instability.  The 

NCAR C-130 aircraft equipped with dropsondes, a cloud radar, and a lidar would be an 

ideal tool to follow and sample the cloud-eroding boundaries as they move westward 

from the southwestern African coast.  

Future investigations could also benefit from the development of westward-

moving cloud erosion detection algorithms, which would enable rapid quantification of 

the frequency of these cloud clearings as well as robust estimates of the net impact that 

the cloudiness transitions have on climatological cloud fraction, and thus the radiation 

budget. The inter-annual variability in the frequency of these cloudiness transitions is 

also an open question that could be answered with such a methodology. We have 

insufficient information to speculate if the frequency of the cloud-eroding waves and 

associated rapid areal reduction in low cloud fractions in the southeast Atlantic would 

increase or decrease in a warming climate.   
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Appendix A 

 

This appendix contains captions for the animations contained in the thesis. All 

animations can be found through the following link: 

https://drive.google.com/drive/folders/0B1MpXAEMo1KBYnFsWnVHcVVCSXM  

Animation 3.6: 15 minute Meteosat visible imagery animation for 08 April, 2013 

from 05:12 to 19:42 UTC. 

Animation 3.7: 15 minute Meteosat visible imagery animation for 26 May, 2014 

from 05:12 to 19:57 UTC. 

Animation 3.8: 15 minute Meteosat visible imagery animation for 05 May, 2014 

from 05:12 to 19:57 UTC. 

Animation 3.9: 15 minute Meteosat visible imagery animation for 26 May 2012 

from 03:27 to 17:27 UTC showing the locations of discrete cloud elements through the 

animation. 

Animation 3.11: 30 minute merged infrared 12 μm brightness temperatures for 

the two day period from 13 June 2014 00:00 UTC to 14 June 2014 23:30 UTC. Red 

denotes missing data. 

Animation 3.12: 30 minute merged infrared 12 μm brightness temperatures for 

the two day period from 25 May 2014 00:00 UTC to 26 May 2014 23:30 UTC. Red 

denotes missing data. 

Animation 3.14: Zoomed-in 15 minute Meteosat visible imagery animation for 

26 May, 2014 from 05:12 to 19:57 UTC. 

Animation 3.15: Zoomed-in 15 minute Meteosat visible imagery animation for 

05 May, 2014 from 05:12 to 19:57 UTC. 

Animation 3.18: Zoomed-in 15 minute Meteosat visible imagery animation for 

23 June, 2014 from 05:12 to 19:57 UTC. Gravity waves of interest are highlighted with a 

yellow oval. 
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Animation 3.19: Zoomed-in 15 minute Meteosat visible imagery animation for 

12 May, 2015 from 05:12 to 19:57 UTC. Gravity waves of interest are highlighted with a 

yellow oval. 

Animation 3.23: Animation of the annual cycle in the monthly-averaged MERRA 

reanalysis sea level pressure and wind vectors at 1000 hPa for the period 01 January 

2000 through 31 December 2015. 

Animation 3.24: Animation of the annual cycle in monthly-averaged MERRA 

estimated inversion strength (EIS, see Section 2.3) for the period 01 January 2000 

through 31 December 2015. Gray denotes missing data. 

Animation 3.25: Animation of the annual cycle in the monthly-averaged MERRA 

reanalysis pressure vertical velocity at 700 hPa for the period 01 January 2000 through 

31 December 2015 

Animation 4.6: 30 minute merged infrared 12 μm brightness temperatures for 

the two day period from 01 August 2014 00:00 UTC to 02 August 2014 23:30 UTC. Red 

denotes missing data. The approximate location of Gobabeb, Namibia is denoted by a 

yellow star. 
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Appendix B 

 

Figure B1 shows a side-by-side comparison of the monthly frequency of ‘yes’, 

’no’, and ‘maybe’ cloud boundary days determined from the cloud boundary climatology 

(see Sections 2.2 and 3.2 for details). The frequency occurrence of ‘no’ days (panel b) is 

quite high year-round (above 15 days per month for all months except May which sees 

roughly 7 ‘no’ days per month) with a noticeable minimum between April and June. 

This corresponds to the time period when cloud boundaries are most frequently 

occurring. ‘Maybe’ days occur very infrequently, with most months seeing around 1 or 

fewer ‘maybe’ days per month with the exception of May and June, on which roughly 3 

and 2 (respectively) maybe days occur per month. 

