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EPIGRAPH

The Earth is the only world known so far to harbor life. There is nowhere else, at least
in the near future, to which our species could migrate. Visit, yes. Settle, not yet. Like it
or not, for the moment the Earth is where we make our stand.

Carl Sagan, Pale Blue Dot, 1994



TABLE OF CONTENTS

SIGNITURE PAGE iii

DEDICATION iv

EPIGRAPH v

LIST OF FIGURES viii

LIST OF TABLES X

ACKNOWLEDGEMENTS Xi

VITA xii

ABSTRACT OF THE DISSERTATION xiii

Chapter 1 Introduction 1

1.1 Thesis Outline 1

1.2 Dust 2

1.3 Aerosol Observations and Products 4

T3 1 AVHRR .ottt ettt et et e et ne et et e teent et e teene e nes 5

T3 2 TOMS ..ttt ettt ettt e e te e s et e st ent et e eeeneentenseseeeneensenaeeneeneenes 5

0 25 20 )1 U SRS 6

134 SEVIRT ..ottt ettt ettt at et e s e ne et et e sseeneensenseeneeneenes 7

T.3.5 MODIS ...ttt ettt e s e et e ent et et e e ne et et e eteent et e nteeneeneenes 7

T30 MISR ...ttt ettt ettt e st et et e ne et et e s et ent et e teeneeneenes 8

1.3.7 CALIPSO ...ttt ettt et e e s e st et e e e steeneenseeseeneeneenes 9

T.3.8 AERONET ...ttt ettt ettt ettt ettt sbe e st e e be e st eneenseeneeneenees 10

1.3 9 MERRARTO .ooeeeiiieeete ettt ettt e sttt e et e e e s ste e s et e e esnneaeesnnseas 10

T3 10 MACC ..ttt ettt ettt e st et et e et ent e eebe e st et e seeneennenees 11

1.4 The Saharan and Sahel Regions 11

) B N TSI ¥ 1 T RSP PSP 11

1.4.2 The Decadal Variability of African DUsSt..........coeecuiiieiiiiiiniiiieeeieeeeeee e, 14

) N TSI ¥ 1 1 T PSPPSR 15

1.4.4 Meteorology in NOTth AfTiCa ....eivviiiiiiiiiieieeeeee e 17

1.5 Field Campaigns 18

1.6 Figures 20
Chapter 2 On the Decadal Scale Correlation Between African Dust and Sahel

Rainfall: the Role of Saharan Heat Low-Forced Winds 22

2.1 Introduction 23

2.2 Data and Method 25

2 B B 1 ARSI 25

2.2.2 PrECIPILATION .uuuviieieiiiieeeiitieeeeiteeeeitee e et eeeetteeeeateeeentteeesasseeesnsaeesansseeesnsaeessnsseenan 25

2.2.3 THE SHL ..ttt ettt ettt e et e s e e ae e st e e e se e st e e enseseeeneensens 26

224 WINAS ..ottt ettt ettt ettt et et et e et et et e e te st e aeete st et e te st enteatesaeeneennens 27

2.2.5 SYNOPLIC STALIOMNS c..uevvieeeiiieeeiieeeeite e et ee e ettt e e eitteeestteesssreeessssaeesanssaeesnsaeesasseeens 28

2.3 Dust and Precipitation 28

2.4 The SHL 29

2.5 Other Reanalyses 32

vi



25 1 MERRA ... s 32

252 INCEP2...oeeeeee ettt ettt ettt a ettt ettt st et e te st et e atesaeeneennens 33
253 INNRP ettt ettt a et ettt ettt st et e te st et e atesaeeneennens 33
2.6 Synoptic Stations 33
2.7 Conclusions 34
2.8 Figures 36
2.9 Tables 43
Chapter 3 The Role the Saharan Heat Low Plays in Dust Emission and
Transport in North Africa during Summertime 46
3.1 Introduction 47
3.2 Data and Methods 49
321 WINAS <ottt ettt et et et e es et et e bt s e e ae bt e st et e te st et eatesaeennennen 50
3.2.2 Satellite Data .....oeeieeiieieiiiee et s e e e e e naee s 50
3.3 Results 52
3.3.1 Variability of the SHL INdeX ......ccccuiiiiiiiiiiiiiiiiieiiieeiteeetee ettt 52
3.3.2 The LLAT and the SHL iNdeX ....cceeviiiiiiiiiiiiieeiieeeeeeeeeee ettt 53
333 DOD and the SHL .......ooiiiiieieeeeee ettt seeeaeeneens 55
3.3.4 SUTTACE WINAS ...viiiiiiiiieeiiiee ettt ettt e ettt e e st e e ssnbaeessasbeeesnnbaeessnsaeeeas 61
3.3.5 Dust vertical Profiles ........eeivriiiiiriiiee ettt 62
3.4 Conclusions 65
3.5 Figures 67
Chapter 4 Identifying the Bias in a Dust Source Function in North Africa using
the WRF-Chem Model 75
4.1 Introduction 76
4.2 Data and Method 77
4.2.1 DUSt CIIMALOIOZY eevuevieieiiiieeiiieeeetee ettt e sttt e e e bte e s sate e e snbeeeesnsaeeesnnseas 77
i\ (oY 1< R PSRRI 77
4.3 Dust Climatology 79
4.4 Dust Emission Frequency 80
4.5 Conclusions 83
4.6 Figures 85
Chapter 5 Summary 94
Bibliography 96

Vil



LIST OF FIGURES

Figure 1.1 A satellite image of the Sahara and the Sahel. The Sahara is a hyper-arid
region with high albedo that comprises much of the land in North Africa. The Sahel is
the semiarid transition zone (blue) between the Sahara Desert and the tropical

CLIMALE ...ttt ettt et a e et e bt et e s bt e e bt e s abeeabeesabeebeesaaeeneeas 20

Figure 1.2 Schematics of how changes in SST affect monsoon circulation, vegetation,
albedo and water cycle (from Zeng, 2003) ......cceeeiiieeiieeeiieerire e e e 21

Figure 2.1 Locations of synoptic stations in North Africa........c.ccceceeveviieviieencieennnnn. 36

Figure 2.2 Seasonal (June-August) time series of Z,, (red), precipitation (P, blue) and
7, (yellow). The monthly mean precipitation series is averaged over 5° W to 20° E,

10° to 20° N, and 1, is averaged over 10° to 65° W and 0° to 30°N. The thin lines are
the seasonal means and the thick lines are the 5-season smoothed time series. ........... 37

Figure 2.3 Climatology (a) and regressed (b) precipitation and winds. (a) Shown is a
map of long-term mean dust emission (shading), seasonal mean precipitation (magenta
contour lines, mm day™) and seasonal mean 925 hPa climatological wind vectors. ....38

Figure 2.4 Same as Figure 2.3b but using MERRA...........ccoiiiiiinieee, 39
Figure 2.5 Same as Figure 2.3b but using NCEP2........c.ccccoviiviiiiiiieeieeeeeeee e, 40
Figure 2.6 Same as Figure 2.3b but using NNRP .......cccccooiiiiiiiiiieeeeeceee, 41

Figure 2.7 Time series (blue) of visibility at five synoptic stations in North Africa.
Red line indicates the trend of ViSIDIlity. ......ccccoiieriiiiiriiiieiiecee e 42

Figure 3.1 Map of North Africa. The gray boxes are the major dust source regions of
the Bodélé Depression (14° to 24° E, 14° to 21° N), the depression in the lee of Air
and Adrar Mountains (2° to 10° E, 16° to 24° N), and the Mauritania and Western
Sahara source region (12°W to 2° E, 18° t0 27° N)..iveoiiieiieeeiieeeieeeree e 67

Figure 3.2 Difference in the SHL for 25% of the warmest minus 25% of the coolest
SHL cases in July and August from 2003 through 2015 from 10-day lead to 10-day

Figure 3.3 Differences in the LLAT and wind vectors at 925 hPa for the 25% warmest
minus 25% coolest SHL cases in July and August from 2003 through 2015 using 15-
day filter. 925 hPa wind vectors are from ERA Interim daily product. (a)-(f) winds
lead the SHL for 5 to O days. (g)-(k) winds lag the SHL for 1 to 5 days. .......cccec...e. 69

viii



Figure 3.4 Differences in DOD and wind vectors at 600 hPa for the 25% warmest
minus 25% coolest SHL cases in July and August from 2003 through 2015 using 15-
day filter. DOD is from MODIS dark target and deep blue combined at 550 nm and
600 hPa wind vectors are from ERA Interim daily product. .........c.cceeeveeeviieniieennnenns 70

Figure 3.5 Differences in (a) divergence at 925 hPa and 600 hPa, (b) MODIS DOD
over the SHL center, and (c) the SHL for the 25% warmest minus 25% coolest SHL
cases in July and August from 2003 through 2015 using 15-day filter when divergence
and DOD lead or lag the SHL for 0-5 days. .....ccceeeiieeiiieeiieeciee e 71

Figure 3.6 Difference of the 10m wind vectors from ERA-Interim and DOD from
MODIS for the 25% warmest minus 25% coolest SHL cases at 5-0 day leads in the
summertime from 2007 through 2015 using 15-day filter. Only differences statistically
significant at the 90% confidence level are ShOWN. ........ccccceviiiiiiniiiiiiiiiciencee 72

Figure 3.7 Difference in the vertical distribution of DOD from CALIPSO for the 25%
warmest minus 25% coolest SHL cases in the summertime from 2007 through 2015
averaged over the SHL center (10-0°W and 15-25°N) for 5-0 day leads and 1-5 day

LS. ettt e et e et e et e e ettt e e taeeeaaeeenteeeaaeeeaeeennnaean 73
Figure 4.1 Seasonal mean DOD from monthly mean MODIS Aqua Deep Blue in
North Africa averaged over 2003 through 2015 .....cooveiiiiriiieieeeeeeeeee e 85
Figure 4.2 Seasonal mean DOD from monthly mean CALIPSO Level 3 cloud free
product in North Africa averaged over 2007 through 2015.........coovvvveeiiieniiienieee. 86
Figure 4.3 Seasonal mean f,;, f,op and fop ., from WRF-Chem in winter North
Africa from 2010 through 2015 .....ccouiiiiiiieeeeee e 87
Figure 4.4 Same as Figure 4.3 but in SPring .......cccccveeeviieeriieeniie e eeee e 88
Figure 4.5 Same as Figure 4.3 but in SUMMET .........cociiiiiiiiienieiienieeeeseeiee e 89
Figure 4.6 Same as Figure 4.3 but in fall ..., 90

Figure 4.7 Seasonal mean difference in emission frequency (fyop- f.,,;) over bright
surfaces in North Africa from WRF-Chem from 2010 through 2015. ...........c.cccece.. 91

Figure 4.8 Seasonal mean difference in emission frequency (fyopim- femi) OVer bright
surfaces in North Africa from WRF-Chem from 2010 through 2015. ...........ccccceee 92

Figure 4.9 Seasonal mean difference in emission frequency (fpop- foopikm) OVer bright
surfaces in North Africa from WRF-Chem from 2010 through 2015. ...........cccccece 93

X



LIST OF TABLES

Table 2.1 Location, elevation and data availability of each synoptic station in North
ATTICA -ttt ettt ettt et e b e st e e nae e 43

Table 2.2 R values and p values for time series of Zy,, P, and t4. r and p values
significant at the 90% confidence level are in bold ...........cccceeiiiiiiiiiiiiiiiiee, 44

Table 2.3 Visibility trend and uncertainties of each synoptic station in North Africa.45



ACKNOWLEDGEMENTS

I would like to acknowledge Professor Amato Evan for his support as the chair
of my committee. Through years of graduate school, his guidance and support have
been invaluable. His scientific insights and passion have driven me to explore the
unknown. I would also like to thank the other members of my PhD committee for their
suggestions — Professor Art Miller, Kathy Barbeau, Mark Thiemens, and Shang-Ping
Xie.

Chapter 2, in part, is a reprint of the material as it appears in On the Decadal
Scale Correlation between African Dust and Sahel Rainfall: The Role of Saharan Heat
Low—forced Winds. Wang, Weijie; Evan, Amato; Flamant, Cyrille; Lavaysse,
Christophe, Science Advances, 2015. The dissertation author was the primary
investigator and author of this paper.

Chapter 3, in part, has been submitted for publication of the material as it may
appear in The Role the Saharan Heat Low Plays in Dust Emission and Transport
during Summertime in North Africa. Wang, Weijie; Evan, Amato; Flamant, Cyrille;
Lavaysse, Christophe, Aeolian Research, 2017. The dissertation author was the
primary investigator and author of this paper.

Chapter 4, in part, is currently being prepared for submission for publication of
the material. Wang, Weijie; Evan, Amato; Zhao, Chun. The dissertation author was the

primary investigator and author of this paper.

X1



VITA

2010 B. S. in Environmental Sciences, Fudan University, Shanghai, China
2010-2012 Research Assistant, University of Virginia, Charlottesville, VA

2012 M. S. in Environmental Sciences, University of Virginia, Charlottesville,
VA

2012-2013 Research Scientist, Science Systems and Applications, Inc, Hampton, VA

2013-2017 Research Assistant, University of California, San Diego, San Diego, CA

2016 Teaching Assistant, University of California, San Diego, San Diego, CA
2017 Ph. D. in Earth Sciences, University of California, San Diego, San Diego,
CA

PUBLICATIONS

Wang, W., A. Evan, C. Lavaysse, and C. Flamant, The role the Saharan Heat Low
plays in dust emission and transport during summertime in North Africa, Aeolian Res.,
28, 1-12 (2017).

Wang, W., A. Evan, C. Flamant, and C. Lavaysse, On the Decadal Scale Correlation
Between African Dust and Sahel Rainfall: the Role of Saharan Heat Low-Forced
Winds, Sci. Advances, 1(9), 1500646 (2015).

Loeb, N. G., D. A. Rutan, S. Kato, and W. Wang, Observing Interannual Variations in
Hadley Circulation Atmospheric Diabatic Heating and Circulation Strength. J. Climate,
27,4139-4158 (2014).

Wang, W., T. Cheng, R. Zhang, X. Jia, Z. Han, X. Zhang, X. Xu, and D. Li, Insights
into an Asian dust event sweeping Beijing during April 2006: Particle chemical

composition, boundary layer structure, and radiative forcing, J. Geophys. Res., 115,
D18208, doi:10.1029/2009JD013391 (2010).

Li, H., Z. Han, T. Cheng, H. Du, L. Kong, J. Chen, R, Zhang, and W. Wang,
Agricultural fire impacts on the air quality of Shanghai during summer harvest time,
Aerosol and Air Quality Res., 10: 95-101 (2010).

