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Interactive comment on “The impact of Pacific Decadal Oscillation on springtime dust 
activity in Syria” by Bing Pu and Paul Ginoux 
Anonymous Referee #1 
Received and published: 20 September 2016 
 

We thank the reviewer for your very helpful comments. Our replies to the 
comments (in Italic) are listed below. 
 
Motivated by the hypothesis that the Syrian civil war increases dust activity over Syria, 
this study investigates the contribution of atmospheric variability to the observed 
variance in dust activity. With a combination of different model simulations and satellite 
AOD retrievals, the long-term variability of the atmospheric circulation, respectively the 
PDO describing the main variability over Syria, is analyzed. Applied to the Syrian civil 
war period, the level of variance explained by atmospheric circulation (PDO) is 
estimated. The presented study illustrates the importance for considering both, 
atmospheric circulation and surface properties when investigating interannual variance 
in dust activity. 
 
General comment 
When comparing the individual reanalysis fields to the climate index, is the PDO/Nino 
index calculated from the corresponding model fields or is the index provided by the 
NOAA Climate Prediction Center taken? 

The PDO and Niño 3.4 indices are observations downloaded from the NOAA 
Climate Prediction Center. This is clarified in section 2.3. 
 
Minor comment 
line 64: Please check whether Roberts and Knippertz (2012) is the best reference here. It 
is definitively a reference for Haboobs, but e.g. Morman Plumlee (2013) may be a more 
appropriate reference for dust effects on health.  
 Thanks for the suggestion. We have removed the citation of Roberts and 
Knippertz (2012) and added Morman and Plumlee (2013). 
 
 
Morman, S. A., and G. S. Plumlee (2013), The role of airborne mineral dusts in human 
disease. Aeolian Research, v. 9, p. 203-212, doi:10.1016/j.aeolia.2012.12.001. 



Interactive comment on “The impact of Pacific Decadal Oscillation on springtime dust 
activity in Syria” by Bing Pu and Paul Ginoux 
Anonymous Referee #2 
Received and published: 7 September 2016 
 

We thank the reviewer for very helpful comments. Our replies to the comments 
(in Italic) are listed below. 
 
This study examined the influences of the Pacific decadal oscillation (PDO) on dust 
activities in Syria using an innovative dust optical depth (DOD) dataset derived from 
Moderate Resolution Imaging Spectroradiometer (MODIS) Deep Blue aerosol products. 
In this paper the authors used both model and observations and it will be good if they can 
talk to how they both complement each other. What are the reasons for the 
discrepancies? Are there any sensitivity tests?  
 

We added lines 227-229, 537-539 to better discuss how model results may 
complement satellite observations in the recent decade by providing a longer time series 
(i.e., 51 years) to examine the connection between the PDO and Syrian DOD.  The 
discussion on the discrepancies between model results and observations are also better 
organized in lines 539-553.  Current GFDL model can only partially reproduce the 
negative connection between Syrian DOD and the PDO in spring due to the limitation of 
the dust emission scheme, the influence of soil moisture on dust emission will be 
included in our newer version of the model, and we plan to conduct sensitivity tests to 
further quantify the influence of the PDO on Syrain DOD in the future. 
 
Since the authors are attempting to study the impact of PDO on dust activities using 
mainly satellite data and PDO is tied to ENSO as mentioned by the authors, wont you 
think you have selected a quite short time period that is not good enough to establish the 
link raised by the authors? Why dust models are not used in this analysis to cover much 
longer time periods? Ex (Skiron, Dream and others? 

The reviewer questioned why a quite short time period is selected to examine the 
relationship between Syrian DOD and the PDO.  

2003-2015 is selected due to the time coverage of MODIS Deep Blue aerosol 
products. We demonstrated in the paper that the PDO index and Syrian DOD are not only 
statistically significantly correlated in the recent 13 years (section 3) but also physically 
connected with each other (section 4). We totally agree that due to the multi-decadal 
variability of the PDO (15-25 and 50-70 years) the results will be more robust if longer 
time series of the observations are available. In the paper, we tried to use a method to 
indirectly verify the relationship between the two during 1948-2015 (the second 
paragraph in section 4 in the old version). We have modified lines 301-316 to better 
discuss this method. First, we identify the key meteorological conditions associated with 



Syrian DOD in the recent decade. Then we compare the influences of the PDO on 
meteorological conditions during 2003-2015 to a longer period (e.g., 1948-2015). If the 
PDO shows a relatively consistent influence on the meteorological conditions that are 
critical to Syrian DOD activities, and assuming that the connection between the DOD 
activities and those meteorological conditions does not change much during 1948-2015, 
then the influences of the PDO on Syrian DOD are also likely to persist in this time 
period.  

We added lines 549-553 to explain why we did not use dust model as the major 
tool to examine the connection of the PDO and Syrian DOD. Global climate model 
would be a great tool to study long-term variations of DOD and factors influence DOD 
variability if the model can sufficiently reproduce the variability of DOD. However, 
current dust models still have difficulties to fully capture the dust surface concentration 
and those vertically integrated variables such as aerosol optical depth, with a inter-modal 
differences of a factor of two (Huneeus et al. 2011). Results from CMIP5 model 
simulations also suggest that current global models barely capture the interannual to 
decadal variations of the dust activities (e.g., Evan et al. 2014). The GFDL CM3 model 
discussed in section 6 also shows a weaker connection between the PDO and Syrian 
DOD compared to the observation due to model’s limitation to reproduce the variability 
of the DOD. 

The regional dust forecast models mentioned by the reviewer are very useful tools 
for short-term forecasts, however, how and whether these models can reproduce 
interannual or decadal variability of dust in Syria are not clear. On the other hand, 
regional dust models usually require meteorological fields as initial and lateral boundary 
conditions to drive the model. Therefore, the temporal coverage of this kind of analysis 
will also be limited by the coverage of reanalysis products that used to drive the model, 
which are usually shorter than 100 years and thus cover only one multi-decadal cycle of 
the PDO.  
 
 
References: 
Evan, A. T., Flamant, C., Fiedler, S., and Doherty, O.: An analysis of aeolian dust in 

climate models, Geophys. Res. Lett., 41, 5996–6001, 
doi:10.1002/2014GL060545, 2014. 

Huneeus, N, Schulz, M., Balkanski, Y., and et al.: Global dust model intercomparison in 
AeroCom phase I, Atmos. Chem. Phys., 11, 7781–7816, 2011. 
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Abstract. The increasing trend of aerosol optical depth in the Middle East and a recent severe 25 

dust storm in Syria have raised questions as whether dust storms will increase and promoted 26 

investigations on the dust activities driven by the natural climate variability underlying the 27 

ongoing human perturbations such as the Syrian civil war. This study examined the influences of 28 

the Pacific decadal oscillation (PDO) on dust activities in Syria using an innovative dust optical 29 

depth (DOD) dataset derived from Moderate Resolution Imaging Spectroradiometer (MODIS) 30 

Deep Blue aerosol products. A significantly negative correlation is found between the Syrian 31 

DOD and the PDO in spring from 2003-2015. High DOD in spring is associated with lower 32 

geopotential height over the Middle East, Europe, and North Africa, accompanied by near 33 

surface anomalous westerly winds over the Mediterranean basin and southerly winds over the 34 

eastern Arabian Peninsula. These large-scale patterns promote the formation of the cyclones over 35 

the Middle East to trigger dust storms and also facilitate the transport of dust from North Africa, 36 