 



Figure 1.2: Map displaying the regions of analysis for the (green) total cloud fraction 
climatology of Zhang and Li (2013) and (yellow) the seasonally-averaged diurnal cycle in 
low cloud fraction of Burleyson and Yuter (2015b). Note the image displays the MODIS 
corrected reflectance true color image from the Aqua satellite on 26 May 2014 (from 
https://worldview.earthdata.nasa.gov). 
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Figure 2.1: Map showing the analysis region (yellow box) over which the IR brightness 
temperatures were latitudinally averaged to generate the Hovmӧller diagrams. This example 
shows the merged IR data for 26 May 2014 at 11:00 UTC.  

59 



Figure 2.2: Map displaying the area of analysis (yellow box) for the sharp cloud boundary 
climatology described in section 2.2.  The 2ox2o grid boxes are a scale reference for the 
minimum length requirement for a sharp cloudiness transition. This example shows the 
MODIS corrected reflectance true color image from the Aqua satellite on 26 May 2014 
(from https://worldview.earthdata.nasa.gov). 
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Figure 2.3: Example categorizations of cloud scene pairs in the sharp cloud boundary 
climatology. Panels a/d show an example of a cloud scene categorized as having a sharp 
cloud boundary, panels b/e show a ‘no’ categorized scene, and panels c/f show a ‘maybe’ 
categorized cloud scene. The imaging satellite and the approximate time of overpass are 
shown above each panel. Note this is only an illustration, and that the manual nature of this 
categorization does employ some level of subjectivity.   
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Figure 2.4: Panel a: Lower tropospheric stability (LTS) values between St. Helena and the 
African coast for an instance where the sounding launched from the Island would be 
considered ‘representative’. Panel b: As in a, but for an ‘un-representative’ case. Panel c: 
Diagram showing the location of the transect (red line) between St. Helena (yellow star) and 
the African coast (black outline) over which the LTS was analyzed. 
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Figure 3.4: As in Figure 3.3, but for three different days. 
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Figure 3.5: Close-up of Meteosat visible imagery of a sharp cloud boundary moving through the southeast 
Atlantic marine stratocumulus on 2012/05/26 (see Animation 3.9 for an animated loop of this 
boundary). The vertical orange line is located in the same relative location in each image to guide the eye 
in detecting the westward motion of the cloud boundary. The yellow dots denote the locations at which 
the solar elevation angles (values to the left of the dots) were calculated as discussed in Section 3.1.1. In 
panel a the dots are located at roughly -9o and -13o latitude, 10o longitude and the dots in panel f are 
roughly located at -9o and -13o latitude, 9o longitude. 
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Figure 3.10: Example of a propagating sharp cloud boundary observed in merged infrared brightness 
temperature satellite imagery moving away  from the southwest African coast around 0000 UTC 
between 03 June 2014 and 04 June 2014. A yellow arrow highlights the leading edge of the sharp 
cloud boundary in each frame. 
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Figure 3.13: Merged infrared Hovmӧller diagrams for the southeast Atlantic for (first row) May and 
(second row) January of 2014. The columns denote the separate thirds of each month.  Refer to Figure 
2.1 for a map showing the bounds of the  analysis region. The labels on the time axis mark the day and 
hour (DD-HH UTC).  Color bar is in Kelvin. Yellow arrows denote sharp cloudiness transitions 
(diagonally-oriented gradients in average brightness temperature) for all propagating cloud 
boundaries verified with MODIS Terra and Aqua image pairs. Orange bracket denotes one diurnal 
cycle in cloud fraction. Note that any missing data is ignored when taking the meridional average. 
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Figure 3.16: a.) Binary heavy drizzle detection of Miller and Yuter (2013) for the marine stratocumulus 
field in the southeast Atlantic for a westward-moving cloud boundary on 01 May, 2010 ~ 1300 UTC. 
Black denotes drizzle while white denotes no drizzle. b.) Liquid water path (LWP; in gm-2) values used 
to determine drizzle conditions in panel a. c.) True color visible image from the MODIS instrument 
(from http://modis-atmos.gsfc.nasa.gov/IMAGES/index_L2Mosaics.html) on the Aqua satellite for 
approximately the same time as the heavy drizzle and LWP values. d.) Merged infrared brightness 
temperature (in K; see text) for roughly the same time as a-c.  The red box is drawn in roughly the same 
geographical location in each panel. Panels a and b courtesy of Dr. Matthew Miller. 
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Figure 3.17. a.) Terra corrected reflectance image of a westward-moving cloud boundary on 21 May, 2016. 
at ~ 09:55 UTC. The approximate viewing angles of b and c are annotated with yellow arrows (note the time 
differences though).  b.) Photograph of the westward-moving cloud boundary taken by an astronaut on the 
International Space Station, at roughly 08:52 UTC. c.) Same as in b but from a different angle relative to the 
cloud boundary. Panels b and c courtesy Earth Science and Remote Sensing Unit, NASA Johnson Space 
Center, see: http://eol.jsc.nasa.gov/) . 
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Figure 3.20:  Histogram of the average number of days  per month on which sharp cloud boundaries 
were identified in the southeast Atlantic for the period 08 May 2012 through 01 November 2015. See 
section 2.2 for details on the manual cloud boundary detection methodology. 
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Figure 3.21: Figure 14 b of Zhang and Li (2013) showing the annual cycle of ISSCP-derived percent 
monthly total cloud fraction (solid black line) as well as various models (colored lines) for the region 
bounded by -10o to -20o degrees latitude and 0o to 10o longitude (see Figure 1.2 for a reference map of 
this analysis region).  
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Figure 3.22: (a) May and (b) January average Remote Sensing System’s optimally interpolated 
microwave sea surface temperatures for the years 2000 through 2011. The location of St. Helena 
Island is denoted by a black star. White denotes missing data. 