Xii



ABSTRACT OF THE DISSERTATION

The Role the Saharan Heat Low Plays in the Variability of Dust Emission and
Transport in North Africa from Synoptic to Decadal Scales

by
Weijie Wang
Doctor of Philosophy in Earth Sciences
University of California, San Diego, 2017

Professor Amato T. Evan, Chair

Dust over the Atlantic undergoes decadal variability. Over the past three
decades, satellite and in-situ measurements show a downward trend in dust
concentration over the Atlantic, indicating there is less dust emission in the Sahara.
Meanwhile, observations show an upward trend in the Sahel precipitation. However, it
is unknown what affects dust emission in the Sahara and precipitation in the Sahel
simultaneously. Dust emission in North Africa also undergoes synoptic variability and
high concentration of dust is often observed in the western Sahara, but it is unclear
whether dust over the western Sahara is due to local emission or dust transport from

the east.
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The aim of this thesis is twofold, first, to examine the role the Saharan heat low
(SHL) plays in dust emission and precipitation from synoptic to decadal timescales.
and second, to identify bias of dust in the model. To do so I use reanalysis and satellite
products to construct the time series of dust, precipitation and the SHL and perform
regression analysis to examine the effect of the SHL on precipitation and winds, which
are associated with dust emission. Then I study the lead and lag relationship between
the SHL and dust concentration in North African on the synoptic scale to identify
source regions. Lastly, I identify the biases in a dust source function using dust output
from a climate model.

The results from this thesis suggest that the warming of the SHL results in the
increase of precipitation in the Sahel and the reduction in dust emission by changing
low-level winds on the decadal timescale. On the synoptic scale, cool phases of the
SHL is associated with more dust emission and 10% of the dust over western Africa is
from source regions to the east. Lastly, the dust source function may overestimate dust

emission in the Sahel and western Africa.
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Chapter 1
Introduction

1.1 Thesis Outline

This thesis explores the role of the SHL in African monsoon rainfall and dust
emission using a combination of satellite products, reanalyses, ground-based
observations and climate models. This work is organized as follows. Chapter 1.2
briefly describes the effect of dust on the climate system. Chapter 1.3 offers an
overview of aerosol observations and products. Chapter 1.4 gives a literature review of
research into the factors that cause droughts in the Sahara and the Sahel as well as dust
sources, emission and transport in North Africa. Chapter 1.5 gives a review of field
campaigns conducted in North Africa.

Chapter 2 focuses on the decadal scale correlation between African dust and
Sahel rainfall within the context of the Saharan Heat Low (SHL)-forced winds. More
specifically, Chapter 2.1 gives an introduction on the existing theories of the
correlation between dust emission and precipitation. Chapter 2.2 describes the datasets
used in this chapter. Chapter 2.3 presents time series of dust over the Atlantic, Sahel
precipitation and the strength of the SHL. Chapter 2.4 defines the SHL and explains
the mechanism that governs the interannual variability of dust emission in North
Africa and intraseasonal variability of Sahel precipitation. Chapter 2.5 compares winds
from different reanalyses. Chapter 2.6 examines visibility from several synoptic

stations in North Africa. Lastly, chapter 2.7 summarizes the work in this chapter.



Chapter 3 exams what governs dust emission and transport on the synoptic
scale in the summertime and the major dust source regions in North Africa. More
specifically, Chapter 3.1 gives an introduction on what affects dust variability on the
synoptic scale. Chapter 3.2 describes the satellite and reanalysis products used in this
chapter. Chapter 3.3 examines how the variability in the SHL is related to dust
emission and transport over North Africa and the tropical Atlantic in the summertime,
and a brief conclusion is provided in Chapter 3.4.

Chapter 4, Chapter 4.1 gives an introduction an existing dust source function.
Chapter 4.2 describes the satellite products and a model used in this chapter. Chapter
4.3 compares the seasonal dust climatology from two satellite products. Chapter 4.4
examines a dust source function from satellite and identifies biases in the source
function. Chapter 4.5 summarizes the work in this chapter.

Chapter 5 gives a summary of the work presented in this dissertation and
discusses the implications of my findings in understanding the climate in North Africa.

Future works are also suggested.

1.2 Dust

Dust is the most pervasive aerosol in the atmosphere (Kaufman et al., 2005)
and it has various impacts on the Earth system. It directly affects the atmospheric
radiation budget via the reflection and absorption of incoming shortwave and outgoing
longwave radiation (Tegen et al., 1996; Miller and Tegen, 1998; Ramanathan et al.,
2001; Kaufman et al., 2002), and the magnitude of radiative forcing varies with dust

aerosol properties, such as the single scattering albedo, the asymmetry parameter and



size distribution (Sokolik and Toon, 1996; Tegen et al., 1996; Liao and Seinfeld, 1998),
and it also depends on the vertical profile of the dust (Liao and Seinfeld, 1998; Meloni
et al., 2005). Dust can act as cloud condensation nuclei and indirectly changes the
atmospheric radiation budget through affecting the cloud cover (Wurzler et al., 2000;
DeMott et al., 2003), and changes in cloud properties further modify the hydrological
cycle through affecting precipitation and evaporation (Miller et al., 2004; Andreae and
Rosenfeld, 2008; Rosenfeld et al., 2008; Creamean et al., 2013). In addition, dust plays
a non-negligible role in the biogeochemical processes by transporting nutrients into the
oceanic ecosystem (Savoie and Prospero, 1980; Swap et al., 1996; Okin et al. 2011)
and the terrestrial ecosystem (Swap et al., 1992; Formenti et al., 2001). Aside from
those impacts on the Earth system, dust also generates health concerns as it carries
pollutants that cause respiratory and cardiovascular diseases (Onishi et al., 2012;
Longueville et al., 2013).

Although it is important to determine the radiative properties of dust, to
quantify the amount of dust being emitted and transported globally and to understand
the mechanisms that govern dust emission in the source regions, the impacts of dust on
the climate system are not well quantified due to the spatial and temporal
heterogeneity of dust and the lack of observations in the remote areas. For example,
the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report
estimates that radiative forcing due to mineral dust is -0.1 = 0.2 W m™. The
determination of sign remains a problem. Estimates of global dust emission have large

uncertainties. Simulations from various models differ by more than a factor of 2 due to



different parameterizations (Zender et al., 2004) and the lack of understanding of dust
sources. Furthermore, anthropogenic dust emission due to land use change is estimated
to account for 25% of global dust emission (Ginoux et al., 2012). However, how
natural and anthropogenic dust emission will be affected by climate change is highly

uncertain (7Tegen et al., 2004).

1.3 Aerosol Observations and Products

Since 1979, the launch of multiple satellites has greatly contributed to the
continuous measurements of aerosols with global coverage. Satellites such as the
Advanced Very High Resolution Radiometer (AVHRR), the Total Ozone Mapping
Spectrometer (TOMS), the Ozone Monitoring Instrument (OMI), the Spinning
Enhanced Visible and Infrared Imager (SEVIRI), the Moderate Resolution Imaging
Spectroradiometer (MODIS), the Multi-angle Imaging Spectroradiometer (MISR), and
the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO)
provide near-daily observations with retrieved information on aerosol properties. In
addition, ground-based observations, such as the Aerosol Robotic Network
(AERONET), provide long-term and continuous database for aerosol research and
validation of satellite retrievals. Recently, reanalysis products, such as the Modern-Era
Retrospective Analysis for Research and Applications Aerosol Reanalysis
(MERRAero) and the Monitoring Atmospheric Composition and Climate (MACC),

have also included aerosol products.



1.3.1 AVHRR

The AVHRR is one of the earliest satellite instruments used to study aerosols.
It is a broadband scanner sensing in visible, near-infrared, and thermal infrared bands.
The first AVHRR instrument aboard Television Infrared Observation Satellite has 4
channels and was launched in October 1978. The second instrument aboard National
Oceanic and Atmospheric Administration (NOAA) 7 has 5 channels and was launched
in June 1981. The third instrument aboard NOAA-15 has 6 channels and was launched
in 1998.

Aerosol optical depth (AOD) retrievals were made over oceans using radiance
in channel 1 (630 nm) of AVHRR (Stowe et al., 1997). Due to the requirement for low
surface reflectivity, AOD retrievals were not made over land, and thus AVHRR cannot
be used to obtain source regions. Evan et al., (2006) pointed out that AOD over oceans
is underestimated as the cloud detection algorithms tend to misclassify optically thick
dust storms as clouds, and they implemented a dust detection algorithm within the
Pathfinder Atmospheres Extended project and showed improved accuracy of monthly

mean AOD when compared to data from the AERONET.

1.3.2 TOMS

The TOMS instruments were on board the Nimbus-9 satellite from November
1978 through April 1993 and Earth Prove satellite from August 1996 through March
2005. TOMS measures backscattered ultraviolate (UV) radiance in six wavelengths
(313, 318, 331, 340, 360 and 380 nm). The TOMS aerosol index (Al) is a

nonquantitative measure of aerosol concentration calculated using the spectral contrast



between 340 nm and 380 nm channels (Herman et al., 1997), and is sensitive to a
number of aerosol properties, such as the aerosol layer height and the optical
properties of aerosols. The strong molecular scattering in the near UV allows the
separation of absorbing aerosols from non-absorbing aerosols (Torres et al., 1998).
UV-absorbing aerosols such as dust have smaller spectral contrast while non-
absorbing aerosols such as sulfate have greater contrast. The TOMS can detect
aerosols over land as well as oceans.

One of the shortcomings of the retrieval algorithm is that aerosol detection can
be obscured by clouds within a kilometer of the surface (Herman et al., 1997; Torres
et al., 1998). Nevertheless, the TOMS Al is widely used to study global dust aerosol
distribution, transport and seasonal cycle in the past two decades (e.g. Chiapello et al.,
1999, 2002; Cakmur et al., 2001; Prospero et al., 2002; Torres et al., 2002;

Washington et al., 2003; Ginoux et al., 2012).

1.3.3 OMI

The OMI instrument is aboard the Earth Observing System Aura satellite,
which circulates in a sun-synchronize polar orbit with an equator crossing time at
13:45 (Levelt et al., 2006). The OMI launched in July 2004 continues the TOMS
record for atmospheric parameters and provides near global coverage in one day with a
spatial resolution of 13 km x 24 km (Levelt et al., 2006). It observes solar backscatter
radiation in the visible and UV bands (270-550 nm) and can distinguish between

aerosol types, such as smoke, dust and sulfates.



Two algorithms are used to retrieve aerosol characteristics over the ocean and
land (7Torres et al., 2007). The near UV algorithm makes use of the 350-390 nm
spectral band to retrieve the absorption capacity of aerosols and provides absorption
optical depth at 388 nm. The other algorithm makes use of the full UV-to-visible

spectral bands to derive aerosol extinction optical depth (Torres et al., 2007).

1.3.4 SEVIRI

The SEVIRI on board the geostationary Meteosat Second Generation satellite
is an imaging radiometer with 12 channels ranging from the visible to infrared spectral
bands (Schmetz et al., 2002). The brightness temperature (BT) in the infrared band
measured by the SEVIRI instrument is used to identify dust source areas in the Sahara
and Sahel region (Schepanski et al., 2007). Compared with clear sky conditions, the
difference in the BT between the 10.8 um and 12.0 um band (BT(12, 10.8)) as well as
between the 8.7 um and 10.8 um band (BT(10.8, 8.7)) decreases if there is dust in the
atmosphere. Therefore, the differences in BT(12, 10.8) and BT(10.8, 8.7) are used for
dust detection. The SEVIRI has a spatial resolution of 3 km a temporal resolution of
15 minutes, and such a high spatiotemporal resolution is useful in identifying activated

dust sources.

1.3.5 MODIS

The MODIS instrument has two spaceflight units, one aboard the Terra
satellite launched in December 1999 and the other aboard the Aqua satellite launched
in May 2002. Terra passes the earth from north to south and crosses the equator in the

morning. Aqua passes the earth from south to north and crosses the equator in the



afternoon. The MODIS instrument has 36 bands from 0.4 to 14.4 um, among which
bands 1 to 7 and 20 are used to retrieve AOD globally and aerosol size distribution
over the oceans. Such retrieval is made possible by the blue channel on the MODIS.
The MODIS Deep Blue aerosol product has AOD at 550 nm over bright land surfaces
such as deserts (Hsu et al., 2004). The dark surface and Deep Blue combined AOD
provides global observations of AOD on a daily basis. The Level 2 aerosol products of
MODIS have a spatial resolution of 10 km x 10 km (0.1° x 0.1°) and the Level 3
products 1° x 1°,

The MODIS aerosol products have been validated by comparison with the
AERONET (Chu et al., 2002; Remer et al., 2002; Remer et al., 2005) and are widely
used in aerosol research (e.g. Kaufman et al., 2005; Liang et al., 2006; Remer et al.,

2008; Ginoux et al., 2012).

1.3.6 MISR

The MISR instrument aboard the Terra satellite was launched in 1998. MISR
views the sunlit side of the Earth with cameras in 9 difference directions in four
wavelengths, blue, green, red, and near-infrared (Diner et al., 1989, 1991). Large
viewing angles provide enhanced sensitivity to aerosols. MISR obtains a swath of
imagery 360 km wide by 20,000 km long, and such swath width allows MISR viewing
the Earth’s surface in 9 days. MISR provides aerosol properties, such as AOD, size
and composition, at 0.275 km and 1.1 km resolution on a global basis. MISR level 2

products provide the fine, medium and large fraction of AOD as well as the spherical

and nonspherical fraction of AOD (Martonchik et al., 2002)



1.3.7 CALIPSO

CALIPSO was launched in April 2006 as part of NASA’s A-Train
constellation. It is an along-track, nadir-viewing satellite that crosses the equator at
around 1:30 pm and 1:30 am local solar time. The main instrument carried by
CALIPSO is the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), an
along-track, nadir-pointing two-wavelength lidar that measures attenuated backscatter
extinction coefficients at visible (532 nm) and infrared (1064 nm) wavelengths.

CALIPSO Level 2 products include the aerosol layer product and the aerosol
profile product. The aerosol layer product contains a vertical feature mask (VFM) that
has a mechanism to distinguish aerosol from clouds based on particulate backscatter
color ratio. This product can also distinguish dust from other types of aerosol, namely
marine, continental, polluted continental and biomass burning based on aerosol lidar
ratio (Vaughan et al., 2004). This product provides aerosol optical depth (AOD) of up
to 8 layers from surface to 40 km based on the output of the VFM. The aerosol profile
product contains extinction coefficients at 60 m vertical resolution.

CALIPSO Level 3 products are aggregated of Level 2 aerosol profiles and
provide monthly mean AOD in all sky and clear sky conditions at 5° longitude by 2°
latitude resolution.

CALIPSO is the only satellite that measures the vertical profile of aerosols and
thus is helpful for understanding aerosol transport (e.g. Liu et al., 2008; Liu et al.,
2008a, b; Ben-Ami et al., 2009) and the impact of aerosols on climate change (e.g.

Huang et al., 2010).
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1.3.8 AERONET

The AERONET is a ground-based remote sensing aerosol network initiated by
the National Aeronautic and Space Administration and expanded by federation with
many other institutions (Holben et al., 1998). The AERONET offers standardization
for regional to global scale aerosol monitoring by using automatic Sun and sky
scanning spectral radiometer. The radiometer makes two measurements, direct sun or
sky. The direct Sun measurements are made in eight bands (anywhere between 340
and 1020 nm, 440, 670, 870, 940 and 1020 nm) and the sky measurements are made at
four bands (440, 670, 870 and 1020 nm) (Holben et al., 1998). These measurements

are used to retrieve the size distribution, the phase function and AOD.