Iraq, and Saudi Arabian to Syria, where the transported dust dominates the seasonal mean DOD 37 

in spring. A negative PDO not only creates circulation anomalies favorable to high DOD in Syria 38 

but also suppresses precipitation in dust source regions over the eastern and southern Arabian 39 

Peninsula and northeastern Africa.  40 

On the daily scale, in addition to the favorable large-scale condition associated with a 41 

negative PDO, enhanced atmospheric instability in Syria associated with increased precipitation 42 

in Turkey and northern Syria is also critical for the development of strong springtime dust storms 43 

in Syria. 44 

 45 

 46 

 47 
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1. Introduction 48 

Dust aerosol is an important component in the climate system that can modify global and 49 

regional energy and water balances (e.g., Tegen et al., 1996; Miller and Tegen, 1998; Miller et 50 

al., 2004; Lau et al., 2009; Yue et al., 2010; 2011; Choobari et al., 2014; Huang et al., 2014). 51 

Dust particles interact with both solar and terrestrial radiation, modifying temperature profile and 52 

hydrological cycle, which impact regional and global climate. For instance, studies found that 53 

mineral dust influences the strength of the West African monsoon (e.g., Miller and Tegen, 1998; 54 

Miller et al., 2004; Yoshioka et al., 2007; Solmon et al., 2008; 2012; Mohowald et al., 2010; 55 

Strong et al., 2015) and Indian summer monsoonal rainfall (Vinoj et al., 2014; Jin et al., 2014, 56 

2015, 2016; Solmon et al., 2015; Kim et al., 2016). Dust particles can also serve as ice cloud 57 

nuclei and influence the microphysical and macrophysical properties of the cloud (e.g., Levin et 58 

al., 1996; Rosenfeld et al., 1997; Wurzler et al., 2000; Nakajima et al., 2001; Bangert et al., 59 

2012), including its droplet size, number concentration, lifetime, albedo, and in turn affecting the 60 

regional radiative budget and hydrological cycle. Mineral dust also provides nutrients for ocean 61 

phytoplankton, affecting ocean productivity and therefore carbon and nitrogen cycles and ocean 62 

albedo (e.g., Fung et al., 2000; Shao et al., 2011). Strong dust storms also have severe social and 63 

health impacts (e.g., Morman and Plumlee, 2013), affecting public transportation and causing 64 

damage to the eye and lung.   65 

The Middle East is one of the dustiest regions in the world, and recent study suggested an 66 

increasing trend of aerosol optical depth largely due to dust emission (e.g., Pozzer et al., 2015; 67 

Klingmüller et al., 2016). A once-in-ten-years severe dust storm recently occurred in Syria 68 

during September 6-9th, 2015, and raised many attentions. More than one thousand people in 69 
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Syria were hospitalized due to breathing difficulties*.  The causes of such a strong dust storm are 70 

not fully understood, but there have been speculations that the ongoing civil war in Syria is 71 

largely responsible for it. The argument is that crop fields were abandoned or destroyed by the 72 

war, so soil dust is easier to be uplifted by wind from these unprotected land fields.  More 73 

importantly, will severe dust storms like the one above increase in the future? 74 

Notaro et al. (2015) studied the dust activities over the Arabian Peninsula and related the 75 

increased dust activities during 2007-2013 to the persistent dry condition over the “Fertile 76 

Crescent” (namely Syria, Iraq, Israel, and Jordan) primarily caused by a combined effect of La 77 

Niña and a negative phase of Pacific decadal oscillation (PDO).  Associated with the drought is 78 

crop failure and increased dust activities over the Arabian Peninsula. While others, such as Chin 79 

et al. (2014) found that the positive trend of dust emission over the Middle East from 2000-2009 80 

is related to increased surface wind speed, and Klingmüller et al. (2016) attributed the positive 81 

trend of aerosol optical depth (AOD) over the region (mainly Saudi Arabia, Iraq, and Iran) from 82 

2001-2012 to a combined effects of decreased precipitation and soil moisture over Iraq and 83 

adjacent areas and enhanced surface wind over the Africa Red Sea coastal area that increased 84 

dust emission.  85 

The above studies suggested that remote sea surface temperature (SST), local 86 

precipitation, surface wind, and vegetation all influence the dust activities over the Middle East. 87 

Among these factors, the remote forcings, such as tropical Pacific SST, the PDO, not only affect 88 

the precipitation variations over the region but can also influence local circulation including near 89 

surface winds, both of which influence dust emission. It is thus quite important to understand the 90 

                                                
* https://www.washingtonpost.com/news/worldviews/wp/2015/10/07/syrias-war-helped-create-an-epic-dust-storm-
scientists-say/ 
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influences of these low-frequency long-lasting forcings on dust activities underlying the ongoing 91 

human perturbations such as civil war, land use change, and anthropogenic emission.  92 

In this paper we examine the influence of the PDO on the variations of dust activities in 93 

Syria from 2003-2015 using Moderate Resolution Imaging Spectroradiometer (MODIS) Deep 94 

Blue dust optical depth (DOD). Previous studies on the connection between the PDO and dust 95 

activities in the Arabian Peninsula mainly focus on precipitation (e.g., Notaro et al., 2015; Yu et 96 

al., 2015). Here we explore thoroughly how the PDO influences the key factors associated with 97 

the dust activities in Syria on the interannual and daily scales.  98 

The following section presents the data and methodology used in the paper. The co-99 

variations of DOD in Syria and PDO from 2003-2015 are presented in sections 3 and their 100 

physical connections are analyzed in details in section 4. We also discussed the long-time 101 

connection (e.g., 1948-2015) between Syrian DOD and the PDO inferred from the reanalyses 102 

and observations in section 4. In section 5, we examined the key factors associated with strong 103 

spring dust events in Syria using daily reanalysis and observations.  To what extend can climate 104 

models capture the connections between the PDO and Syrian dust activities is examined 105 

discussed using the Geophysical Fluid Dynamics Laboratory (GFDL) AM3 model and discussed 106 

in section 6. Major conclusions are summarized in section 7.  107 

 108 

2. Data and methodology 109 

2.1 Satellite and observational datasets  110 

2.1.1 Dust optical depth 111 

Daily and monthly dust optical depth data is derived from MODIS aerosol products 112 

retrieved using Deep Blue (M-DB2) algorithm, which employs radiance from the blue channels 113 
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to detect aerosols over bright land surface (e.g., desert). Because surface reflectance is low at 114 

blue channels, increases of reflectance and spectral contrast indicate the presence of aerosols 115 

(Hsu et al., 2004, 2006). Ginoux et al. (2012) used collection 5.1 level 2 aerosol products from 116 

MODIS aboard Aqua satellite to derive DOD. Here, both MODIS aerosol products (collection 6, 117 

level 2) from the Aqua and Terra platforms are used for cross-validation. Terra passes the 118 

equator from north to south around 10:30 a.m. local time while Aqua passes the equator from 119 

south to north around 13:30 p.m. local time. While the frequency of the maximum daily 10 m 120 

wind in Syria peaks in the afternoon, later than the passing time of both Terra and Aqua, the 121 

averaged maximum total wind speed is nearly evenly distributed over a day (supplementary 122 

Figure S1). Thus, the results from both platforms are likely to provide a more complete picture of 123 

dust activities than either one alone.  124 

Aerosol products such as AOD, single scattering albedo, Angström exponent are first 125 

interpolated to a regular 0.1° by 0.1° grid using the algorithm described by Ginoux et al. (2010). 126 