oC 

b.)  

a.) 

75 



Figure 3.26: MERRA reanalysis mean sea level pressure (shading) and wind vectors  (wind barbs) for 
the months of (a) May and (b) January for the period 01 January 2000 through 31 December 2015. 
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Figure 3.27: (a and c) Mean MERRA reanalysis sea level pressure and (b and d) inner quartile range of 
MERRA reanalysis sea level pressure at 00 UTC for the period April-June 2013 composited for days on 
which westward-moving cloud boundaries (a and b)  were and (c and d) were not identified in the 
Terra and Aqua MODIS corrected reflectance images. The location of St. Helena Island is denoted by a 
yellow star. 
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Figure 3.28: MERRA reanalysis mean estimated inversion strength (Wood and Bretherton, 2006) for 
the months of (a) May and (b) January for the period 01 January 2000 through 31 December 2015. 
Gray denotes missing data. The location of St. Helena Island is denoted by a yellow star. 
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Figure 3.29: MERRA reanalysis mean pressure vertical velocity at 700 hPa for the months of 
(a) May and (b) January for the period 01 January 2000 through 31 December 2015. The 
location of St. Helena Island is denoted by a yellow star. 
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Figure 3.30: Median and inner quartile range of the monthly-averaged estimated inversion strength 
(EIS; black dots) and 700 hPa pressure vertical velocity (omega; red dots) derived from MERRA 
reanalysis data from 2000 through 2015 for the area bounded by 0o to 10o longitude, -20o to -10o 
latitude.  
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Figure 3.31:  Seasonally averaged frequency of heavy drizzle in the southeast Atlantic ocean  from 
September 2002 to December 2011 for (top row) March/April/May, (bottom row) 
December/January/February, (first column) daytime, and (second column) nighttime. Drizzle 
frequency is based on the 89-GHz detection method of Miller and Yuter (2013). Black boxes in each 
panel denote the approximate region of the cloud boundary climatology discussed in section 2.2. 
Figure is from Miller et al. (2016).  Images courtesy Matthew A. Miller. 
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Figure 3.32: Histograms of inversion heights of ‘representative’ soundings from St. Helena Island (see 
section 2.4 for details) for the months of (a) May and (b) January for the years 2000 through 2011 that 
were found to have a ‘strong’ inversion. The vertical red line denotes the median inversion height for 
the month. The number in each panel denotes the number of soundings used in the calculations.  
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Figure 3.33: Mean, median, and inner/outer quartile values of mixing ratio and potential temperature 
obtained from ‘representative’ soundings from St. Helena Island with a ‘strong’ inversion (see section 
2.4 for details) for the months of (a) May and (b) January. The values were calculated for the years 
2000 through 2011. The number in each panel denotes the number of soundings used in the 
calculations.  
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Figure 3.34: Monthly median and inner/outer quartiles of (a) square of the Brunt Väisälä frequency 
and (b) Richardson number calculated from St. Helena soundings for the period 01 January 2000 
through 31 December 2011. Only soundings that were determined to be ‘representative’ of the 
adjacent marine stratocumulus region and exhibited a ‘strong’ inversion were used in this analysis 
(see Section 2.4). A blue reference line showing a Richardson number of one is provided in panel b). 
The number of soundings used for calculation of both parameters is shown in between the panels 
(note that in March, the number of Richardson numbers was 41). 
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Figure 4.1: From Figure 9 of Rahn and Garreaud,, 2010 showing the WRF modeled vertical velocity 
anomalies associated with the ‘upsidence’ wave for a 2 month period at 2.5 km over the southeast 
Pacific. Warm colors denote downward motion, while cool colors denote upward motion. 
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Figure 4.2: Figure 13 of Birch and Reeder, 2013. This diagram depicts the mechanism by which cloud-
generating waves are formed along the northwest coast of Australia. Perturbations caused by the 
confluence of the onshore sea breeze and strong offshore flow generate waves at two different times 
that propagate along an elevated  inversion over the ocean. 
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Figure 4.3: From Figure 1 panel a of Gille et al. 2005 depicting the strength of the diurnal cycle 
in the near-surface wind around Africa. Shading shows (where it is statistically significant) the 
length of the semi-major axis of elliptical hodographs generated from a least squares fit of the 
four-times daily wind components (binned into .25o latitude by .25o longitude boxes) from 
QuickScat and ADEOS-II SeaWinds scatterometer data from April-October, 2003. Reference 
ellipses are plotted every 6o within 10o of land or equatorward of 30o, and a reference semi-
major axis length is provided in the figure.  
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Figure 4.4: Gtopo30 30 arc-second elevation of (wide-view) the southwestern African coast and (inset) 
the coastal region near the Angola/Namibia border. The approximate location of Gobabeb, Namibia is 
denoted by an arrow. Data from the United States Geological Survey, figure courtesy of Dr. Matthew A. 
Miller. 
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Figure 4.5: Corrected reflectance images from 02 August 2014 from the (a) Terra and (b) Aqua satellite 
showing an instance of a  propagating sharp cloud boundary in the vicinity of Gobabeb, Namibia, the site 
of high temporal resolution surface meteorological observations. A close-up of the sharp cloud boundary 
(yellow box in panel b) is shown in panel c. The approximate location of Gobabeb, Namibia is denoted by 
a star in panels a and b. 
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a.)  