1.3.9 MERRAero

MERRAero developed by the Global Modeling Assimilation Office is based
on the Goddard Earth Observing System Data Assimilation version 5 (GEOS-5) model
(Rienecker et al., 2008), which includes aerosol processes based on the Goddard
Chemistry, Aerosol, Radiation, and Transport (GOCART) aerosol module. In addition,
MERRAero includes AOD assimilations from the MODIS Aqua and Terra satellites
(Buchard et al., 2016). MERR Aero provides Al, AOD, extinction, backscatter, and
other aerosol parameters for fine aerosols (PM2.5) and all aerosols from 2002 to
present at 1° by 1° resolution. Buchard et al. (2015) found a good correlation between
the MERRAero and OMI Al over the Sahara and the North Atlantic dust region in
summer 2007, and a comparison between MERRAero and AERONET AOD at eight

Sahara stations also indicates that these two products are well correlated.
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1.3.10 MACC

MACC built on the Global and Regional Earth-System Monitoring using
satellite and in-situ data (Hollingsworth et al., 2008). The data assimilation system
used in MACC was based on the European Centre for Medium-Range Weather
Forecasts’ (ECMWF) Integrated Forecast System (/nness et al., 2013). MACC
assimilated chemically reactive gases as well as dust parameters from 2003 through
2012. Cuevas et al. (2015) evaluated dust from MACC-II over North Africa using
MODIS and AERONET data and concluded overall, the seasonal variation of dust

optical depth is well simulated by MACC-II.

1.4 The Saharan and Sahel Regions
1.4.1 The Sahara

The Sahara Desert in North Africa is the largest desert in the world with its
surface area of 9,400,000 square kilometers, comparable to the land area of the

contiguous United States (Fig. 1.1). In Arabic, the Saharan desert is ¢/~ (s »S),
which means the Greatest Desert. However, paleoclimatological records show that

during the early to middle Holocene period, about 12000 to 5000 years ago, the Sahara
and Sahel regions were wetter than today (Sarntheim, 1978; Dupont, 1993; Yu and
Harrison, 1996). The now hyper-arid region was then nearly completely vegetated
with grasses and shrubs (COHMAP Members, 1988). The transition from a “green
Sahara” to the desert is attributed to changes in the tilt of the Earth’s axis and the
eccentricity of the Earth’s orbit (Kutzbach et al., 1986). Stronger tilt of the Earth’s axis

and larger eccentricity of the Earth’s orbit led to amplified seasonal cycle of solar
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radiation, enhanced land-sea temperature contrast and thus strengthened African
summer monsoon (Kutzbach and Otto-Bliesner, 1982; Kutzbach et al., 1986; Prell and
Kutzbach, 1987; Joussaume et al., 1999). In addition, changes in vegetation and soil
increased the climate response to orbital forcing as wet soil and grassland further
enhanced summer rainfall (Kutzbach et al., 1996).

This African humid period abruptly shifted toward more arid conditions
between 5000 and 6000 years before the present (deMenocal et al., 2000). Geological
record downwind from the Sahara showed a sudden increase in dust deposition 5500
years before the present (deMenocal et al., 2000). Such abrupt shift is associated with
the gradual decline in summer solar radiation (Petit-Maire and Guo, 1996). The
African monsoonal precipitation is highly sensitive to orbital insolation forcing and 1%
increase in summer radiation forcing could result in approximately 5% increase in
North African rainfall (Prell and Kutzbach, 1987). Furthermore, the variations in
monsoonal rainfall affect the surface circulation of adjacent regions that are
dynamically linked to the monsoonal surface winds (Mclntyre et al., 1989; Kutzbach
and Liu, 1997). The decline in rainfall and vegetation cover allowed dust mobilization
from 4300 years ago and present day desert was established about 2700 years ago
(Kropelin et al., 2008).

The vast majority of North Africa is uninhabited and surface observations in
this area are sparse, thus making it difficult to trace dust origins and to estimate dust
fluxes in the source regions. Early studies used element ratios, such as Si/Al and Fe/Al,

and back trajectories to identify source regions in North Africa (e.g. Bergametti et al.,
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1989; Chiapello et al., 1997). Recent studies using reanalysis, satellite observations,
models as well as chemical analysis suggest several major dust source regions. For
example, Scheuvens et al. (2013) found topographic lows along the Algeria — Morocco
Western Sahara border, northern Algeria — Tunisia, Southern Algeria and Bodélé are
large source of dust based on chemical analysis, such as calcite abundance,
palygorskite occurrence and abundance, illite/kaolinite ratio, etc. Formenti et al. (2011)
suggested six major dust sources in North Africa based on previous works, including
zone of chottts in Tunisia and Northern Algeria, foothills of Atlas Mountains and
western coastal region, Mali-Algerian border region, Central Libya, the Bod¢lé
depression, and Southern Egypt, Northern Sudan (Brooks and Legrand, 2000;
Caquineau et al., 2002; Prospero et al., 2002; Israelevich et al., 2002, Goudie, 2003;
Schepanski et al., 2009; Formenti et al., 2011; Scheuvens et al., 2013; Formenti et al.,
2014). Washington et al. (2003, 2006), Schepanski et al. (2013) and Evan et al. (2015)
found that the Bod¢l¢ is the region of the highest dust emission, accounting for 64%
(£16%) of the total North Africa dust emission (Evan et al., 2015). Such high emission
is the result of two key prerequisites: strong surface winds and a large source of
suitable sediment (Washington et al., 2006). Prospero et al. (2002) indicated the most
intense dust activity occurs in an area centered at 33.5°N and 7.5°E in northeastern
Algeria using the TOMS Al. Ginoux et al. (2012) listed 24 dust sources including both
natural and anthropogenic emissions using MODIS. Ashpole and Washington (2013a,
b) found two major source regions in the central and western Sahara, one in southwest

Algeria and northwest Mali and the other in southern Algeria, northwest Niger, and
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northeast Mali using data from SEVIRI. The disagreement on dust source regions is
due to the difference in dust detection algorithm of each satellite product and the

methodology used to identify dust source regions.

1.4.2 The Decadal Variability of African Dust

Dust concentration of the tropical north Atlantic undergoes decadal variability
(Prospero and Lamb, 2003; Evan and Mukhopadhyay, 2010, Evan et al., 2016). Over
the past century, high concentrations of dust occurred from the 1910s to the 1940s and
the 1970s to the 1980s, and anomalously low dust concentrations occurred in the
1950s and 2000s (Evan et al., 2016). Previous studies have found that the decadal
variability in African dust is associated with various atmospheric phenomena.
DeFlorio et al. (2016) found El Nifio/Southern Oscillation exerts a control on North
African dust transport during boreal summer. Using in situ observation from Barbados
and satellite observation from the AVHRR and a century-length fully coupled
Community Earth System Model, they found a statistically significant increase in
North African dust transport over the Atlantic during strong La Nifia summers due to
increased easterly winds. Moulin et al. (1997) found the interannual variations in
dust transport over the Atlantic are well correlated with the North Atlantic Oscillation
(NAO). The NAO is defined as the difference in normalized sea level pressures
between Lisbon, Portugal and Stykkisholmur, Iceland in winter (Hurrell, 1995). When
the NAO index is low, there is a northward shift of the North Atlantic westerlies which
provide much of the moisture to North Africa. When the NAO index is high, there is

more moisture and thus more precipitation in North Africa, limiting dust mobilization
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and transport. Doherty et al. (2012, 2014) found the meridional position of the
intertropical convergence zone (ITCZ) is correlated with the dust load in Barbados in
winter and summer. A southward movement of the ITCZ is associated with an
increase in dust load at Barbados by changing near-surface northeasterly winds in
North Africa. Rodriguez et al. (2015) the North African dipole is associated with dust
export. High North African dipole summers are associated with major dust export in
the subtropics and minor dust loads in the tropics due to the variability in winds. Evan
et al. (2016) pointed out the surface winds are responsible for most of the variability in
North African dust emission. Using 10 m winds from the European Centre for
Medium-Range Weather Forecasts Interim reanalysis product (ERA-I) and dust from
AVHRR, they showed ERA-I winds can explain 58% of the variance in the AVHRR

dust data.

1.4.3 The Sahel

The Sahel is the semiarid transition zone that lies between the Sahara Desert to
the north and the tropical climate to the south (Fig. 1.1). It receives most of its rainfall
during the summer monsoon season. In the past 100 years, Sahel rainfall undergoes
interannual and decadal variability with above average rainfall from the 1950s to the
1960s followed by drought from the late 1960s to the 1980s (Nicholson, 1989; Folland
et al., 1986). Numerous studies including field campaigns and modeling have
attempted to understand what drives such variability (e.g. Held et al., 2005,
Redelsperger et al., 2006). Early works proposed that the positive albedo-precipitation

hypothesis could explain the prolonged Sahel drought (Charney et al., 1975). Since
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desert surface has higher surface albedo and is hotter compared with vegetated surface,
consequently, desert emits more radiation to the space. When air loses heat radiatively,
it has to descend in order to maintain thermal equilibrium, thus bringing dry air to the
surface and further reducing rainfall. Recent works suggested that oceanic forcing
drives the variability of rainfall in the Sahel as warmer-than average low-latitude
waters around Africa weaken continental convergence by favoring the formation of
deep convection over the ocean (Giannini et al., 2003; Lu et al., 2005), and land and
atmosphere feedback amplifies drought through changing the vegetation cover
(Otterman, 1974; Giannini et al., 2003). In other words, changes in the sea surface
temperature (SST) weaken the African monsoon circulation, leading to low vegetation
cover, increased albedo and less evaporation, thus further reducing moisture transport
and rainfall over land, creating a vicious cycle (Fig. 1.2). It is also pointed out that
extratropical North Atlantic cooling is tied to the droughts over the Sahel (Mulitza et
al., 2008; Liu and Chiang, 2012; Liu et al., 2014). A slowdown of the Atlantic
meridional overturning circulation (AMOC) reduces heat transport into the North
Atlantic, particularly cooling the extratropical North Atlantic (Broecker et al., 1985,
Alley, 2007), and causes the droughts in Sahel via an atmospheric teleconnection (Liu
et al., 2014). Another theory that tries to explain the Sahel droughts is the southward
shift of the Intertropical Convergence Zone (ITCZ) (e.g. Dahl et al., 2005). However,
Mulitza et al. (2008) noted that such theory is problematic and it is the strengthening
and the southward shift of the African easterly jet (AEJ) that causes the widespread

drought (Newell and Kidson, 1984; Skinner et al., 2012) as the AEJ affects moisture
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divergence over West Africa by transporting moisture away from the continent to the
Atlantic (Cook, 1999).

In the late 20™ century, there has been a recovery of the Sahel drought and a
greening of the Sahel (Nicholson, 2005; Olsson et al., 2005) that cannot be explained
by the theories stated above. Evan et al. (2015) suggested this recovery coincides with
an upward trend in the SHL temperature. The rise in temperature is a result of
greenhouse gas warming by water vapor, and changes in water vapor strongly depend
on the temperature of the SHL. Rising temperature increases water vapor, which

further increases temperature, thus creating a positive feedback.

1.4.4 Meteorology in North Africa

A couple of atmospheric circulations affect the climate in North Africa. For
example, the AEJ plays a crucial role in the west African monsoon system (7horncroft
and Blackburn, 1999). The AEJ is a midtropospheric jet located over North African in
boreal summer and is maintained by the thermal contrast between high surface
temperatures near the Sahara and the cool sea surface temperatures of the coast of
Guinea (Fontaine et al., 1995). African easterly waves (AEW), a fundamental synoptic
feature over western African in summer, are known to modulate dust variability in
North African (Jones et al., 2003). AEW form west of 20°E and are maintained by
barotropic and baroclinic energy conversions from the AEJ at the 600-hPa level
(Norquist et al. 1977). The West African heat low (WAHL), a region of high surface
temperature and low surface pressure, migrates with solar insolation and occurs where

insolation is high. In the summertime, the WAHL is positioned over the Sahara and is
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often referred to as the SHL, which is generally within 20°-30°N, 7°W-5°E (Lavaysse
et al., 2009). The SHL is associated with a low-level cyclonic circulation and a
midlevel anticyclonic circulation, and the intensity of the SHL impacts the
intraseasonal variability of West Africa monsoon together with the AEJ (e.g.,
Lavaysse et al., 2009; Chauvin et al., 2010). Strong (warm) phases of the SHL are
associated with intensified low-level cyclonic circulation and increased precipitation in
the eastern and central Sahel as the anomalous southerlies bring moisture from the
Gulf of Guinea in land (Lavaysse et al., 2010).

Prospero and Lamb (2003) found Sahelian precipitation is anticorrelated with
dust concentration at Barbados (13°10°N, 59°30°W), and precipitation is thought to
affect dust emission and transport (Moulin et al., 1997). However, most precipitation
occurs in the Sahel region whereas most dust emission occurs in the Sahara where
there is not much precipitation. It seems rainfall is insufficient in explaining the

variability in dust and it is unclear why there is a robust correlation between the two.

1.5 Field Campaigns

Field campaigns help improve our knowledge and understanding of the climate
in North Africa as well as validate existing satellite products and models. In the 21*
century there has been several field campaigns conducted in North Africa to observe
the monsoon season, dust properties, and thermodynamics. For example, African
Monsoon Multidisciplinary Analysis in 2006 aimed to understand the West African
monsoon on daily-to-interannual time scale (Redelsperger et al., 2006). Dust Outflow

and Deposition in 2006 sought to characterize the physical and chemical properties of
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dust in winter and summer and quantified dust deposition into the ocean (McConnell et
al., 2008). The Saharan Mineral Dust Experiment in 2006 and 2008 measured
chemical composition, size distribution and optical properties of dust (Heintzenberg,
2009; Ansmann et al., 2011). Geostationary Earth Radiation Budget Experiment
Intercomparison of Longwave and Shortwave Radiation in 2007 sought to characterize
the geographic distribution and the physical and optical properties of dust and to assess
the atmospheric radiative impact of dust (Haywood et al., 2001). The most recent
campaign Fennec conducted in June 2011 and 2012 aimed to observe dust and
thermodynamics over the SHL region, namely northern Mali, southern Algeria and
eastern Mauritania, in summer using aircrafts as well as ground stations in Algeria and

Mauritania (Washington et al., 2012).
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1.6 Figures

Figure 1.1 A satellite image of the Sahara and the Sahel. The Sahara is a hyper-arid
region with high albedo that comprises much of the land in North Africa. The Sahel is
the semiarid transition zone (blue) between the Sahara Desert and the tropical climate.
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Figure 1.2 Schematics of how changes in SST affect monsoon circulation, vegetation,
albedo and water cycle (from Zeng, 2003).