The dust optical depth is then derived from AOD following the methods of Ginoux et al. (2012) 127 

with adaptions for the newly released MODIS Collection 6 aerosol products. To separate dust 128 

from other aerosols, we use the Angström exponent, which has been shown to be highly sensitive 129 

to particle size (Eck et al., 1999) and single scattering albedo which is less than one for dust due 130 

to its absorption of solar radiation. Instead of using negative values of Angström exponent as by 131 

Ginoux et al. (2012), we use a continuous function relating Angström exponent to fine-mode 132 

aerosol optical depth established by Anderson et al. (2005; their Eq. 5) based on ground-based 133 

data. The DOD data is available from January 2003 to December 2015.  134 

Daily and monthly DOD indices are formed by averaging DOD data in Syria between 135 

34°-36.5°N and 36.5°-41°E to characterize dust activities. The averaging area covers most region 136 
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of Syria. We also tested using a smaller averaging box (33.5° -36°N, 36.5°-39°E) for the DOD 137 

index, and the results are similar.  138 

2.1.2 Precipitation 139 

Version 7 of Tropical Rainfall Measurement Mission (TRMM) Multi-satellite 140 

Precipitation Analysis (TMPA) daily product (3B42) is used. This product covers from 50°S to 141 

50°N with a spatial resolution of 0.25° by 0.25° and is available from 1998 to present. Several 142 

important changes are applied to version 7 product, including using additional satellite data such 143 

as early record of Microwave Humidity Sounder (MHS) and operational Special Sensor 144 

Microwave Imager (SSM/I) record, using a new infrared brightness temperature dataset before 145 

the start of the Climate Prediction Center (CPC) 4-km Merged Global IR data set, using a single 146 

uniformly processed surface precipitation gauge analysis, using a latitude-band calibration 147 

scheme for all satellites, and adding output fields in the data files (Huffman and Bolvin, 2014).  148 

 Precipitation Reconstruction over Land (Chen et al., 2002; hereafter PRECL) from 149 

National Oceanic and Atmospheric Admiration (NOAA) is a global analysis available monthly 150 

from 1948 to present at a 1° by 1° resolution. The dataset is derived from gauge observations 151 

from the Global Historical Climatology Network (GHCN), version 2, and the Climate Anomaly 152 

Monitoring System (CAMS) datasets.  153 

The monthly precipitation of the Climatic Research Unit (CRU) time-series (TS) 3.23 154 

(Harris et al. 2014) is also used as a supplement to the PRECL. CRU TS 3.23 dataset covers 155 

1901-2014, with a spatial resolution of 0.5° by 0.5° over land (excluding Antarctica). The 156 

gridded data is based on the analysis of over 4,000 individual weather station records.  157 

 158 

2.1.3 Temperature 159 
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The Hadley Centre sea ice and sea surface temperature (HadISST) data set (Rayner et al., 160 

2003) from the UK Met Office is available monthly from 1870 to the present with a horizontal 161 

resolution of 1° by 1° grid. Monthly SST from HadISST and land surface temperature from CRU 162 

TS 3.23 (0.5° by 0.5°) from 1948-2015 are used to examine temperature patterns associated with 163 

dust activities.  164 

 165 

2.1.4 Leaf area index (LAI) 166 

LAI characterizes the canopies of plants. It is defined as the one-sided green leaf area per 167 

unit ground area in broadleaf canopies and as half the total needle surface area per unit ground 168 

area in coniferous canopies. LAI at zero is considered as bare ground while around 10, dense 169 

forests. Monthly LAI is derived from the version 4 of Climate Data Record  (CDR) of Advanced 170 

Very High Resolution Radiometer (AVHRR) surface reflectance (Claverie et al., 2014) and 171 

produced by the National Aeronautics and Space Administration (NASA) Goddard Space Flight 172 

Center (GSFC) and the University of Maryland. The gridded monthly data is on a 0.05° by 0.05° 173 

horizontal resolution and available from 1981 to present. A detailed discussion on the algorithm 174 

and evaluation of the dataset can be found by Calverie et al. (2016). 175 

Monthly MODIS LAI level 4 data on the Aqua platform (MYD15A2) is also used for 176 

2003-2015. The original data files were obtained via personal communication (Ranga Myneni 177 

and Taejin Park; Boston University) and then reprocessed to fill the missing data by Paul 178 

Ginoux.  The horizontal resolution of the data is 0.1° by 0.1° degrees. 179 

 180 

2.2 Reanalyses 181 
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Daily and monthly geopotential height, horizontal winds, specific humidity from the 182 

National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric 183 

Research (NCAR) reanalysis (Kalnay et al., 1996, hereafter NCEP1) from 1948 to 2015 are used. 184 

Its horizontal resolution is 2.5° by 2.5° and have 17 vertical levels from 1000 hPa to 10 hPa, with 185 

8 levels between 1000 hPa and 300 hPa. This reanalysis is used primarily in this study due to its 186 

long record. 187 

ERA-interim (Dee et al., 2011) from the European Centre for Medium-Range Weather 188 

Forecasts (ECMWF) is a global reanalysis with a horizontal resolution of T255 (about 0.7° or 80 189 

km) and 37 vertical levels, available from 1979 to present. Monthly and four (two) times daily 190 

analysis (forecast) variables are used. The time coverage of ERA-Interim is shorter than the 191 

NCEP1 but its high resolutions supplements the latter. Monthly horizontal winds and 192 

geopotential heights are compared with the NCEP1 in the same period (1979-2015) and show 193 

similar features (see discussion in section 3). Daily 10 meter and 850 hPa winds, and forecast 194 

variables such as precipitation are used to investigate the key factors associated with dust 195 

activities.  196 

 197 

2.3 Climate indices 198 

The PDO and Niño3.4 indices are downloaded from the website of NOAA Climate 199 

Prediction Center (http://www.esrl.noaa.gov/psd/data/climateindices/list/). The monthly  200 

standardized PDO index is derived from the leading principal component of SST anomalies in 201 

the northern Pacific Ocean (20°N north). The monthly mean of global mean SST anomalies are 202 

removed in the PDO index, thus the influence of global warming is not included. The data is 203 

available from 1948 to present. The monthly Niño 3.4 index is derived from the extended 204 
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reconstructed sea surface temperature (ERSST v4; Huang et al., 2015; Lui et al., 2015; Huang et 205 

al., 2016) averaged over the tropical Pacific between 5°N–5°S and 120°–170°W and is available 206 

from 1950 to present. 207 

 208 

2.4 Model output 209 

To examine the relationship between the Syrian dust activities and the PDO, the output 210 

from the atmospheric component (AM3) of a general circulation model (CM3; Donner et al., 211 

2011) developed at the GFDL is used. The finite-volume algorithms described in Lin and Rood 212 

(1996, 1997) and Lin (1997, 2004) is used in the dynamic core in AM3. Different from earlier 213 

versions of the model, a general curvilinear coordinate system is used and largely improved the 214 

computational efficiency.  A hybrid vertical coordinate (Simmons and Burridge, 1981) of 48 215 

layers is used, with the top model layer at about 1 Pa (~86 km).  AM3 calculates the mass 216 

distribution and optical properties of aerosols according to their emission, chemical production, 217 

transport, and dry and wet deposition. The dust source function follows the scheme of Ginoux et 218 

al. (2001), which places preferential sources in topographic depressions. The simulated aerosol 219 

optical depth and co-albedo show improved correlations with the AErosol RObotic NETwork 220 