Figure 4.7: Panel a: 1.5 meter surface pressure at Gobabeb, Namibia. Panel b:  24 meter wind 
direction (black) and temperature (red) from Gobabeb. Variables shown are for 01 August 2014 
through 02 August, 2014. Time is in UTC (i.e. 1 hour behind local time). Note that the pressure and 
temperature/winds are collected at sites ~ 1.5 kilometers apart. 
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5.0o Lon 

Figure 4.8: Reference map for the three point locations at which the angular difference 
between the MERRA reanalysis wind field and the reference wind direction of due east (90o)  is 
calculated  (Figure 4.9). 
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Figure 4.9: Angular difference in the MERRA reanalysis wind direction from due east for (a,c,e) 21-28 May, 
2014 and (b,d,f) 03-10 July, 2014 at -13.5o Lat (a,b) 10.0o Lon, (c,d) 7.5o Lon, and (e,f) 5.0o Lon. See Figure 
4.8 for a reference map of these locations. Vertical gray lines denote the start of days on which westward-
moving cloud boundaries were identified in the Aqua and Terra corrected reflectance images. Note that 
the cloud boundaries do not necessarily always extend to 5o longitude. 
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Figure 4.10: MODIS Aqua or Terra corrected reflectance images and aerosol optical depth 
(AOD). The first column shows just the corrected reflectance, the second column shows the 
same images as in the first column with the AOD overlaid. Images obtained from NASA’s 
EOSDIS Worldview tool (https://worldview.earthdata.nasa.gov).  
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a.) 

b.) 

Figure 4.11: (a) Schematic illustration of hypothesized wave-generating mechanism along 
the African coast. (b) Schematic illustration of a possible cause of cloud erosion associated 
with the passage of gravity waves. 
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Figure B1: a.) Same as Figure 3.20; the monthly frequency occurrence of days on which cloud 
boundaries were identified in the cloud boundary climatology (‘yes’ days; see Section 2.2). b.) 
As in a, but for the days on which a cloud boundary was not identified in the cloud boundary 
climatology (‘no’ days). c.) As in a, but for days on which a determination as to whether a cloud 
boundary was or was not present was not able to be unambiguously made (‘maybe’ days).  
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