Chapter 2
On the Decadal Scale Correlation Between African Dust and

Sahel Rainfall: the Role of Saharan Heat Low-Forced Winds

Abstract

A large body of work has shown that year-to-year variations in North African
dust emission are inversely proportional to previous year monsoon rainfall in the Sahel,
implying that African dust emission is highly sensitive to vegetation changes in this
narrow transitional zone. However, such a theory is not supported by field
observations or modeling studies, as both suggest that interannual variability in dust is
due to changes in winds over the major emitting regions, which lie to the north of the
Sahelian vegetated zone. Here I reconcile this contradiction showing that interannual
variability in Sahelian rainfall, and surface winds over the Sahara, are the result of
changes in lower tropospheric air temperatures over the SHL. As the SHL warms an
anomalous tropospheric circulation develops that weakens the climatological
northeastlies over the Sahara and displaces the monsoonal rainfall northward, thus
simultaneously increasing Sahelian rainfall and reducing dust emission from the major
dust “hot-spots” in the Sahara. These results shed light on why climate models are, to-
date, unable to reproduce observed historical variability in dust emission and transport

from this region.

22
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2.1 Introduction

By mass, aeolian dust is the most pervasive aerosol in the atmosphere
(Kaufman et al., 2005). The presence of suspended dust affects the local energy
balance through direct (Evan et al., 2009) and indirect effects (DeMott et al., 2003),
modifies the hydrological cycle via radiative forcing (Yoshioka, 2007) and
modification of cloud microphysical properties (Creamean et al., 2013), and is a
vehicle for the long-range transport of nutrients to global oceans (Okin et al., 2011)
and terrestrial land surfaces (Das et al., 2013). However, despite the importance of
dust to Earth system, coupled climate models are not able to reproduce historical
variability in dust emission and transport (Evan et al., 2014) and thus there is little
confidence in projections of how atmospheric dust concentrations will change in the
future. As such, there is a need to understand the controls on historical changes in dust
using observational data.

North Africa is the world’s largest dust source; accounting for more than 55%
of the global dust emissions (Engelstaedter et al., 2006; Ginoux et al., 2012), and
nearly 60% of the dust transported off the continent is deposited in the Atlantic Ocean
(Kaufman et al., 2005). Long-term in-situ observations at Barbados (Prospero and
Lamb, 2003) and coral reef proxy and satellite data (Evan and Mukhopadhyay, 2010;
Foltz and McPhaden, 2008) have shown that dust emission from North Africa peaked
during the mid-1980s and has followed a downward trend through at least the late
2000s. Studies have found dust cover over the Atlantic is anticorrelated with precious-

year Sahelian precipitation (Prospero and Lamb, 2003), and a causal relationship
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between the decline in dust emission and increase in Sahelian rainfall is plausible since
increasing soil moisture would strengthen soil cohesion forces (Fecan et al., 1999),
and more dense vegetation cover would increase surface roughness (Cowie et al.,
2013), both acting to limit erosion and the mobilization of particles from the surface
into the atmosphere. However, there are several aspects of such a theory that are not
consistent. For example, satellite imagery suggests that the vast majority of dust-
emitting regions lie to the north of the vegetated region of the Sahel (Ginoux et al.,
2012; Schepanski et al., 2009), and in-situ observations have shown that a more
northward propagation of the monsoon, which results in greater Sahelian rainfall,
should increase the occurrence of dust emission from sources in the Sahel via haboobs
(Knippertz and Todd, 2012). Additionally, a recent study demonstrated that the
downward trend in dust that started in the mid-1980s could be reproduced in an
aerosol emission and transport model when forced only by historical wind fields from
reanalysis, and when holding Sahelian vegetation density constant (Ridley et al., 2014).
Therefore, on the one hand it would appear as though changes in surface winds
over the hyper-arid Sahara Desert should be sufficient to describe year-to-year changes
in summertime dust emission, yet on the other hand there is clear evidence showing
that dust transported across the Atlantic is inversely proportional to rainfall, and
vegetation density, in the Sahel. Here I reconcile this contradiction by showing that
both Saharan surface wind fields over the major regional dust emitting regions, and the
northward propagation of the monsoon flow and thus Sahel rainfall, are forced by the

thermodynamic state of a meteorological feature termed the Saharan Heat Low (SHL).
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2.2 Data and Method
2.2.1 Dust

Monthly mean dust optical depth (t4), retrieved from satellite radiance
measurements from the Advanced Very High Resolution Radiometer (AVHRR), is
used to construct the time series of T4 over the Northern tropical Atlantic for the
summer months (June-August) from 1982 through 2009 (Evan and Mukhopadhyay,
2010). AVHRR 14 retrievals compare well against measurements from AERONET
(Evan et al., 2006).

Dust mass flux in the Sahara is derived using the output of five models, namely
TEGEN (Tegen et al., 2002), WRF-GOCART (Zhao et al., 2013), WRF-Kok (Kok et
al.,2014), CESM (Mahowald et al., 2006), and CHIMERE (Menut et al., 2013), that
simulate dust based on the relationship between mass flux and dust storm frequency
(Evan et al., 2015). Dust storm frequency is identified using Fifteen-minute Meteosat
SEVIRI infrared dust index images from March 2006 to February 2008 (Schepanski et

al., 2009).

2.2.2 Precipitation

I use monthly mean precipitation data from the version 2 Global Precipitation
Climatology Project (GPCP) to construct the time series of Sahel precipitation
(Lavaysse et al., 2009). GPCP merges data from rain gauge stations, satellites, and
sounding observations to estimate monthly precipitation on a 2.5° by 2.5° grid (Adler

et al., 2003) and has been validated over West Africa (Nicholson et al., 2003). The
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precipitation series is averaged over 5° W to 20° E, 10° to 20° N in the summer

months (June—August) from 1979 through 2012.

2.2.3 The SHL
The SHL is estimated using the mean of low-level atmospheric thickness
(LLAT) between the 700 and 925 hPa pressure levels over West Africa following

Lavaysse et al. (2009).
_ R p1
LLAT = p fpz Td(In (p)) (1)

where R is the gas constant for air, g is gravitational acceleration, T is the mean low-
level temperature, and p is pressure at 925 and 700 hPa. The LLAT is used as a proxy
for the daily SHL index (Zy;), and it increases as the low-level temperature warms.

I construct daily time series of the SHL in summer from 1979 through 2012
using 0600 UTC pressure and temperature at 700 hPa and 925 hPa from the European
Centre for Medium-Range Weather Forecasts Interim Reanalysis (ERA Interim; Dee
et al.,2011). Daily Zy, is used to calculate monthly mean Zy,.

I apply a high-pass filter and a low-pass filter to the Zy; time series to study the
mode of variability of Zy; on various time scales. For the daily Z,; I apply a high-pass
filter with a cutoff frequency of 30 days to study the effect of the Zy; on winds on the
synoptic scale, and a low-pass filter with a cutoff frequency of 300 days to study the
seasonal and multi-year evolution of these components. For the monthly Zy,; I apply a
high-pass filter with a cutoff frequency of 3 months to study the effect of the Zy,; on

precipitation and tropical North Atlantic T4 on intraseasonal scale and a low-pass filter
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with a cutoff frequency of 12 months to study the seasonal and multi-year evolution of

these components. These filters are applied to winds and precipitation as well.

2.2.4 Winds

925 hPa meridional and zonal winds at 0600 UTC are from ERA-Interim daily
product from 1979 through 2012, and 10m meridional and zonal winds at 0000, 0600,
1200 and 1800 UTC from ERA-Interim are used for the same period of time. Although
wind speeds in the data sparse Sahara are subject to errors, a recent comparison of
reanalysis and observed surface winds within the Sahel demonstrated that ERA-
Interim is best suited for analysis of dust emission processes there (Largeron et al.,
2015).

In addition to ERA-Interim, I also analyze winds from another three reanalysis
products, namely Modern Era Retrospective Analysis for Research (MERRA)
(Rienecker et al., 2011), National Centers for Environmental Prediction-Department of
Energy Reanalysis 2 (NCEP2) (Kanamitsu et al., 2002), and NCEP-National Center
for Atmospheric Research Reanalysis Product (NNRP) (Kalnay et al., 1996), to
examine how results from these three reanalyses compared to those from ERA-Interim.

MERRA is available from 1979 through present. It uses the state-of-the-art
GOES 5 data assimilation system to integrate observations with numerical models to
produce spatially and temporally consistent variables. MERRA daily mean product has
a spatial resolution of 0.67° longitude by 0.67° latitude for surface parameters and a
reduced resolution of 1.25° longitude by 1.25° latitude on pressure levels.

NNRP contains gridded atmospheric parameters dated back to 1948. The
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completeness and consistency of the database are ensured by incorporating in-situ
measurements and satellite observations and by using a frozen global data assimilation
system (Kalnay et al., 1996). NNRP daily mean product has a spatial resolution of 2.5°
longitude by 2.5° latitude. NCEP2 is an improvement upon the NNRP and has the

same spatial resolution.

2.2.5 Synoptic Stations

I use visibility from five synoptic stations in North Aftrica, four in Algeria
(DAAIJ, DAAT, DATM, DAOF), and one in Niger (DRZA) as they have observations
for more than five years. The location, altitude and data availability of each station are
listed in Table 2.1 (Fig. 2.1). Visibility is measured every 30 minutes at each of these

stations.

2.3 Dust and Precipitation

The Sahelian region of North Africa is an arid to semi-arid region lying
between the Sahara and the more tropical regions near the Guinea coast that is
characterized by average summertime precipitation rates from 4 to 8 mm day™.
Numerous studies have suggested that Atlantic dust cover is sensitive to rainfall in the
Sahel, given the negative correlations between dust and monsoon season precipitation
(Prospero and Lamb, 2003; Knippertz and Todd, 2012). Indeed, time series of
summertime, June-August, the season when dust production peaks (Engelstaedter et
al., 2007), tropical North Atlantic T4 estimated from satellites (Evan and
Mukhopadhyay, 2010), shows that t4 has been decreasing since the mid-1980s, while

Sahelian rainfall, from the Global Precipitation Climatology Project (Adler et al.,
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2003), has been increasing over the same time period (Fig. 2.2). The time series of
monsoon season Sahelian rainfall and satellite-retrieved 14, over the period 1982-2010,
are statistically significantly correlated at an r-value of -0.53 (p-value 0.01) (Table 2.2).
Using dust concentration measurements from Barbados (Prospero and Lamb, 2003)
and the same rainfall data, but over the period 1965-2009, the correlation between

dust and precipitation is -0.52.

The basis for the theory that Sahelian rainfall affects dust emission is that while
the correlation between concurrent year rainfall and dust is statistically significant and
negative, the magnitude of the correlation between previous year rainfall and dust is
larger in magnitude (Prospero and Lamb, 2003) (-0.68 using satellite data and -0.66
using the Barbados data). However, based on the results from a Fisher-z test to
determine the significance of the difference in correlation coefficients, I cannot rule
out the null hypothesis that the lagged correlations are statistically indistinguishable
from the non-lagged correlations. In other words, the fact that the correlation
magnitude peaks when Sahelian rainfall leads dust by one year may simply be a

statistical artifact.

2.4 The SHL

I next examine the concurrent roles of the SHL in dust emission and rainfall in
the summer from 1979 through 2012. The SHL is a region of a local surface and lower
tropospheric temperature maximum and surface pressure minimum that is present in
the western Sahara Desert during the summer (June-August) months, and is

characterized by a broad low-level cyclonic circulation, and mid-level anticyclonic
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circulation, about the SHL center (Lavaysse et al., 2009) (Fig. 2.3a). The magnitude
and extent of these two circulation features can be described by the atmospheric
thickness between the 700 hPa and 925 hPa levels, averaged spatially over the SHL
center. Larger values of Zy, indicate a strengthening of the characteristic SHL
circulation features (Lavaysse et al., 2009). The SHL center is detected in a manner
identical to the Lagrangian SHL tracking method described in (Lavaysse et al., 2009).
The temperature and thickness of the SHL change on time scales ranging from
synoptic (Lavaysse et al., 2010) to interannual (Evan et al., 2015a), and over the last
three decades Zy, has increased (Fig. 2.2), a trend that is corroborated by in-situ
observations (Evan et al., 2015a).

As the SHL warms, and Zy, increases, there is an intensification of the low-
level cyclonic circulation that has its center of action about the SHL (Lavaysse et al.,
2009), and this strengthened low-level circulation increases Sahelian rainfall during
the monsoon season via a northward displacement of the monsoon flow (Evan et al.,
2015a). Co-variability of Zy; and precipitation on the decadal scale is evidenced by a
statistically significant correlation of their seasonal time series (r-value of 0.54, p-
value of 0.01) (Fig. 2.2). The decadal-scale co-variability is also seen in Figure 2.3b,
which shows coefficients of the regression of monthly precipitation anomalies onto
monthly mean Zy,; anomalies, for the summer months (June-August) and from 1979
through 2012. Here, given an anomalously warm SHL there is an increase in Sahelian
precipitation and a reduction in rainfall along the Gulf of Guinea (Fig. 2.3b),

indicating an anomalously northward position of monsoon rain band, consistent with
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other studies (Evan et al., 2015a). Model projection suggests that there is tendency
towards more rainfall over the central-eastern Sahel in the mid 21* century (Monerie
etal., 2012, 2013). The dependency of Sahelian rainfall on the intensity of the SHL is
also evident in the regression of 925hPa winds onto Zy,, also for the months of the
monsoon season, which show an anomalous low-level southwesterly flow between the
Gulf of Guinea and the Sahel (Fig. 2.3b) that intensifies the climatological southerly
monsoon flow (Fig. 2.3a) and thus increases the northward transport of moisture to the
Sahel (Evan et al., 2015a).

Simultaneous with the increase in Sahel rainfall that is associated with an
anomalously warm SHL, there is an anomalous low-level southwesterly flow over the
three most important dust-emitting regions of the Sahara, the Bod¢l¢ depression, a
depression in the lee of the Air and Adrar Mountains, and western Mauritania and
Western Sahara (Fig. 2.3b; Schepanski et al., 2009; Evan et al., 2015a, 2015b; Ginoux
et al., 2012). I note that while the dust emission map from (Evan et al., 2015b) does
not show high (relative) emission rates over western Mauritania and Western Sahara,
another independent estimate of North African dust emission (Ginoux et al., 2012)
suggests that this region has the highest emission rates for the entire region.

All three major dust source regions are located on the Intertropical
Discontinuity (ITD), the interface between the cool moist southwesterly monsoon flow
and the warm and dry northeasterly flow. On the north edge of the ITD, the
climatological low-level winds are northerly to northeasterly (Fig. 2.3a), but the

anomalous wind fields associated with an increase in Zy; are southwesterly over the
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Bodélé depression and a depression in the lee of the Air and Adrar Mountains (Fig.
2.3b), a result of the anomalous cyclonic rotation about the SHL center of action.
Consequently, as Zp increases and the SHL circulation strengthens there is a net
reduction in the scalar 925 mb wind speeds to the northeast of these important source
regions, as evidenced by the statistically significant coefficients of the regression of
wind speed onto Zy; (shading, Fig. 2.3b). Thus, the regressions of monsoon rainfall and
winds onto Zy; (Fig. 2.3b) demonstrate that changes in the low-level circulation
associated with the SHL can simultaneously increase Sahelian rainfall and reduce
North African dust emission on various time scales, via the well-established

relationship between surface wind speeds and emission (e.g. Fecan et al., 1999).