(AERONET) station observations than earlier version of the model (CM2.1) but slightly 221 

underestimate AOD in the Middle East.  222 

A historical run is conducted using the observed monthly SSTs from the Hadley center to 223 

drive the AM3. The simulated wind is nudged toward the NCEP/NCAR reanalysis with a 224 

relaxation timescale of 6 hours (Moorthi and Suarez, 1992), similar to the method used by Li et 225 

al. (2008).  A moderate horizontal resolution of 2° by 2.5° is used. The simulation was conducted 226 

from 1948 to 2010. Results from 1960 to 2010 are presented.  The simulation provides slightly 227 
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longer time series compared to the satellite data to examine the relationship between Syrian 228 

DOD activities and the PDO.  229 

 230 

3. The co-variations between springtime DOD in Syria and the PDO during 2003-2015 231 

Notaro et al. (2015) related low-frequency variations of monthly precipitation over Syria 232 

and Iraq to the El Niño–Southern Oscillation (ENSO) and the PDO and thus built the connection 233 

between dust activities and Pacific SSTs. Here we focus on Syria. Figure 1 shows the time series 234 

of monthly Syrian DOD indices (seasonal cycle removed) from both MODIS Aqua (green) and 235 

Terra (grey) platforms and the negative PDO index from January 2003 to December 2015. The 236 

variations of the DOD and the negative PDO indices are quite similar, showing strong decadal 237 

variations underlying interannual variations. Both are relatively weak during 2003-2007, 238 

relatively strong during 2007-2012 and become relatively weak since 2013. Note that the DOD 239 

indices increase again in 2015 in association with the severe dust storm in September.  The 240 

correlation between monthly DOD indices and PDO index are -0.51 (Aqua) and -0.50 (Terra) 241 

from 2003-2015. Other indices, such as Niño 3.4 and Syrian LAI also have significant but lower 242 

correlations with the DOD indices (Table 1).  243 

ENSO is known to influence precipitation over the Middle East, by decreasing 244 

precipitation in La Niña years and increasing precipitation in El Niño years (e.g., Price et al., 245 

1998; Mariotti et al., 2005; 2007, Chakaborty et al., 2005; Barlow et al., 2002, Wang et al., 2014; 246 

Yu et al., 2015; Banerjee and Kumar, 2016), and its influence is generally stronger in La Niña 247 

years (e.g., Wang et al., 2014).  Previous study also showed a comparable influence of the PDO 248 

on precipitation over the “Fertile Crescent” region including Syria and Iraq versus that by ENSO 249 

(correlations of 0.52 versus -0.57 from 1979-2013, Notaro et al., 2015). The correlations in this 250 
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study indicate that the PDO plays a greater role than ENSO in modulating dust activities in Syria 251 

in the recent decade. The PDO is not completely independent of ENSO, but can be viewed as a 252 

phenomenon driven by multiple physical processes, including the tropical Pacific SST, 253 

atmospheric noise, Aleutian low, Kuroshio-Oyashio Extension, Pacific-North American pattern, 254 

Rossby wave breaking and etc. (e.g., Evans et al., 2001; Newman et al., 2003; Schneider and 255 

Cornuelle, 2005; Strong and Magnusdottir, 2009; Mills and Walsh, 2013). While some modeling 256 

studies suggested that up to half of the variance of the PDO can be explained by ENSO (e.g., 257 

Alexander et al., 2002; Liu and Alexander, 2007), others found that there certain part of extra-258 

tropical Pacific SST variability are totally independent of ENSO (e.g., Zhang et al., 1997; Deser 259 

and Blackmon, 1995; Zhang and Delworth, 2015). Here the correlation between the monthly 260 

PDO and Niño 3.4 indices is 0.63 from January 2003 to December 2015, suggesting that 261 

statistically the Niño 3.4 index explains about 40% of the variances of the PDO index. 262 

Figure 2 shows the correlation between the PDO index and Aqua and Terra DODs in 263 

spring, along with correlations between the Syrian DOD indices and PDO index in individual 264 

month and on annual mean from 2003-2015. The correlation pattern between the PDO index and 265 

Aqua DOD is very similar to that associated with Terra DOD (Figs. 2a-b), with negative 266 

correlations over most areas of Syria and a stronger correlation over the eastern Syria than the 267 

western part. DOD over Iraq and northern Saudi Arabia is also significantly negatively correlated 268 

with the PDO. The correlation between the monthly PDO and Syrian DOD indices shows a 269 

persistent negative relationship through the year, with higher correlations during March-April-270 

May and also in July-August and December (Fig. 2c). The low correlation in September is due to 271 

the severe dust storm in 2015. The seasonal mean correlations between the DOD indices and the 272 
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PDO index in MAM are -0.90 for both the Aqua DOD and Terra DOD indices, again much 273 

higher than their correlations with other indices (Table 2).  274 

The connection between the Syrian DOD and PDO is further examined in Figure 3, 275 

which shows the correlations between the Syrian DOD indices and SST and land surface 276 

temperatures during MAM and on the annual mean, along with SST and land surface 277 

temperature patterns associated with the PDO index. As shown in Figs. 3a-b, the SST pattern 278 

associated with the positive phase of the PDO in spring are quite similar to that in the annual 279 

mean, with anomalous warm SST over the tropical Pacific and along the east basin of North 280 

Pacific and anomalous cold SST over the subtropical central to western North Pacific. SST in the 281 

India Ocean is also positively associated with the PDO. But the correlation between land surface 282 

temperature and the PDO is not significant in most regions, including the Arabian Peninsula.   283 

Correlations between Aqua DOD index and SST in MAM are nearly opposite to those of 284 

the PDO, with negative correlations over the tropical and eastern Pacific but positive correlations 285 

over the central North Pacific (Fig. 3c). Correlations between the annual mean Aqua DOD index 286 

and SST and land surface temperature are similar to that in spring, but with slightly weaker 287 

magnitude over the central Pacific (Fig. 3d). The temperature patterns correlated with the Terra 288 

DOD index are quite similar to that of Aqua DOD index (Figs. 3e-f). Both DOD indices are not 289 

significantly correlated with the land surface temperature over the Middle East in spring.  290 

Since Figs. 2-3 indicate a stronger negative correlation between the PDO and Syrian 291 

DOD index during MAM than on annual mean or other seasons, the following analysis focuses 292 

on their connections in spring. Spring is also the time when Syrian DOD is high and dust storms 293 

are most active (supplementary Figures S2-3). 294 

 295 
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4. How does the PDO affect Syrian dust activities in spring? 296 

In this section we explore the mechanisms underlying the strong negative correlations 297 

between the PDO and Syrian DOD indices. Since MODIS DOD only covers the recent decade 298 

and the PDO has low-frequency decadal variations with cycles of about 15-25 and 50-70 years 299 

(e.g., Minobe, 1997; Mantua and Hare, 2002), it is difficult to assess their long-term (i.e., beyond 300 

the recent decade) relationship directly. We tried a method to indirectly verify their connections 301 

during 1948-2015 using high quality reanalyses and observation. The PDO shows a dominant 302 

negative phase during the late 1940s to 1970s and turns into a dominant positive phase during the 303 

1980s and 1990s and becomes mostly negative again since the middle 2000s (e.g., 304 

JISAO/University of Washington website†). Therefore the NCEP1 reanalysis covers about one 305 

50-70 years multi-decadal cycle of the PDO, while the EAR-Interim covers about half of the 306 

cycle.  307 

To establish their connections, Wwe first compare the patterns of circulation and 308 

precipitation associated with DOD and PDO indices during 2003-2015 to identify key 309 

meteorological conditions associated with Syrian DOD activities and how these conditions are 310 

connected with the PDO. Then we compare the influences of the PDO on meteorological 311 

conditions during 2003-2015 to a longer period (e.g., 1948-2015).  If the PDO shows relatively 312 

consistent influences on the meteorological conditions that are critical to Syrian DOD activities, 313 

then the influences of the PDO on Syrian DOD are also likely to persist during 1948-2015, 314 

assuming that the connection between Syrian DOD activities and those meteorological 315 

conditions does not change much during 1948-2015.The patterns associated with long-term 316 

variations of the PDO (e.g., 1948-2015 from the NCEP1 or 1979-2015 from the ERA-interim) 317 

are then examined and compared with those associated with the PDO in the recent decade. The 318 
                                                
† http://research.jisao.washington.edu/pdo/graphics.html 
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PDO shows a dominant negative phase during the late 1940s to 1970s and turns into a dominant 319 

positive phase during the 1980s and 1990s and becomes mostly negative again since the middle 320 

2000s (e.g., JISAO/University of Washington website‡). Therefore the NCEP1 reanalysis covers 321 

about one 50-70 years multi-decadal cycle of the PDO, while the EAR-Interim covers about half 322 

of the cycle. Assuming that the factors dominated the variations of Syrian DOD persist beyond 323 

the recent decade (e.g., also valid during 1948-2015), then the similarity between the patterns 324 

associated with the PDO in the recent decade and those over longer time periods would indicate 325 

a persistent influence of the PDO on dust activities in Syria. 326 

How does the PDO affect the circulation over the Middle East? Figure 4 shows the 327 

regression of 200 hPa (contours) and 850 hPa (shading) geopotential heights onto the 328 

standardized PDO and DOD indices. Fig. 4a shows in the positive phase of PDO, stationary 329 

wave propagates from the North Pacific through North America, northern Atlantic and Europe to 330 

the Middle East. The regressions at 850 hPa are generally similar to those at 200 hPa, indicating 331 

an equivalent barotropic structure.  Anomalous positive geopotential height over the Arabian 332 

Peninsula is associated with a positive PDO during 2003-2015 (Fig. 4a) and also during 1948-333 

2015 (Fig. 4c). The geopotential height patterns associated with the both Aqua and Terra DOD 334 

indices are nearly opposite to those associated with the positive PDO index, with anomalous high 335 

over the central North Pacific and northeastern North America and anomalous low over the west 336 

coast of North America and Europe and the Middle East (Figs. 4b, d).  337 

Fig. 4 suggests that the PDO can influence the variations of springtime DOD in Syria 338 

through its modification on the circulation over the Middle East. A negative PDO reduces the 339 

geopotential height both at 850 and 200 hPa over the Arabian Peninsula, a scenario that favors 340 

high DOD in spring.  341 
                                                
‡ http://research.jisao.washington.edu/pdo/graphics.html 
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The connection between Syrian DOD and 850 hPa winds and geopotential heights are 342 

further examined in Figure 5.  Fig. 5a shows that a positive PDO is associated with anomalous 343 

easterly winds north of 40°N, anomalous northerly winds over the central Mediterranean Sea 344 

around 15°E and weak southeasterly winds over the eastern Mediterranean Sea and western 345 

Syria in the recent decade  (Fig. 5a) and from 1948-2015 (Fig. 5c). Anticyclonic winds are 346 

located over Oman and Yemen at the south coast of Arabian Peninsula accompanied by an 347 

anomalous high. Positive geopotential height anomalies are also located over the northwestern 348 

Africa, and East Africa. On the other hand, winds associated with high Syrian DOD indices are 349 

anomalous westerly over the northern Mediterranean basin and Syria (Figs. 5b and d). 350 

Anomalous cyclonic flows are located over the southern Arabian Peninsula, nearly opposite to 351 

that associated with the positive phase of the PDO.  The overall lower geopotential height over 352 

the Middle East and Africa also facilitate the formation of the cyclones (such as Sharav 353 

cyclones) that are important for the spring peak of dust storms in the northern Arabian Peninsula 354 

(e.g., Shao et al. 2001; Israelevich, et al. 2003; Dayan et al. 2008; Dayan et al. 2012). 355 

 The regression patterns of 850 hPa winds and geopotential height onto the PDO and 356 

DOD indices in the ERA-Interim are generally consistent with those shown in the NCEP1 357 

(Supplementary Figure S4).  358 

 Next we examine the associated variations of near surface wind and precipitation that are 359 

tied to these geopotential height and low-level wind patterns.  Figure 6 shows the regression of 360 

10 m winds (vectors) and the cubic 10 m wind speed (shading) in the ERA-Interim onto 361 

standardized PDO index and onto the Aqua and Terra DOD indices. The ERA-Interim is chosen 362 

here because of its higher horizontal resolution compared to the NCEP1, and thus is more 363 

suitable to examine surface wind variations associated with dust blasting in small scales. Cubic 364 
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wind speed is used here as classical dust emission scheme relates dust flux to the third power of 365 

10 m horizontal winds. The patterns of the surface wind associated with the DOD indices (Figs. 366 

6b and d) are largely similar to that of winds at 850 hPa (Figs. 5 and S4). Anomalous 367 

southwesterly winds from coastal North Africa and over the Mediterranean Sea tend to bring 368 

dust from North Africa to Syria. Such a route of dust transport has not been directly examined, 369 

but was discussed in back trajectories studies on the airflow patterns onto Israel (e.g., Dayan, 370 

1986). Earlier studies also have suggested a transport of dust from North Africa to the 371 

Mediterranean basin (e.g., D’Almeida, 1986; Moulin et al., 1998; Kubilay et al., 2000). 372 

Anomalous northerly flow over the Red Sea and the west coast of the Arabian Peninsula (and a 373 

weaker wind speed) and anomalous southerly flow (and a stronger wind speed) over the eastern 374 

Peninsula also suggest a transport of dust from the source regions in the middle and southern 375 

Arabian Peninsula, e.g., An Nafud and Ad Dahna deserts, dry riverbeds such as Al Batin, Al-376 

Rimah, and Al Sahba and Rub’s al Khali Sandy desert in Saudi Arabia (Ginoux et al., 2012). An 377 

Nafud and Ad Dahna deserts are major sources of dust storms in Saudi Arabian in spring to early 378 

summer (Notaro et al., 2013) and can also be an important source for Syrian DOD.  A modeling 379 

study on the sources of spring DOD in Syria also confirms that North Africa (including Libya, 380 

Algeria, and Egypt) is the largest source with the secondary source from the Arabian Peninsula  381 

(Iraq and Saudi Arabia), and the overall transported DOD is much higher than local DOD in 382 

Syria in spring (Ginoux et al., in preparation). 383 

Variations of surface wind associated with the PDO are different from that associated 384 

with high DOD, with nearly opposite pattern of cubic wind speeds over the Arabian Peninsula 385 

(Figs. 6a and c). When the PDO is positive, anomalous northerly winds pass through the 386 

Mediterranean Sea and turn into westerly over the northeastern Africa, which may bring dust 387 
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from Africa to Israel, Jordan, and Syria as well as increase the moisture transport from the 388 