2.5 Other Reanalyses
I also examine the concurrent roles of the SHL in dust emission and rainfall in
the summer using three other reanalysis products, namely, MERRA, NCEP2, and

NNRP.

2.5.1 MERRA

MERRA shows that associated with an anomalously warm SHL there is an
anomalous low-level southwesterly flow over the major dust-emitting regions (Fig.
2.4), consistent with the results from ERA-Interim (Fig. 2.3b). MERRA also shows
strengthened cyclonic circulation about the SHL center and a reduction in wind speeds
to the northeast of the three dust hot spots when the Z,; warms (Fig. 2.4), whereas the
reduction in wind speeds on the northeast edge over the dust hot spots associated with

warm Zy; is not observed in ERA-Interim (Fig. 2.3b). The regression coefficients are
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larger in MERRA compared with ERA-Interim, especially in the lee of the Air and
Adrar Mountains and to the northeast of the western Mauritania dust hot spot (Fig.

2.4).

2.52 NCEP2

NCEP2 exhibit an anomalous low-level southwesterly flow between the Gulf
of Guinea and the Sahel associated with an anomalously warm SHL (Fig. 2.5). The
strengthened cyclonic circulation about the SHL center associated warm SHL is also
observed using NECP2 (Fig. 2.5). A reduction in 925 mb wind speeds is observed over
the Bod¢l¢ depression (Fig. 2.5), identical to MERRA (Fig. 2.4), and to the northeast
of the lee of the Air and Adrar Mountains (Fig. 2.5), identical to ERA-Interim (Fig.
2.3b). However, NCEP2 does not show a reduction in wind speeds to the northeast of

the Bodél¢ depression as shown in ERA-Interim and MERRA (Fig2.3b, Fig2.4).

2.5.3 NNRP
NNRP has the same spatial resolution as NCEP2, and results from NNRP are

the same as NCEP2 (Fig.2.5, Fig.2.6).

2.6 Synoptic Stations

Visibility is used as an indication of dust storms as the visibility drops
significantly when a dust storm occurs. I examine the monthly mean visibility at each
station. DATM and DAAJ have a relatively short period of data availability of less
than 10 years. Among these five station, DATM has the lowest mean visibility of 5.6

km, indicating dust loading is persistently high in southern Algeria in summer (Table
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2.3). DAOD in eastern Algeria and DAAJ in western Algeria have mean visibility
above 9 km, indicating dust loading is low in these two regions in summer (Table 2.3).
A downward trend is observed at each station; however, none of these trends are
statistically significant. The visibility trend and uncertainties for each station are

summarized in Table 2.3.

2.7 Conclusions

My results suggest that the long-noted negative correlation between dust and
rainfall is by association, and that both features are simultaneously responding to
large-scale forcing by the SHL. Such an interpretation of the data is consistent with
previous work regarding the influence of the SHL on the physical characteristics of the
West African Monsoon (Lavaysse et al., 2009; Lavaysse et al., 2010; Evan et al.,
2015a), and with model (Ridley et al., 2014) and observational (Ginoux et al., 2012,
Schepanski et al., 2009; Evan et al., 2015b) studies of North African dust sources. |
cannot exclude the possibility that dust emission in Sahel is causally correlated to
rainfall via changes in vegetation cover and soil moisture (e.g., Cowie et al., 2013),
rather I suggest that such effects are to first-order negligible when compared to the
coincident changes in dust emission over the vastly larger Sahara.

Finally, when forced with observed sea surface temperatures climate models
are unable to reproduce the observed year-to-year variability of dust over the North
Atlantic (Evan et al., 2014). In light of this work it is plausible that an underlying
cause of this deficiency is an inaccurate representation of the location of the major

dust emitting regions (Evan et al., 2014). Additionally, initial work (Yoshioka, 2007)
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suggests that climate models may not sufficiently represent the SHL and its influence
on the regional climate, which I have shown is requisite to represent the dust-cycle in
this part of the world, although more work is needed to comprehensively evaluate the

representation of the SHL in climate models.
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2.8 Figures
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Figure 2.1 Locations of synoptic stations in North Africa.
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Figure 2.2 Seasonal (June-August) time series of Z,, (red), precipitation (P, blue) and
1, (yellow). The monthly mean precipitation series is averaged over 5° W to 20° E, 10°
to 20° N, and t, is averaged over 10° to 65° W and 0° to 30°N. The thin lines are the
seasonal means and the thick lines are the 5-season smoothed time series (via a 1-4-7-
4-1 filter).
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Figure 2.3 Climatology (a) and regressed (b) precipitation and winds. (a) Shown is a
map of long-term mean dust emission (shading), seasonal mean precipitation (magenta
contour lines, mm day™) and seasonal mean 925 hPa climatological wind vectors (both
June—August). Dust emission rates are in non-dimensional units of % of total annual
mean North Africa dust emission rates. The red circle indicates the location of the
mean seasonal (June—August) position of the SHL. The gray boxes are the major dust
hotspots of the Bodélé Depression (14° to 24° E, 14° to 21° N), the depression in the
lee of Air and Adrar Mountains (2° to 10° E, 16° to 24° N), and the Mauritania and
Western Sahara source region (12°W to 2° W, 18° to 27° N, dashed lines). (b) Map of
the coefficients of the regression of 925 hPa meridional and zonal winds (vectors and
shading) and precipitation onto Z,,, for June—August and 1979 through 2012. Vectors
indicate anomalous wind direction, and the shaded regions are the wind speed
coefficients, where only coefficients statistically significant at the 90% level are
shown.
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Figure 2.4 Same as Figure 2.3b but using MERRA.
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Figure 2.5 Same as Figure 2.3b but using NCEP2.
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Figure 2.6 Same as Figure 2.3b but using NNRP.

41



(@) DAAJ
10

6
1995 2000 2005 2010 2015

() DATM

4
1995 2000 2005 2010 2015

e) DAOF
10

6
1995 2000 2005 2010 2015

42

(b) DAAT
10
9 Y
] 1L
7

6
1995 2000 2005 2010 2015

(d) DRZA

10

6
1995 2000 2005 2010 2015

Figure 2.7 Time series (blue) of visibility at five synoptic stations in North Africa.

Red line indicates the trend of visibility.



2.9 Tables

Table 2.1 Location, elevation and data availability of each synoptic station in North
Africa.

Station Longitude Latitude  Elevation Data Mean
(°E) (°N) (m) availability visibility
(km)
DAAJ 9.47 24.55 1054 2004-2012 9.1
DAAT 5.47 22.82 1377 1995-2012 8.8
DATM 0.92 21.38 396 2004-2012 5.8
DRZA 7.98 16.97 502 2000-2012 8.6

DAOF -8.13 27.67 431 2001-2012 9.0




Table 2.2 R values and p values for time series of Z,,, P, and 1,. r and p values
significant at the 90% confidence level are in bold.

Zhl , Td Zhl, P P, Td

r -0.54 0.54 -0.53
p 0.003 0.01 0.01
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Table 2.3 Visibility trend and uncertainties of each synoptic station in North Africa.

Station Mean visibility (km) Trend (uncertainty)
DAAJ 9.1 -0.066 (£0.11)
DAAT 8.8 -0.024 (£0.03)
DATM 5.8 -0.112 (£0.23)
DRZA 8.6 -0.031 (£0.09)

DAOF 9.0 -0.051 (+0.06)




Chapter 3
The Role the Saharan Heat Low Plays in Dust Emission and
Transport in North Africa during Summertime

Abstract

The Saharan Heat Low (SHL) is an important element in the meteorological
system in North Africa in summer. However, it is unclear how the SHL affects North
African dust emission and transport. Here I investigate the impact of the SHL on dust
emission and transport on synoptic time scales in North Africa during the summer
over the period 2003-2015 using satellite retrievals of dust optical depth (DOD) and
vertical profiles. During the cool phases of the SHL, dust is preferentially emitted
from the Bodél¢é depression. Then, as the SHL warms, the dust emitted from the
Bod¢lé depression is advected westward due to the intensified African Easterly Jet,
resulting in anomalously high DOD values over Mali and Mauritania, where persistent
lower troposphere convergence within the SHL sustains the high concentrations of
dust. Thus, the persistently high dust DOD from satellite retrievals over Mali and
Mauritania in conditions of warm SHL are a combination of dust advection from the

east and local emission.
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3.1 Introduction

Aeolian dust is the most pervasive aerosol in the atmosphere (Kaufman et al.,
2005) and it has various impacts on the Earth system. Dust can absorb and scatter
visible and infrared radiation and thus affect the atmospheric radiation budget
(Golitsyn and Gillette, 1993; Kaufman et al., 2002). Dust can act as a cloud
condensation nuclei, indirectly changing the atmospheric radiation budget and the
hydrological cycle by modifying cloud cover (Wurzler et al., 2000; DeMott et al.,
2003) and cloud properties (Miller et al., 2004; Andreae and Rosenfeld, 2008;
Rosenfeld et al., 2008; Creamean et al., 2013). In addition, dust plays a non-negligible
role in biogeochemical processes by transporting nutrients to oceanic (Savoie and
Prospero, 1980; Swap et al., 1996; Okin et al. 2011) and terrestrial ecosystems (Swap
et al., 1992; Formenti et al., 2001; Das et al., 2013).

The Sahara is the world’s largest source of aeolian dust (D 'Almeida, 1987),
and it is estimated that each year several hundred teragrams (Tg) of African dust is
transported over the Atlantic to the United States, the Caribbean and South America
(Prospero, 1996; Chin et al., 2007). There are a number of major dust source regions
in North Africa, including Tunisia and Northern Algeria, the foothills of the Atlas, the
Ahaggar and the Air Mountains, the coastal region in Western Sahara and western
Mauritania, the Mali-Algerian border region, Central Libya, the Bod¢lé depression,
and Southern Egypt and Northern Sudan (Brooks and Legrand, 2000; Caquineau et al.,
2002; Prospero et al., 2002; Israelevich et al., 2002, Goudie, 2003; Schepanski et al.,

2009; Formenti et al., 2011; Scheuvens et al., 2013). Among those dust source regions
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the Bod¢l¢ is found to be the largest contributor to the atmospheric dust load,
accounting for 64% (+16%) of the total North Africa dust emission (Evan et al. 2015).

Meteorological processes prompting dust emissions and transport are different
at the north and at the south of the Intertropical Discontinuity (ITD), the interface
between the cool moist southwesterly monsoon flow and the warm and dry
northeasterly flown, which location exhibits a significant variability at diurnal to
seasonal scales. North of the ITD, the northeasterly Harmattan flow drives dust
emissions and transport in summer (Rodriguez et al., 2015) whereas dust mobilization
south of the ITD is influenced by the monsoon front (Bou Karam et al., 2008) and
African easterly waves (AEW, Jones et al., 2003).

The Saharan Heat Low (SHL) plays an important role in the dynamics of the
West African monsoon system. The SHL is an area of high surface temperature and
low surface pressure within the summertime Sahara Desert, and is characterized by a
low-level cyclonic circulation and mid-level anticyclonic circulation about the SHL
center (Lavaysse et al., 2009). The warm phases of the SHL indicate a dilatation of the
lower atmosphere in response to an increase in low-level temperature and are
associated with a strengthened low-level cyclonic circulation that opposes the
northeasterlies along the southeastern branch of the SHL and enhances them along the
northwestern branch. Lavaysse et al. (2010b) and Chauvin et al. (2010) showed that
AEWSs, Rossby waves (and other mid-latitude circulations) and low level advection of
moisture from the south (monsoon intrusions) or the north (Mediterranean surges)

influence the structure and intensity of the SHL at synoptic scales.
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During the summer, the warm phases of the SHL are associated with an
intensification of the African easterly jet (AEJ, Lavaysse et al., 2010a), and barotropic
and baroclinic energy conversions from the AEJ are the main maintenance
mechanisms for AEWs (Norquist et al., 1977). AEWs dominate synoptic-scale
variability over West Africa (Kiladis et al., 2006) and modify dustiness over the
Atlantic (Jones et al., 2003) and West Africa (Knippertz and Todd, 2010).

In this chapter, I describe how the intensity of the SHL affects dust emission
and transport on the synoptic scale in North Africa in the summertime (July and
August) via analysis of 13 years of reanalysis and satellite data. I aim to provide a
comprehensive description of the relationship between the phase and strength of the
SHL and the North African dust cycle. The remainder of this chapter is organized as
follows: In Chapter 3.2, I describe the datasets used in this study. In Chapter 3.3, |
examine the periodicity of the intensity of the SHL, how the variability in the SHL is
related to dust emission and transport over North Africa. and the tropical Atlantic, and
how the vertical distribution of dust varies with the intensity of the SHL. A brief

conclusion is provided in Chapter 3.4.

3.2 Data and Methods
Here I describe the reanalysis product, satellite data, and surface observations
used in this study to understand how dust transport is associated with the strength of

the SHL.
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3.2.1 Winds

ERA Interim has modeled variables on 23 pressure levels from 1000 to 1 hPa. I
use 600 hPa, 925 hPa and 10 m winds with a horizontal resolution of 1° x 1° at 0600
UTC from ERA Interim reanalysis daily product in July and August from 2003
through 2015 to examine the variability of winds with the strength of the SHL. Winds
from ERA Interim have been proven to be well suited for analysis of dust emission
and transport in North Africa among all the reanalysis products (Evan et al, 2016;

Largeron et al., 2015).

3.2.2 Satellite Data

Satellite products are useful to study dust transport as they represent the only
observational method to characterize the large-scale variability of aerosols.
Observations from the Moderate Resolution Imaging Spectroradiometer (MODIS),
aboard the Terra and Aqua satellites, have been widely used to study dust over the
ocean and the land (e.g. Kaufman et al., 2005; Ginoux et al., 2012). MODIS level 3
aerosol products provide global coverage of aerosol properties using the Dark Target
and Deep Blue algorithms at a 1° by 1° spatial resolution on a daily basis (Levy et al.,
2015). The Dark Target algorithm retrieves aerosol optical depth (AOD) at 550 nm
over ocean and dark land, while the Deep Blue algorithm covers both dark and bright
land surface (Hsu et al., 2013). Following the methodology of Ginoux et al. (2012) 1
classify a scene as dust over land based on the follow criteria. The first criterion is that
Angstrom exponent is less than 0.6 (Schepanski et al., 2007) as fine aerosols have

larger Angstrom exponent. The second criterion is that the single scattering albedo ()
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at 412 nm is less than 0.95 as sea salt o is near 1 (Ginoux et al. 2012). The third
criterion requires @ at 660 nm to be larger than ® at 412 nm as dust absorption
increases sharply from red to deep blue spectrum (Ginoux et al., 2012). I also
eliminate fine AOD from AOD for DOD over the ocean. Since Terra has a relatively
short period of data availability (2000-2007) due to the lack of polarization corrections
to the L1B data, I use the Aqua Atmosphere Level 3 daily product to examine how the
spatial pattern of DOD over North Africa and the tropical Atlantic varies with the
strength of the SHL in summertime from 2003 through 2015.

In order to examine the vertical distribution of dust I use data from the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO). I use both the
Level 2 5-km aerosol layer product and the 5-km aerosol profile product to construct
vertical profiles of dust. I construct vertical profiles of DOD at 60 m vertical resolution
using the following method: The column DOD (7) identified by the VFM in the
aerosol layer product is given by

T =axXz
where a is the extinction coefficient of the total number of integrated layers with 60 m
resolution within the dust plume.. Here the depth of each layer (Az) is 60 m, which is
the vertical resolution of the CALIOP Level 2 aerosol profile product. The DOD of a
single 60 m layer (t;) is approximately
T = a; XAz

and from (1) and (2) I define the DOD at a 60 m resolution as
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where 7 and a are given in the aerosol layer product and thus represent values
integrated over depth, and a; is reported in the aerosol profile product.

I average the daytime and nighttime CALIOP data in summertime from 2007
through 2015 over several regions in North Africa to examine how the layer-derived
DOD varies with the strength of the SHL. I use DOD instead of extinction to be

consistent with MOIDS and AERONET.

3.3 Results

I first describe the periodicity of the SHL index and how the LLAT in North
Africa evolves with the SHL index. I then examine how DOD from MODIS and
surface winds vary with the SHL index in the summertime for the period of 2003-2015.
This is followed by an analysis of the differences in the vertical distribution of DOD

as the strength of the SHL varies.

3.3.1 Variability of the SHL index

To examine the variability of the SHL index on synoptic time scale, I first
apply a 15-day filter to the daily time series of the SHL and subset July and August.
Then I select 25% of the days with the warmest SHL index and 25% of the days with
the coolest SHL index (62 days/year x 13 years x 25% = 202 days each). Next, I
average the SHL index for all warm days and the SHL index for all cool days and
subtract the difference (warm - cool). For lead (lag) days we calculate the average
SHL index for all days (202 days in total) that are leading (or lagging) the 25%
warmest SHL days by the number of lead/lag days specified. I similarly calculate the

average SHL index for all days (202 days) that are leading (or lagging) the 25%
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coolest SHL days by the number of lead (lag) days. I then subtract the difference
between these two time series (warm lead/lag — cool lead/lag) to examine the
variability of the SHL index. I repeated this analysis by using the 10% and 50%
warmest and coolest days, obtaining qualitatively similar results.

Figure 3.2 shows the difference of the SHL index from 10-day lead to 10-day
lag. Two local minima are found at 7-day lead and 7-day lag, indicating the SHL index
varies on a timescale of about two weeks. In this chapter, I focus on a 11-day period,
which is from 5 days before the SHL is warm to 5 days after the SHL is warm, as
during this period the effect of the SHL on dust emission and transport and winds is

notably seen.

3.3.2 The LLAT and the SHL index

I composite the LLAT around the 25% warmest and coolest SHL index for the
analysis, which amounts to a total of 404 days. I examine the difference in the LLAT
when the LLAT leads and lags the 25% warmest and the coolest SHL days for 0 to 5
days. I make the SHL-composited LLAT maps following the method described in
chapter 3.3.1.

To make sure that my analysis is not affected by secular trends or seasonality,
I examine the distribution of anomalously warm and anomalously cool days.
Anomalously warm and anomalously cool days are homogenously distributed through
the time period with 50.4% of anomalously cool days and 49.6% of anomalously
warm days in the first half of time period (July 2003-July 2009), and 49.6% of

anomalously cool days and 50.4% of anomalously warm days in the second half of
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time period (August 2009-August 2015). Anomalously warm and anomalously cool
days are also evenly distributed throughout the July-August period with 46.7% of
anomalously cool days and 53.1% of anomalously warm days in July and 53.1% of
anomalously warm days and 46.7% of anomalously cool days in August.

Between 5 and 4 days prior to the maximum in LLAT, a negative anomaly in
the LLAT is observed over Mauritania, northern Mali and southern Algeria, indicating
anomalous cooling between 925 and 700 hPa over this region (Fig. 3.3a, b). A positive
anomaly in the LLAT is observed over Libya between 5 and 4 days prior to the
maximum in LLAT (Fig. 3.3a, b). The positive anomaly of the LLAT over Libya
extends westward to Algeria and southward to Chad, Niger and Mali at 3-2 day leads
(Fig. 3.3c). The east-west transition of the SHL is driven by mid-latitude Rossby
waves propagating along the North Atlantic-North African waveguide (Chauvin et al.,
2010). At 1-day lead the anomaly becomes stronger and the largest positive anomaly
of the LLAT is observed over northern Mali and southern Algeria (Fig. 3.3¢). The
positive LLAT anomaly then migrates westward and is situated over western
Mauritania, eastern Mali and southern Algeria at 0-day lead (Fig. 3.3f). This migration
could be induced by the cyclonic circulation associated with the low pressure system
that brings dry and warm advection from the North on the western edge of the low
pressure and cold and moist air, with most of the time deep convective systems, along
the eastern edge (Lavaysse et al., 2010). The positive anomaly of the LLAT continues
to migrate westward and weakens at 1-2 day lags (Fig. 3.3g, h) (Chauvin et al., 2010).

Once the low pressure becomes close to the coast, the humid and cold advections
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generally induce the collapsing of the SHL. At 1-2 day lags a negative anomaly of the
LLAT is observed over Lybia, due to the entry of cool air from the Mediterranean
where the prevailing flow pattern is from north to south (Millan et al., 1997; Kallos et
al., 1998; Gangoiti et al., 2006). At 3-day lag negative anomalies of the LLAT are
seen over Libya and Chad (Fig. 3.31), and those negative anomalies extend across the
Sahara at 4-5 day lags (Fig. 3.3j, k). It is noticeable that the 925 hPa wind vectors and
the LLAT are strongly correlated with anomalous southwesterlies corresponding to
positive anomalies of the LLAT (Fig. 3.3). Chauvin et al. (2010) used 850 hPa
potential temperature and winds to study the variability of the SHL and winds on
intraseasonal scale, obtaining similar correlation between the SHL and low-level

winds.

3.3.3 DOD and the SHL

In order to examine how DOD varies with the SHL, I examine MODIS-derived
DOD over North Africa and the tropical Atlantic composited around warm and cool
phases of the SHL and for the entire analysis period following the same methodology
used in chapter 3.3.1. Since the strength of the SHL affects the intensity of the AEJ, I
also perform an identical composite analysis on 600 hPa winds from reanalysis in
order to study the effect of changes in the SHL state on the AEJ, which is typically
located between 700 and 600 hPa (Burpee, 1972). Only values that are statistically

significant at the 90% confidence level are plotted.
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I note that there are two ways to interpret our results. A positive DOD anomaly
can be due only to changes in the wind speed, or it can be due to changes in emission.
From this analysis alone I cannot determine which it is.

For dust leading the SHL by 4 and 5 days, a positive DOD anomaly is
observed in the vicinity of the Bodélé depression, which is located between 14-24°E
and 14-21°N (Fig. 3.4a). At DOD leading the SHL by 4 days dust appears to be
advected westward (Fig. 3.4b). Those positive DOD anomalies are likely to be dust
emitted from the Bodél¢é depression because there are no anomalies in the 600 hPa
winds (Fig. 3.4b). Furthermore, there are anomalous northeasterly flows at 925 mb
(Fig. 3.3b) and 10 m (Fig. 3.6b) over the Bodél¢ at the same time. For DOD leading
the SHL by 3 days a positive DOD anomaly is seen in the lee of the Air and Adrar
Mountains (Fig. 3.1, Fig. 3.4c), which is an active dust hot spot (Schepanski et al,
2007; Kocha et al., 2013; Evan et al., 2015b). This positive anomaly is also likely due
to local emission as anomalous northeasterly flows at 10 m is observed in the lee of
the Air and Adrar Mountains (Fig.3.1, Fig. 3.6¢), facilitating dust emission. For DOD
leading the SHL by 2 days a positive DOD anomaly is seen further to the west, over
the eastern Mauritania region, while dust from the Bodél¢ depression and the basin in
the lee of the Air and Adrar Mountains continues to be advected westward by the
intensified AEJ (Fig. 3.1, Fig. 3.4d). For DOD leading the SHL by 1-0 days there is
likely dust emission in Mali and Mauritania as an anomalous cyclonic circulation is
observed at surface (Fig. 3.3e-f, Fig. 3.6e-f). Dust from those three regions have all

merged into one large and very optically thick plume over Mali and Mauritania
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(Fig.3.1, Fig. 3.4e-f). Associated with westward transport of dust is the intensification
of the AEJ between 20°W-0°E and 10-20°N, evidenced by an anomalous increase in
wind speeds at 600 hPa (Fig. 3.4e-f). The intensity of the AEJ is modulated by the
anticyclonic circulation associated with the diverging flow at the top of the SHL
(Lavaysse et al., 2010a; Kalapureddy et al., 2010). As the SHL warms, the
anticyclonic circulation in the mid-troposphere intensifies and so does the AEJ,
consequently, facilitating the westward transport of dust (Fig. 3.4a-f). Therefore, the
positive DOD anomaly over Mali and Mauritania is a combination of dust advected
from east and local emission. An increase in dust load is observed in Fig. 3.4e north of
the SHL, which is possibly related to the enhancement of the North African high as in
Rodriguez et al. (2015).

Additionally, for DOD leading the SHL by 1-0 days, a negative DOD anomaly
is seen off the coast of Western Sahara and Morocco, which is likely associated with
anomalous 600 hPa westerlies that are bringing cleaner marine air onshore (Fig.3.1,
Fig. 3.4e-f). I repeated this analysis using 850 hPa winds, also noting anomalously
strong westerlies at this pressure level (not shown).

For DOD lagging the SHL by 1 day, the positive DOD anomaly, which was
centered on 10°W and 15°N at a 0-day lead/lag, appears to propagate westward into
the tropical North Atlantic (Fig. 3.4g), reaching 40°W at a 2-day lag (Fig. 3.4h) and
50°W at a 3-day lag (Fig. 3.41). For dust lagging the SHL by 4-5 days the high DOD
anomalies within the Saharan air layer essentially extends beyond 50°W, which is the

westernmost edge of our region of study (Fig. 3.4j-k).
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However, I cannot be entirely certain with regard to the causality between dust
and easterlies. It is possible that the winds along are changing the dust concentration,
rather than anomalously high dust concentrations to the east being advected by the
anomalously strong easterlies.

Coincident with the westward propagation of this region of high DOD
anomalies, from the ERA Interim data I see anomalously strong 600 hPa easterlies that
very closely match the spatial structure of this positive DOD anomaly (Fig. 3.4e-1).
These positive DOD anomalies in Figures 3.4e-1 are bounded to the north by a region
of negative DOD anomalies, which are found within a region where the 600 hPa flow
is anomalously westerly. Thus, in the tropical North Atlantic and at around 20°N the
sign change of the zonal wind is also where the sign of the DOD anomalies change, in
the meridional direction. It is important to note that the DOD and wind data are
completely independent, thus I can conclude with a high degree of confidence that
advection of dust across the tropical North Atlantic, associated with the state of the
SHL, is likely due to the SHL-forced strengthening of the AEJ.

At 1-0 day leads and 1-2 lags there is a positive DOD anomaly surrounding
and within the SHL (Fig. 4e-h). This area, which includes northern Mali, southern
Algeria, and eastern Mauritania (Fig. 3.1), is considered to be one of the major North
African dust source regions; DOD from the MODIS Deep Blue product is observed to
be above 0.2 for more than 75% of the time in June, July and August from 2003
through 2009 (Ginoux et al., 2012). Other satellite products, such as the Ozone

Monitoring Instrument (Schepanski et al., 2007), the Total Ozone Mapping
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Spectrometer Aerosol Indices (Engelstaedter et al., 2006) and the Multiangle Imaging
Spectroradiometer (Knippertz and Todd, 2010), also identify this region as one of the
most active dust hot spots in North Africa. The assumption made in the above cited
papers is that the high vertically integrated dust concentration is due to strong surface
emission. However, such an assumption may not be justified as dust mobilized further
east is likely advected into this area; Niger, Mali and Mauritania are downwind of the
Bodélé and Air and Adrar source regions (Fig. 3.1). Ashpole and Washington (2013)
find two dominant sources in the central and western Sahara, one in southwest Algeria
and northwest Mali, and the other in southern Algeria, northwest Niger, and northeast
Mali using Spinning Enhanced Visible and Infrared Imager (SEVIRI) dust flag, but
one of the caveats of their method is that it cannot distinguish dust advected from
elsewhere from local dust emission. Schenpanski et al. (2013) identify dust source
regions using fifteen-minute Meteosat Second Generation (MSG) SEVIRI infrared
dust index images and find large fraction of dust source activations in the Bod¢lé and
the foothills of the Saharan mountain area, which agrees with our findings here. I will
further investigate this later in this section and in Chapter 3.3.5. I repeated the analysis
shown in Figure 3.4 using winds from Modern Era Retrospective-Analysis for
Research and Applications (MERRA), obtaining results are consistent with those from
ERA Interim (not shown).

In order to examine the convective pattern associated with dust within the SHL
region I analyze the composite of divergence at 925 hPa and 600 hPa over the SHL

center, which is defined here as 10°-0°W and 15°-25°N. I first average divergence and
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DOD over the SHL center, and then perform the analysis in the same way as the
lead/lag composites of DOD. For divergence leading and lagging the SHL by 1-0 day,
anomalous convergence at 925 hPa and divergence at 600 hPa (Fig. 3.5a) are observed
over the SHL center. The differences in convergence at 925 hPa and divergence at 600
hPa reach a maximum at 0-day lead/lag (Fig. 3.5a). Anomalous convergence at 925
hPa associated with the warm SHL results in convergence of dust into the SHL center
(Fig. 3.5¢), and the anomalous upper level divergence directs dust around the SHL
center, both contributing to the positive DOD anomaly over the SHL center at 1-0 day
lead/lags (Fig. 3.5b, Fig. 3.4e-g). However, I still cannot exclude the possibility that
there is emission over the SHL center.