Mediterranean Sea (Fig. 6a). The anomalous southerly wind from the Red Sea also brings 389 

moisture onto Syria and tends to promote precipitation. Over southwestern Syria, the anomalous 390 

southerly wind is from the less dusty area over northwestern Saudi Arabia and is less likely to 391 

enhance Syrian DOD. A weak anomalously westerly flow over the northeastern Saudi Arabia 392 

around 30°N and 45°E tends to block the northward transport of dust from the southern and 393 

middle Arabian Peninsula to Syria. This westerly flow weakens if extending the time period of 394 

regression to 1979 (Fig. 6c). A stronger anomalously westerly flow along the west coast of Saudi 395 

Arabia and a southerly flow from the south coast of the Arabian Peninsula are also found in 396 

association with the positive PDO during 1979-2015, bringing moisture onto Syria. The 397 

discrepancies between the regression patterns in the recent decade and those during 1979-2015, 398 

e.g., over the eastern Mediterranean Sea (Figs. 6a and c), are likely associated with the decadal 399 

variations of the PDO, indicating an instable connection between the PDO and surface winds in 400 

some areas. 401 

 The anomalous precipitation pattern correlated with the PDO and DOD indices are shown 402 

in Figure 7.  The PDO has a mild connection with precipitation over the Middle East in spring on 403 

the interannual time scale. Similar correlation patterns are found in previous studies that 404 

correlated the PDO with low-frequency (i.e., >7years) variations of precipitation (e.g., Dai, 2013, 405 

Fig. 2c). A positive phase of the PDO is associated with increased precipitation over most area of 406 

the Arabian Peninsula, Turkey, western Iran, and northeastern Africa over Libya and Egypt in 407 

the recent decade and during 1948-2015 (Figs. 7a and c). Patterns are similar during 1979-2015 408 

(not shown). On the other hand, high DOD in Syria is associated with reduced precipitation over 409 

the Arabian Peninsula (particularly, Iraq, central and southern Saudi Arabia), Egypt, eastern 410 
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Algeria, and western Libya. This is consistent with Fig. 6, which indicates dust transport from 411 

these areas to Syria in the spring.  412 

 Figure 8 shows the vertically integrated mass-weighted moisture flux (vector) and its 413 

magnitude (shading) onto the standardized PDO and DOD indices in MAM from 2003-2015 and 414 

also onto the standardized PDO index during 1948-2015. Consistent with the precipitation 415 

regression patterns (Fig. 7), anomalous anticyclonic moisture flux brings more moisture onto the 416 

Arabian Peninsula from the Red Sea and Gulf of Aden associated with a positive PDO (Figs. 8a 417 

and c). Moisture flux over the northeastern Africa is also enhanced. Oppositely, high DOD in 418 

Syria is associated with an anomalous cyclonic flux centered over the south coast of the Arabian 419 

Peninsula, which reduces moisture flux onto the southern Arabian Peninsula (Figs. 8b and d). 420 

Moisture flux over northeastern Africa is also reduced associated with an anomalous cyclonic 421 

flow over Sudan and Egypt. The pattern of the anomalous moisture fluxes associated with PDO 422 

and DOD indices are quite similar to that of the 850 hPa winds (e.g., Fig 5), indicating a 423 

dominant role played by low-level moisture transport.    424 

 These anomalous circulation and moisture flux patterns are also linked to the stability of 425 

lower atmosphere. Figure 9 shows the regression of low-level Moist Static Energy (MSE; 426 

integrated from surface to 700 hPa) onto the standardized PDO and DOD indices. MSE is 427 

defined as a sum of sensible, latent, and geopotential energy in a column air, i.e., MSE= 428 

cpT+Lq+gz, where cp is the specific heat of air at constant pressure, T is air temperature, L is the 429 

latent heat of vaporization of water, q is specific humidity, and g is the gravity acceleration, and z 430 

geopotential height. MSE increasing with altitude denotes a stable atmosphere, so high MSE in 431 

the lower atmosphere indicates an instable condition, and vice versa.  The patterns of the 432 

anomalous MSE are tied to the changes of moisture flux and precipitation anomalies. Reduced 433 
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MSE is located over large areas of the Arabian Peninsula, particularly, the southwest coast, in 434 

association with high DOD in Syria, indicating a more stable low-level atmosphere and thus less 435 

precipitation (Fig. 9b and d). Such a low MSE is also found over North Africa, but in a weaker 436 

magnitude.  The pattern associated with a positive PDO is nearly opposite, with increased low-437 

level MSE over the Arabian Peninsula, Red Sea, and along the east coast Egypt, denoting an 438 

instable atmosphere associated with anomalous moisture transport (Figs. 8a and c) and 439 

promoting convection and precipitation (Figs. 9a and c). 440 

 In short, Figs. 4-9 show spring circulation and precipitation patterns favorable to high 441 

DOD in Syria. Anomalous low pressure over Europe, the southern Arabian Peninsula, and 442 

northeastern to eastern Africa promotes westerly winds from North Africa and southerly flow 443 

over the southeastern Arabian Peninsula, both of which tend to transport dust to Syria. The 444 

anomalous moisture fluxes associated with the geopotential height and wind anomalies also 445 

favor a dry and stable condition over the dust source regions adjacent to Syria, such as Saudi 446 

Arabia, Iraq, and North Africa. The circulation and precipitation patterns associated with a 447 

positive PDO are largely opposite to those associated with high DOD in Syria in the recent 448 

decade, which explains the strong negative correlation between the two. Examination on 449 

circulation and precipitation variations associated with the PDO in a longer time period (either 450 

from 1979-2015 or 1948-2015) show generally similar patterns, but also with some 451 

discrepancies. If the conditions associated with high DOD in Syria are valid beyond the recent 452 

decade, i.e., 2003-2015, the negative role of the PDO on spring dust activities in Syria is also 453 

likely to persist. 454 

 455 

5. Analysis on strong dust storms in spring 456 
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 Severe dust storms usually only persist a few days or even a few hours (e.g., Haboobs) 457 

and seasonal or monthly averages reduce the variability of dust activities and may smooth out 458 

some important features. In this section we discuss the conditions associated with strong dust 459 

storms in Syria using daily DOD and reanalysis variables and compare these conditions with 460 

those from seasonal mean patterns discussed above including the teleconnections with the PDO. 461 

Composites are formed based on daily Syrian DOD index from Aqua. Days during March, April, 462 

and May from 2003-2015 are selected when the daily anomaly (with reference to long-term 463 

mean) of DOD index is greater than 1 standard deviation to form daily composites. Results are 464 

very similar but patterns are in slightly stronger (weaker) magnitudes if choosing the threshold of 465 

1.5 (0.5) standard deviations (not shown).  466 

 Figure 10 shows the composite of Aqua and Terra daily DOD (shading) and ERA-Interim 467 

10 m winds based on the Aqua DOD index. The patterns are quite similar in Aqua and Terra 468 

DODs. DOD anomaly is above 0.3 over Syria and western Iraq (Figs. 10a-b). Anomalous high 469 

DOD is also located over eastern Saudi Arabia and the northeastern Africa, indicating a possible 470 

transport of dust from these areas to Syria. Anomalous cyclonic flow is centered over southern 471 

Turkey around 30°E, with anomalous strong westerly wind blowing from North Africa and 472 

southerly flow from the eastern Arabian Peninsula, consistent with dust transport discussed in the 473 

above section. However, different from the seasonal mean regression patterns (e.g., Fig. 6), there 474 

are the anomalous southerly winds from the Red Sea and Persian Gulf.  475 

 Figure 11 shows the composite of daily precipitation from ERA-Interim two times daily 476 

forecast and TRMM daily precipitation for days with DOD anomaly above 1 standard deviation. 477 

Precipitation anomalies are shown in percentages (with reference to the climatological mean) 478 

instead of absolute values in order to highlight the precipitation variations over the Middle East, 479 
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where the magnitude of precipitation in spring is quite low (less than 1 mm day-1 in most of the 480 

areas). Patterns of precipitation anomalies associated with strong dust storms are quite similar in 481 

the ERA-Interim and TRMM, but with greater magnitudes in the ERA-Interim. Precipitation 482 

increases significantly (about 80% in TRMM and more than 8100% in the ERA-Interim) over 483 

Turkey and the northeastern Mediterranean, but decreases over the central and southern Arabian 484 

Peninsula and northeastern Africa. Syria sits in between the anomalous wet and dry regions, with 485 

slightly increased precipitation in its northern domain. These features are somewhat similar to 486 

the results of previous studies on strong dust storms and our understanding on the seasonal mean 487 

patterns associated with high DOD in Syria. Strong dust storms such as Haboobs (usually about 488 

1 kilometer height and tens to hundreds of kilometer length) are usually associated with 489 

convective storms (e.g., Miller et al., 2008; Roberts and Knippertz, 2012; Vukovic et al., 2014; 490 

Dempsey, 2014). The cold downdraughts from convective storms spread out and can lift the dust 491 

from the surface to form a dusty towering “wall” as the front of a Haboob. Similarly, severe 492 

precipitation and convection in Turkey and northern Syria can produce an unstable atmospheric 493 

condition in the region, and the intensified low-level winds can lift dust from the surface and 494 

thus increase DOD. Reduced precipitation over southern Arabian Peninsula and North Africa 495 

facilitates dust transport from these source areas to Syria. 496 

 Figure 12 shows composites for vertically integrated mass weighted moisture flux 497 

(vectors) and its magnitude (shading) from the NCEP1 and convective available potential energy 498 

(CAPE) from the ERA-Interim for days with Aqua DOD index anomaly greater than 1 standard 499 

deviation. Fig. 12a shows anomalous westerly flux from northern Egypt and southerly flux from 500 

the Red Sea and Persian Gulf largely increase the moisture transport to Syria and eastern Turkey, 501 

while the reduced moisture fluxes along the south coast of Iran, southern Arabian Peninsula, 502 
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southern Red Sea, and the Gulf of Aden are quite similar to those patterns association with high 503 

Syrian DOD in spring (Figs. 8b and d) and a negative PDO (i.e., opposite to Fig. 8c). 504 

Consistently, CAPE is increased over Turkey and Syria, indicating an unstable atmospheric 505 

condition associated with increased moisture transport to the region, while over southern Arabian 506 

Peninsula and northeastern Africa where moisture flux is reduced CAPE is decreased (Fig. 12b).  507 

The connection between the PDO and daily strong dust storms is also verified by 508 

correlating an index of the occurrence of strong dusty events (i.e., daily DOD anomaly greater 509 

than 1 standard deviation) in MAM with HadISST from 2003-2015 (supplementary Figure S5).  510 

 Figs. 10-12 suggest that severe dust storms occur under both favorable large-scale and 511 

regional-scale features. Remote forcing such as PDO modifies springtime circulation and 512 

precipitation patterns, e.g., a negative phase of PDO decreases precipitation over the southern 513 

Arabian Peninsula, northeastern Africa and favors the transport of dry dusty air from these 514 

regions to Syria, while strong convective storms over Turkey favor the dust lifting and formation 515 

of strong dust storms in Syria.  516 

 517 

6. Can the recent GFDL climate model capture the connection between the PDO and 518 

Syrian DOD? 519 

 To what extent can current climate model capture the connection between the PDO and 520 

Syrian DOD? We examined such relationships in the GFDL AM3 model. Figure 13a shows the 521 

correlation between modeled DOD index and surface temperature from 1960-2010 in MAM. The 522 

correlation pattern over the North Pacific is quite similar to that of a negative PDO (e.g., Fig. 3c), 523 

but only significant over the northern North Pacific, indicting a weaker such connection in the 524 

model. Over land, DOD is highly positively associated with surface temperature in the northern 525 
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to northeastern Africa, which is not seen in the observations, and may suggest an overestimation 526 

of the connection in the model. The correlation pattern is similar if calculated from 1951 to 2010, 527 

but with a slightly stronger positive correlation over the tropical eastern Pacific (not shown). 528 

 Fig. 13b shows the regression of standardized DOD index onto 200 hPa (contours) and 529 

850 hPa geopotential heights (shading) during MAM 1960-2010. The wave trains propagation 530 

from north Pacific to the Middle East is quite similar to that shown in the NCEP1 using observed 531 

DOD index (Figs. 4b and d) but in a weaker magnitude in the tropical and subtropical North 532 

Pacific, consistent with the weak SST correlations (Fig. 13a). The anomalous low over Africa 533 

dips down to the eastern Sahel, probably in association with the biased correlation between the 534 

DOD and surface temperature over the northeastern Africa. 535 

 Figure 13 suggests that AM3 can partially capture the connection between the dust 536 

activities in Syria and the PDO during 1960-2010. This complements our satellite observation-537 

based analysis on their relationship in the recent decade, although the modeled relationship is 538 

weaker than that in the observations. A few reasons may contribute to this underestimation. First, 539 

AOD is slightly underestimated in the Middle East in the model compared with AERONET, and 540 

the simulated DOD is also less than that in MODIS, which indicates that dust variability may be 541 

underestimated in the region. Second, cCurrent dust scheme in AM3 only relates dust emission 542 

to dust source map and surface wind speed, while the influence of soil moisture on dust emission 543 

is not explicitly considered. Thus, the anomalous dust transport from southern Arabian Peninsula 544 

and northeast Africa in association with the dry conditions under a negative PDO may not be 545 

fully captured by the model.  Our analysis also suggest that the DOD in the model is highly 546 

correlated with dry deposition over the western Mediterranean, along the north coast of Egypt, 547 

and Turkey and with the southwesterly winds in these region, indicating an very strong 548 
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connection with the dust sources in Africa, which may be an overestimation. However, it is not 549 

uncommon that global or regional climate models have difficulties capturing the interannual to 550 

decadal variations of dust aerosols (e.g., Evan et al., 2014; Solmon et al. 2015). This is why we 551 

did not choose the climate model as a major tool to examine the connection between the PDO 552 

and Syrian DOD in this work. A new dust emission scheme that considers the influences of soil 553 

moisture and vegetation cover and land use changes is currently under development, and the 554 

relationship between Syrian DOD and PDO is likely to be better represented in this newer 555 

version of the GFDL model. 556 

  557 

7. Conclusions 558 

 Dust activities in the Middle East have been related to a lot factors, such as remote sea 559 

surface temperatures, near surface winds, vegetation coverage, and precipitation variability. The 560 

ongoing civil war and a recent severe dust storm in Syria in 2015 raised concerns as whether dust 561 

activities will increase in the region. First step toward answering this question is to understand 562 

the dust activities driven by the natural climate variability. Here we examine the connection 563 

between Syrian dust activities and the Pacific decadal oscillation (PDO) using innovative dust 564 

optical depth (DOD) datasets retrieved from MODIS Deep Blue aerosol products and multiple 565 

observations and reanalyses.   566 

         A significantly negative correlation is found between Syrian DOD and the PDO in 567 

springtime during 2003-2015, suggesting that the PDO index explains about 81% variances of 568 