When DOD leads the SHL by 5 to 3 days, a negative DOD anomaly is
observed over the SHL center (Fig. 5b). When DOD leads the SHL by 2-0 day and
lags the SHL by 1-4 days, a positive DOD anomaly is seen over the SHL center (Fig.
3.5b). Our analysis shows that DOD over the SHL center varies in phase with the SHL
index (Fig. 5b, ¢). When the SHL is cool, dust is emitted from the Bodél¢ depression
and the basin in the lee of the Air and Adrar Mountains, and as the SHL warms, dust
from these two source regions is likely advected westward to Mali and Mauritania. At
a 0-day lead/lag the difference in DOD reaches a maximum over the SHL center (Fig.
3.5b). As the SHL cools and convergence at 925 hPa weakens, the difference in DOD

over the SHL center decreases at 1-4 day lags (Fig. 3.5b, c).
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3.3.4 Surface winds

It is known that most dust emission in North Africa occurs within major
topographic depressions (Prospero et al., 2002; Evan et al., 2016), where flow through
the mountain gaps can accelerate and induce dust storms. It is estimated that nearly 85%
of dust emission in North Africa occurs in the downwind directions of mountain gaps
(Evan et al. 2015), and thus the variability in gap flow significantly affects dust
emission. In order to understand how the variability in the SHL affects the gap flow,
and in turn dust emission, here I examine the 10m winds from ERA Interim. For dust
leading the SHL by 5 to 4 days, anomalous northeasterly surface flow is observed
downwind of the gap between the Tibesti mountains (labeled ¢ in Fig. 3.6) and Ennedi
plateau (e) as well as the gap between the Tibesti (¢) and Ahaggar mountains (b), and
thus positive DOD anomaly is seen in the downwind region over the Bodélé
depression (Fig. 3.6a). For dust leading the SHL by 3 to 2 days, anomalous
northeasterly surface flow is observed downwind of the gap between the Tibesti (¢)
and Ahaggar mountains (b) as well as the gap between Air massif (d) and Ahaggar
mountains (b), that contributes to the positive DOD anomaly over the Bod¢lé
depression and the lee of Air and Ahaggar mountains (Fig. 3.6¢c, d). For dust leading
the SHL by 4 to 2 days anomalous southwesterly flow is observed between Atlas (a)
and Ahaggar mountains (b), and positive DOD is seen over Algeria and Libya (Fig.3.1,
Fig. 3.6a-d). For dust leading the SHL by 1 day an anomalous cyclonic circulation is
observed at the surface over Mali and Eastern Mauritania, and gap flows weaken

between the Tibesti mountains (c) and Ennedi plateau (e) as well as between the
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Tibesti (c) and Ahaggar mountains (b) (Fig. 3.6¢). For dust leading the SHL by 0 day
surface winds converge from all sides in the SHL center, and a positive dust anomaly
overlaps with an anomalously strong cyclonic circulation located in Mali and
Mauritania (Fig. 3.6f). Our analysis indicates that dust emission in North Africa
increases with anomalously strong down-gap winds, which are associated with the

cool phases of the SHL.

3.3.5 Dust vertical profiles

Dust vertical profiles provide useful information on dust emission and
transport, and CALIPSO is the only satellite that measures vertical profiles of aerosols
globally. Since MODIS products do not provide information on the vertical profiles of
dust, I use CALIPSO to examine the surface and upper level dust over the SHL center
in summer. [ examine how the vertical profiles of DOD vary with the SHL strengthen
over the SHL center in summer from 2007 through 2015. Ma et al. (2013) showed that
the climatology of DOD from CALIPSO is significantly lower than MODIS over the
Saharan region, which we have also noted (not shown). Here I normalize daily
CALIPSO DOD, averaged over the SHL center (10°-0°W, 15°-25°N) so that the daily
column integrated DOD from CALIPSO equals the daily mean MODIS DOD over the
SHL center. For dust leading the SHL by 5-4 days a negative DOD anomaly is located
above 1 km (Fig. 3.7). For dust leading the SHL by 3 days a positive DOD anomaly is
observed below 2 km (Fig. 3.7), indicating there is likely dust emission in the SHL
center. For dust leading the SHL by 2 days a positive DOD anomaly extends to 3.5 km,

suggesting that as the SHL warms, more dust is building up over the SHL center.



63

Since the positive anomaly is found in the lower troposphere, there is likely dust
emission in the SHL center at 2-day lead. For dust leading the SHL by 1-0 day a
positive DOD anomaly is seen from the surface up to 6 km due to the anomalous
convergence at 925 hPa associated with the warm SHL (Fig. 3.5a, Fig. 3.7), which
results in dust being advected into the SHL. The largest difference in DOD is located
between 0.5-3.5 km at 1-0 days leads and 1 day lag (Fig. 3.7). For dust lagging the
SHL by 3-5 days a positive DOD anomaly is mainly found above 2.5 km (Fig. 3.7),
which is likely the residual of dust.

To further examine how dust emission and transport are associated with the
strength of the SHL in North Africa in summer, I construct the vertical profiles of
DOD for warm and cool SHL cases in regions where DOD anomalies are observed in
Fig. 3.4, and calculate the difference in DOD (warm - cool) from the surface to 8 km.
Then I normalized the difference in DOD to 1 as I focus on the shape of the profiles
rather than the magnitude. For DOD leading the SHL by 2 days a positive DOD
anomaly is observed over the lee of the Air and Adrar Mountains (Fig. 3.8a), and
positive DOD anomalies from CALIPSO (3W-8°E and 15-20°N) occur between 1 to 4
km above sea level with the largest anomaly around 2 km (Fig. 3.8b), indicating there
is dust emission over the lee of the Air and Adrar Mountains. For DOD leading the
SHL by 1 day, positive and statistically significant DOD anomalies (Fig. 3.8c, 10W-
2°E, 15-20°N) are seen from the surface up to 6 km (Fig. 3.8d). The vertical profile
exhibits a bimodal distribution, with one peak below 1 km and another peak at 2 km,

indicating dust in this region could be a mixture of local emissions linked to the gap
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flow (Fig. 3.6e) and dust advected from the east. For DOD leading the SHL by 0 day
positive DOD anomalies (Fig. 3.8e, 15-5°W, 15-20°N) extend above 6 km (Fig. 3.8f).
Surface temperature over the Sahara is high in summer, and thus dry convection
produces a deep mixed layer that can extend up to ~450 hPa (6.0 km) (Carlson and
Prospero, 1972; Adams et al., 2012) when it is fully developed late in the day.
Positive DOD anomalies are seen throughout the deep mixed layer, indicating there is
strong dry convection to the west of the lee of the Air and Adrar Mountains.
CALIPSO DOD differences are statistically significant from below 1 km to above 6
km (Fig. 3.8f). The occurrence of dust at high altitudes in this region indicates
advection of dust over Mali and Mauritania when the SHL is warm whereas the
positive anomaly below 1 km indicates there is dust emission from the surface (Fig.
3.8f). As this dust plume is advected to the western coast of North Africa (1-day lag,
Fig. 3.8g, 17-10°W, 15-20°N), CALIPSO DOD differences are statistically significant
from near the surface to 7 km (Fig. 3.8h), suggesting dust emission still occurs at the
surface at 1-day lag. For DOD lagging the SHL by 2 days (Fig. 3.81, 17-10°W, 15-
20°N), positive and statistically significant DOD anomalies are mainly seen in layers
from 4 and 7 km and below 1 km altitude (Fig. 3.8j). The positive anomaly from 4 and
7 km is the residual dust layer while the one below 1 km is attributable to surface
emission. Differences in DOD between 1 to 4 km are not statistically significant at 95%

confidence level (Fig. 3.8j), and this could be due to the penetration of marine air.
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3.4 Conclusions

The purpose of this chapter is to examine the effect of the SHL on dust
emission and transport on synoptic scale in North Africa in summer. Combining
satellite data and reanalysis product, I have shown that cool phases of the SHL are
associated with more dust emission over the major dust hotspots in North Africa
through the intensification of the gap flows in mountainous regions upstream. As the
SHL warms, dust is likely advected westward by the AEJ, which strengthens with the
warm SHL. Positive anomalies in DOD are observed over Mali, Mauritania and
Algeria when the SHL is warm, and such large anomalies are due to the westward
transport of dust from the Bodélé depression and the lee of Air and Adrar Mountains
and local emissions as well as the anomalously strong convergence in the lower
troposphere over the SHL center that sustains the advection of dust. This region has
been identified as one of the major dust hot spots by previous studies (e.g. Ginoux et
al.,2012). However, my analysis shows that high DOD there is a combination of local
emissions and dust advection from east, although the relative contribution of local and
upstream sources requires further investigation. As the SHL cools, dust is advected
westward over the North tropical Atlantic.

This chapter presented an observational analysis of dust variability on synoptic
scale associated with the strength of the SHL in summer over North Africa.
Highlighting this relationship between the SHL and dust emission and transport helps
identify the source regions of dust and mechanisms that govern dust emission and

transport. Climate models in the framework of the 5™ Coupled Models
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Intercomparison Project (CMIPS5) shows large variability in the SHL temperature and
discrepancies in the spatial and temporal evolution of the SHL (Lavaysse et al., 2015;
Dixon et al., 2017). In addition, dust emission is systematically underestimated in
these models (Evan et al., 2014). This study contributes to our understanding of the
role the SHL plays in dust emission and transport, and highlights the importance of the
correct representations of dust source regions, mechanisms that govern dust transport,
as well as the parameterization of the SHL in climate models in predicting dust

emission and transport in the future.
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3.5 Figures
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Figure 3.1 Map of North Africa. The gray boxes are the major dust source regions of
the Bodélé Depression (14° to 24° E, 14° to 21° N), the depression in the lee of Air
and Adrar Mountains (2° to 10° E, 16° to 24° N), and the Mauritania and Western
Sahara source region (12°W to 2° E, 18° to 27° N).
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Figure 3.2 Difference in the SHL for 25% of the warmest minus 25% of the coolest

SHL cases in July and August from 2003 through 2015 from 10-day lead to 10-day

lag.
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Figure 3.3 Differences in the LLAT and wind vectors at 925 hPa for the 25% warmest
minus 25% coolest SHL cases in July and August from 2003 through 2015 using 15-
day filter. 925 hPa wind vectors are from ERA Interim daily product. (a)-(f) winds
lead the SHL for 5 to O days. (g)-(k) winds lag the SHL for 1 to 5 days. Only
differences statistically significant at the 90% confidence level are shown.
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Figure 3.4 Differences in DOD and wind vectors at 600 hPa for the 25% warmest
minus 25% coolest SHL cases in July and August from 2003 through 2015 using 15-
day filter. DOD is from MODIS dark target and deep blue combined at 550 nm and
600 hPa wind vectors are from ERA Interim daily product. (a)-(f) DOD leads the SHL
for 5 to 0 days. (g)-(k) DOD lags the SHL for 1 to 5 days. Only differences statistically
significant at the 90% confidence level are shown. The gray boxes are the major dust
source regions. The magenta circle indicates the location of the mean seasonal position
of the SHL.
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Figure 3.5 Differences in (a) divergence at 925 hPa and 600 hPa, (b) MODIS DOD
over the SHL center, and (c) the SHL for the 25% warmest minus 25% coolest SHL
cases in July and August from 2003 through 2015 using 15-day filter when divergence
and DOD lead or lag the SHL for 0-5 days. Also shown is the error bars of divergence,
DOD and the SHL. Divergence and DOD are averaged over 10° to 0°W and 15°-25°N.
Divergence is from ERA Interim daily product.
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S-day lead

Figure 3.6 Difference of the 10m wind vectors from ERA-Interim and DOD from
MODIS for the 25% warmest minus 25% coolest SHL cases at 5-0 day leads in the
summertime from 2007 through 2015 using 15-day filter. Only differences statistically
significant at the 90% confidence level are shown. Transects indicate gaps between
mountains. a-e represent Atlas Mountains, Ahaggar mountains, Tibesti mountains, Air
massif and Ennedi plateau, respectively.
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Figure 3.7 Difference in the vertical distribution of DOD from CALIPSO for the 25%
warmest minus 25% coolest SHL cases in the summertime from 2007 through 2015
averaged over the SHL center (10-0°W and 15-25°N) for 5-0 day leads and 1-5 day
lags. Daily DOD from CALIPSO averaged over the SHL center is normalized to equal
daily mean DOD from MODIS averaged over the SHL center.
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Figure 3.8 Differences in the vertical distribution of DOD from CALIPSO for the 25%
warmest minus 25% coolest SHL cases in the summertime from 2007 through 2015
averaged over (b) 3W-8°E and 15-20°N at a 2-day lead, (d) I0W-2°E and 15-20°N at

a 1-day lead, (f) I5W-5°E and 15-20°N at a 0-day lead, (h) 17-10°W and 15-20°N at a
1-day lag, and (j) 17-10°W and 15-20°N at a 2-day lag. Vertical profiles of DOD are
normalized to 1. Circles indicate where the difference in DOD is significantly different
at the 95% confidence level. Figures (a), (c¢), (e), (g), and (i) are the same as figures 4
(d)-(h). Gray boxes indicate the regions where CALIPSO profiles are constructed.



Chapter 4
Identifying the Bias in a Dust Source Function in North

Africa using the WRF-Chem Model

Abstract

The Sahara is the largest desert in the world that accounts for more than 50%
of the global dust emission. However, it is difficult to identify dust source regions as
the Sahara is vastly uninhabited. Previous works have used satellite data to construct
dust source functions. In this chapter, I examine an existing dust source function in
North Africa constructed with Deep Blue AOD from MODIS. I find the dust source
function made with MODIS data is biased in the Sahel and western Sahara as satellite
cannot distinguish local emission from dust advection. By using dust emission flux
and DOD from the Weather Research and Forecasting with Chemistry (WRF-Chem)
model, I find the current dust source function overestimates DOD in the Sahel and the
western Sahara region in all seasons. To eliminate the biases of the dust source
function due to advection, I develop a new source function using DOD in the lowest
1km from the model. Using DOD below 1km reduces the biases in the source function
in the Sahel. However, no significant improvement is observed in the western Sahara
region. This work suggests that dust source functions constructed with satellite
observations may overestimate dust emission in the downwind regions and DOD may

not be a good proxy for the source function.
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4.1 Introduction

Dust plays an important role in the global and regional climate system (e.g.
Tegen et al., 1996; Ramanathan et al., 2001; Woodward, 2001). In order to estimate
the impacts of dust on the climate, dust sources need to be properly identified. Dust
emission from North Africa accounts for more than 50% of the total global dust
emission (Engelstaedter et al., 2006; Ginoux et al., 2012). However, it is difficult to
identify dust source regions in North Africa due to the lack of ground-based
observations in the Sahara. Previous studies have used satellite observations to derive
dust source regions in North Africa (Schepanski et al., 2007; Ginoux et al., 2012;
Ashpole and Washington, 2013a). For example, Ginoux et al. (2012) made a dust
source function in North Africa using Deep Blue AOD from MODIS. However,
satellite products cannot distinguish between local dust emission and dust transport,
and thus dust source functions derived from satellite observations may be biased. In
the past decades, there has been increasing efforts to improve dust modeling (e.g.
Ginoux et al., 2001; Zender et al., 2003; Zhao et al., 2010). Although climate models
show a wide range of dust emission due to uncertainties in model processes (Evan et
al., 2014), they provide a unique opportunity to examine how dust emission flux and
dust concentrations are related to each other.

The aim of this chapter is threefold. First, I examine the dust climatology from
satellite products. Second, I use dust emission and DOD from the Weather Research
and Forecasting with Chemistry (WRF-Chem) model (Grell et al., 2005; Skamarock et

al., 2008) to examine the biases in the dust source function developed by Ginoux et al.
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(2012). Then I develop a new dust function to examine whether that improves dust
source mapping in North Africa.

This chapter is organized as follows. Chapter 4.2 details the satellite products
and model used in this work. Chapter 4.3 compares dust climatology from two
satellites. Chapter 4.4 examines dust emission frequency from the WRF-Chem model

using three criteria. Conclusions are provided in Chapter 4.5.

4.2 Data and Method
4.2.1 Dust Climatology

I use monthly mean MODIS Aqua Deep Blue product to derive DOD as
described in Chapter 3.2.2. I construct the seasonal mean DOD climatology from
monthly mean MODIS at 1° x 1° from 2003 through 2015. I also use CALIPSO Level
3 monthly mean DOD under cloud free conditions from 2007 through 2015 at 5° x 2°

to construct the seasonal mean dust climatology in North Africa.

4.2.2 Model

I use DOD and emission flux from a dust simulation (Zhao et al., 2013) made
with the WRF-Chem model. The WRF-Chem model simulates particulates and trace
gases alone with the meteorological fields at 3 hourly intervals. The simulations are
conducted at 1° horizontal resolution using a quasi-global channel configuration
(180°W-180°E, 60°S-70°N) with 35 vertical layers up to S0hPa. The meteorological
initial conditions and lateral boundary are derived from the NNRP data at 6 hourly

intervals.
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The aerosol scheme implemented in WRF-Chem is the Model for Simulating
Aerosol Interactions and Chemistry aerosol model (MOSAIC, Zaveri et al., 2008)
coupled with the Carbon Bond Mechanism photochemical mechanism (Zaveri and
Peters, 1999). The MOSAIC aerosol scheme divides aerosol size distribution into
discrete size bins (Fast et al., 2006) and includes physical and chemical processes such
as nucleation, condensation, coagulation, aqueous phase chemistry, and dry and wet
deposition.

The dust emission scheme is from the Goddard Chemistry Aerosol Radiation
and Transport (GOCART) model (Ginoux et al., 2001) coupled with the MOSAIC
aerosol scheme (Zhao et al., 2013). The GOCART scheme calculates the dust
emission flux (F) as a function of the horizontal wind speed at 10m (u,,,) and a
prescribed source function ().

F= CSSpu%Om(ulom — U) (1)
where C is the dimensional factor equal to 1 pgs’m™, u, is the threshold velocity, and
Sp is the fraction of each size class. If uy oy, is less than u;, there is no emission.

The S is the probability to have accumulated sediments defined as

§ = (relys @)

Zmax~Zmin
where z; is the altitude of grid 1, and z,,,4, and z,,;,, are the maximum and minimum
elevations in the surrounding 10° by 10° region, respectively (Ginoux et al., 2001).
The S is important in estimating dust emission flux. Ginoux et al. (2012) use
Deep Blue AOD from MODIS to make a S. They apply three criteria as described in

Chapter 3.2.2 to distinguish dust from other types of aerosols, and they define a dust
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event as DOD is larger than 0.2. They construct a S using the annual mean emission
frequency in North Africa based on the selected threshold. However, the S made by
Ginoux et al. (2012) may be biased in western Sahara as dust observed over there is a
combination of local emission and advection of dust from east.

To examine the biases of the S from Ginoux et al. (2012), I use model output
from 2010 through 2015 to calculate dust emission frequency over North Africa. I use
dust emission flux, column integrated DOD, and DOD below 1 km from the model to
obtain the dust emission frequency. For dust emission flux a dust event is defined as a
3-hourly mean dust emission flux greater than or equal to 1 pgm™s™ (Laurent et al.,
2010; Tegen et al., 2013). For column integrated DOD a dust event is defined as DOD
greater than or equal to 0.235. For DOD below 1 km a dust event is defined as DOD
greater than or equal to 0.12. To obtain the dust emission frequency, I divide the total
number of events by the total number of days. The thresholds for column integrated
DOD and DOD below 1 km are chosen so that the annual mean emission frequency
from column integrated DOD (fpop) and DOD below 1 km (fpopikm) 18 equal to that
from emission flux (fumi). Then I examine the differences in the dust emission

frequency obtained from the above three criteria.

4.3 Dust Climatology

CALIPSO provides monthly mean DOD, which can be used to examine the
spatial distribution of dust. Here I compare DOD from CALIPSO with DOD derived
from Deep Blue AOD from MODIS Aqua. I first examine the climatology of DOD in

North African using Deep Blue DOD from MODIS Aqua. DOD values of 0.7 are
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observed over the Bodél¢é depression in all four seasons, indicating the Bod¢l¢ is an
active dust source region all year around (Fig. 4.1, Ridley et al., 2012). DOD peaks in
spring and summer over the Bodé¢l¢é depression (Fig. 4.1b, ¢). In summer, DOD values
between 0.5 and 0.7 are seen in northern Mali, southern Algeria, and Mauritania (Fig.
4.1b, c), while this region is less active in fall and winter (Fig. 4.1a, d, Koven et al.,
2008).

In comparison, CALIPSO shows much smaller DOD values over the Bod¢lé
depression in all seasons compared with MODIS (Fig. 4.1, Fig. 4.2), and the difference
is largest in summer. This result is consistent with a previous study that found DOD
from CALIPSO over the Bodél¢ is 0.3 smaller compared with MODIS (Ma et al.,
2013). The differences in the annual means of DOD from MODIS and CALIPSO are
consistent with those for the summertime only (Fig. 3.8, Fig. 4.1, Fig 4.2). CALIPSO
shows the highest DOD values of 0.6 in northern Mali and southern Algeria in spring
and summer (Fig. 4.2b, ¢), similar as MODIS in this region (Fig. 4.1b, ¢).

The major differences in DOD between those two products are mainly
attributable to two reasons. First, the lidar ratio used by CALIPSO for dust retrieval
may be inappropriate. Second, the aerosol model used to retrieve MODIS AOD may

not work well over heavily dusty regions.

4.4 Dust Emission Frequency
Here I examine the biases of the S derived from MODIS using emission flux

and DOD from the WRF-Chem model. To eliminate to effect of dust advection to the
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biases in the S, I use DOD in the below 1 km from the model to make a S and examine
whether that improves the accuracy of the S.

I examine the seasonal feni, foop, and fpopikm from WRF-Chem. In winter, the
highest f.mi is found over the Bodé¢l¢ depression and along the Atlantic coast between
20° to 30°N (Fig. 4.3a). The highest fpop is also found over the Bod¢l¢ in winter
although the magnitude is smaller than f..,; (Fig. 4.3b). fpop is lower than f.;,; across
North Africa in winter. fpopikm shows the highest value over the Bodél¢é in winter as
well, and it shows higher values in western Sahara compared with fpop (Fig. 4.3b).
Both fpop and fpopikm are lower than f.,; in northern Algeria, Libya, and Egypt (Fig.
4.3).

In spring, high f.y,; is found along the Mediterranean coast in addition to the
Bodélé depression and the Atlantic coast (Fig. 4.4a). In comparison, fpop and fpopikm
are persistently high over the major dust source regions, including the Bodélé
depression, the lee of the Air and Adrar Mountains and the western Sahara region,
where fpop and fpopikm are close to 100% (Fig. 4.4b, c).

In summer, the highest f..; is seen in Libya and Egypt as well as along the
Atlantic coast while over the Bodél¢é depression it is between 50% to 60%, lower than
that in winter, spring and fall (Fig. 4.3-4.7a). In western Sahara, f.ni is between 60% to
80% whereas fpop and fpopikm are 100% (Fig. 4.5b, ¢). fpop and fpopikm are also 100%
over the Bodélé depression and the lee of the Air and Adrar Mountains in summer (Fig.
4.5b, ¢). fpopikm 18 0 south of 12°N while fpop is above 0 between 10° to 12°N (Fig.

4.5b, ¢).
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In fall, emission frequency is highest over the Bod¢lé depression while it is the
lowest in western Sahara among four seasons (Fig. 4.6a). The spatial structure of the
seasonal mean fpopikm 1S similar to that of fpop as they both show high emission
frequency over the three dust source regions in all four seasons (Fig. 4.6b, c).

To examine the how the emission frequency varies with three criteria, |
compare the difference in the spatial structure of femi, foop, and fpopikm. Figure 4.7
shows the difference between f.mi and fpop (foop — femi). In winter, fepi is higher than
fpop in the Sahara whereas in the Sahel f.,; is lower than fpop (Fig. 4.7a). In spring,
femi 18 higher in the coastal regions and Egypt while fpop is higher everywhere else in
North Africa. The difference between fpop and fem; 1s up to 0.5 between 10° to 20°N
(Fig. 4.7b). When compared with the emission flux from the WRF-Chem model, such
method overestimates dust emissions in the Sahel. In summer, fpop is higher than fe;
throughout North Africa except in Egypt and Libya (Fig. 4.7¢c). Large difference
between fpop and feny; 1s found between 10° to 20°N and between 20° to 30°N east of
10°E (Fig. 4.7¢), indicating DOD might be overestimated in western Sahara by Ginoux
et al. (2012). In fall, f,; is higher than fpop in northern Algeria, Libya and Egypt
whereas fpop is higher between 10° to 20°N (Fig. 4.7d).

Figure 4.8 shows the difference between femi and fphopikm (foopikm — femi)-
fbopikm 18 higher than f.,; over the major dust emission regions in spring, summer and
fall (Fig. 4.8b, c, d). In winter, the difference between fpopikm — femi 1S smaller
compared with fpop — femi in the Sahara (Fig. 4.7a, Fig. 4.8a), suggesting using DOD

under 1 km can reduce the biases in dust emission in winter. By using a threshold of
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DOD > 0.2 to identify dust emission events, Ginoux et al. (2012) may underestimated
dust emission in North Africa in winter. In summer, the difference between fpopikm —
femi 18 smaller compared with fpop — femi in the Sahel (Fig. 4.7¢, Fig. 4.8c), suggesting
using DOD below 1 km may reduce the biases in DOD and improve dust modeling in
the Sahel.

Figure 4.9 shows the difference between fpop and fpopikm (foop — foopikm). In
winter, fpop 1s lower than fpopikm over North Africa (Fig. 4.9a). In spring, summer and
fall, fpop is higher than fpopikm in the Sahel (Fig. 4.9b, c, d).

The root mean squared error of f.,; minus fpop is 0.28 while it is 0.24 for fomi
minus fpopikm. Using DOD below 1 km is slightly better than column integrated DOD,
but the root mean squared error is still large. My results suggest that DOD in general is

not a good proxy for the S in North Africa.

4.5 Conclusions

I examine the annual and seasonal mean dust climatology over North Africa
using MODIS and CALIPSO. CALIPSO has lower seasonal mean DOD compared
with MODIS over North Africa, especially in summer. I then examine the dust §
developed by Ginoux et al. (2012) using dust emission flux and DOD from the WRF-
Chem model. My results suggest that the S by Ginoux et al. (2012) may significantly
overestimate dust in the Sahel and western Sahara. I use DOD below 1 km instead of
the column integrated DOD to eliminate the effect of advection on determining dust
source regions. Such method does reduce the biases in dust emission in the Sahel.

However, it does not show notable improvement in reducing the biases in DOD over
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the western Sahara region. In general, DOD is not a good proxy for the S. I note that
this result is model specific. Future work should use dust output from various models
to examine the reliability of dust source functions made from satellite observations.

Schepanski et al. (2007) made a S by visual determination of dust emission
using 15-minute composite images of SEVIRI. However, their method is also likely
biased in that a dust emission event cannot be seen if the column DOD is too high.
Thus, DOD in western Sahara is lower from Schepanski et al. (2007) compared with
Ginoux et al. (2012).

The biases in the S from Ginoux et al. (2012) are largely due to dust advection
from east. This S is implemented in global climate models and MERRAero reanalysis,
indicating the climate models and reanalysis may also overestimate dust emission in
western Sahara. It will be necessary to develop a dust source function that correctly
represents dust emission in North Africa so as to better estimate global dust emission

as well as to assess the impact of dust on the climate.
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4.6 Figures

DOD

Figure 4.1 Seasonal mean DOD from monthly mean MODIS Aqua Deep Blue in
North Africa averaged over 2003 through 2015.
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Figure 4.2 Seasonal mean DOD from monthly mean CALIPSO Level 3 cloud free
product in North Africa averaged over 2007 through 2015.
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Figure 4.3 Seasonal mean feni, foop and fpopikm from WRF-Chem in winter North
Africa from 2010 through 2015.
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Figure 4.4 Same as Figure 4.3 but in spring.
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Figure 4.5 Same as Figure 4.3 but in summer.
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Figure 4.6 Same as Figure 4.3 but in fall.
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Figure 4.7 Seasonal mean difference in emission frequency (fqp- f..;) over bright
surfaces in North Africa from WRF-Chem from 2010 through 2015.
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Figure 4.8 Seasonal mean difference in emission frequency (fyop - fomi) OVer bright
surfaces in North Africa from WRF-Chem from 2010 through 2015.
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Emission frequency

Figure 4.9 Seasonal mean difference in emission frequency (fyop- fpopim) OVer bright
surfaces in North Africa from WRF-Chem from 2010 through 2015.



Chapter 5

Summary

In this thesis, I first explore the role the SHL plays in dust emission in the
Sahara and precipitation in the Sahel over the past three decades. By using satellite
observations and reanalysis products, I found the upward trend in Sahelian
precipitation and the downward trend in dust emission in the Sahara can be explained
by the warming of the SHL. As the SHL warms, the anomalous low level cyclonic
circulation associated with the SHL strengthens the southwesterly flow, bringing
moisture from the Gulf of Guinea inland, and thus leads to increased precipitation in
the Sahel. Meanwhile, the anomalous southwesterlies weaken the climatological
northeastlies, resulting in less dust emission over the major dust source regions in the
Sahara.

Next I examine how the SHL affects dust emission and transport on the
synoptic scale using 13 years of satellite data. During the cool phases of the SHL, dust
is preferentially emitted from the Bodél¢ depression. As the SHL warms, dust is
advected westward to the western Sahara by the intensified AEJ. And as the SHL
cools, dust is further advected over the tropical north Atlantic. The SHL contributes to
10% of the variability of dust over western Sahara.

Finally, the western Sahara region is identified as a major dust source region
by satellite observations. I analyze the emission flux and DOD in North Africa from
WRF-Chem model and show that the existing dust source function overestimates dust

emission in the Sahel and the western Sahara.
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Over the past three decades, temperature over North Africa has been rising
steadily. The warming of the Sahara and the Sahel can change circulation patterns
from microscale to mesoscale and will affect dust emission and transport and
precipitation in North Africa. Yet up-to-date climate models are unable to reproduce
the historical trend of dust over the tropical north Atlantic and dust source regions are
misrepresented in the models. My results suggest future efforts should be made to
improve the parameterization of dynamic features such as the SHL as well as dust
source regions so as to better predict how climate change will affect North Africa in

the 21* century.
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