Syrian DOD in spring in the recent decade. Such a connection is revealed not only on 569 

precipitation as emphasized by previous studies (e.g., Yu et al., 2014; Notaro et al., 2015) but 570 

also on other aspects such as the circulation patterns and surface winds. It is found that high 571 
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DOD in Syria during spring is associated with low geopotential height over Europe, southern 572 

Arabian Peninsula, and northeastern to eastern Africa. Associated with these anomalous height 573 

patterns are the westerly wind anomalies over the Mediterranean basin and southerly wind 574 

anomalies over the southeastern Arabian Peninsula, favoring dust transport from these regions to 575 

Syria, where the transported dust dominates the DOD in spring (Ginoux et al., in preparation). A 576 

positive PDO is connected with wind and height patterns largely opposite to those associated 577 

with high DOD over Syria. Positive phase of the PDO also tends to increase precipitation over 578 

the Arabian Peninsula and northeastern Africa via anomalous moisture transport that increases 579 

moisture supply and also reduces the stability of low-level atmosphere.   A negative PDO thus is 580 

not only associated with wind and geopotential height patterns favorable to high DOD in Syria 581 

but also tends to reduces precipitation in the dust source regions such as Iraq, Saudi Arabia, and 582 

northeastern Africa, and thus favors dust transport to Syria.  This explains why the correlation 583 

between the Syrian DOD index and the PDO index is much higher than other individual index 584 

such as precipitation, leaf area index, and 10 m winds in Syria (Tables 1-2). The influences of the 585 

PDO on circulation and precipitation patterns over the Middle East largely persist beyond the 586 

recent decade, i.ee.g., over 1948-2015, but also show some exceptions.  The lack of long-term 587 

observations also brings uncertainties to the connection between the PDO and Syrian DOD.   588 

Different from the patterns on seasonal mean discussed above, analysis on the daily 589 

composites of strong spring dust storms shows both the influence of the PDO and local features.  590 

In spring, strong dust storms  (DOD anomalies greater than 1 standard deviation) in Syria is 591 

associated with an anomalous cyclonic flow centered over the northeastern Mediterranean Sea 592 

and Turkey, and southerly wind anomalies from the Red Sea and Persian Gulf. Consistently, 593 

moisture flux onto Turkey and Syria is enhanced and thus destabilizes the atmosphere and 594 
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promotes precipitation in Turkey and convection and dust uplifting in Syria. Meanwhile, reduced 595 

moisture fluxes onto the southern Arabian Peninsula and east coast of Egypt and Sudan in 596 

association with a negative PDO favor a dry and stable condition in Saudi Arabia and 597 

northeastern Africa, facilitating dust transport from these regions to Syria.   598 

 We examined the teleconnection between the Syrian DOD and the PDO in the GFDL 599 

AM3 model. A weaker connection compared to that in the observation is found, which may be 600 

partially related to model’s underestimation of the mean DOD and its variability in this area.  601 

The new dust scheme that includes the influence of soil moisture and precipitation is likely to 602 

overcome these drawbacks and provide a better representation of the relationship between Syrian 603 

DOD and the PDO.  604 

 605 

 606 
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 608 

 609 

 610 

 611 

 612 

 613 
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 615 

 616 

 617 
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Table 1 Correlations between monthly DOD indices and the PDO, Niño3.4 indices, precipitation from the 887 

CRU TS3.23 (P1; 2003-2014) and PRECL (P2), AVHRR LAI (LAI1), MODIS Aqua LAI (LAI2) and 10 888 

m wind speed from the ERA-Interim averaged over Syria (see the box in Fig.2) for all the month 889 

(seasonal cycles are removed) from 2003-2015 (or 2014). Coefficients significant at the 95% confidence 890 

level are in bold. 891 

 892 

Table 2 Same as table 1 but for MAM average from 2003-2015 (or 2014). Coefficients significant at the 893 

95% confidence level are in bold. 894 
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Figure 1. Monthly time series of Aqua (green) and Terra (grey) DOD indices averaged over Syria (see 913 

Fig. 2 for domain) and PDO index (orange; multiplying by -1 to show its negative connection with the 914 

DOD indices).  915 

 916 

Figure 2. Correlation between the PDO index and MODIS (a) Aqua and (b) Terra DOD in MAM from 917 

2003-2015. (c) Correlation between Syrian DOD indices (navy and green bar denotes Terra and Aqua, 918 

respectively) and PDO index for each month and annual mean (ANN) from 2003 to 2015. Red dashed 919 

lines denote the 95% confidence level (t test). Red box denotes the averaging area for Syrian DOD index. 920 

 921 

Figure 3. Correlation between the PDO index and HadISST (over the ocean) and CRU TS3.23 near-922 

surface temperature (over land) for (a) MAM and (b) annual mean during 2003-2014. Correlation 923 

between (c)-(d) Aqua and (e)-(f) Terra DOD indices and HadISST and CRU near-surface temperature for 924 

(c), (e) MAM and (d), (f) annual mean during 2003-2014.  Areas significant at the 95% confidence level 925 

(t-test) are dotted. 926 

 927 

Figure 4. Regression of 850 hPa (shading) and 200 hPa (blue contours; solid lines for positive values and 928 

dashed lines for negative values, from -40 gpm to 40 gpm with an interval of 10 gpm, zero line is not 929 

shown) geopotential heights onto the standardized PDO index for (a) 2003-2015 and (c) 1948-2015 and 930 

onto the standardized (b) Aqua and (d) Terra DOD indices. Areas significant at the 95% confidence level 931 

(t-test) are dotted. 932 

 933 

Figure 5. Regressions of NCEP1 850 hPa geopotential height (shading; gpm) and horizontal winds 934 

(vectors; m s-1) onto the standardized PDO index during (a) 2003-2015 and (c) 1948-2015, and onto the 935 

standardized (b) Aqua and (d) Terra DOD indices during 2003-2015. Area where the regression is 936 

significant at the 95% confidence level (t-test) is dotted, and vectors significant at the 90% confidence 937 

level are plotted in blue. 938 
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Figure 6. Regressions of ERA-Interim 10 meter horizontal winds (green vectors; m s-1) and cubic wind 939 

speed (shading; m3 s-3) onto standardized PDO index (a) from 2003-2015 and (c) from 1979-2015 and 940 

onto the standardized (b) Aqua and (d) Terra DOD indices. Areas where the regressions of the wind speed 941 

are significant at the 95% confidence level are dotted and vectors significant at the 90% confidence level 942 

are plotted in blue (t-test). 943 

 944 

Figure 7. Correlation between PRECL precipitation and PDO index during (a) 2003-2015, (c) 1948-2015 945 

and between precipitation and (b) Aqua and (d) Terra DOD indices during 2003-2015. Areas where the 946 

correlation coefficients are significant at the 95% confidence level (t-test) are dotted. 947 

 948 

Figure 8. Regression of vertically integrated mass weighted monthly moisture flux (vectors; kg m-1 s-1) 949 

and its magnitude (shading) onto standardized PDO index during (a) 2003-2015 and (c) 1948-2015, and 950 

onto the standardized (b) Aqua and (d) Terra DOD indices. Moisture flux is integrated from surface to 951 

300 hPa. Areas with magnitude of moisture flux significant at the 90% confidence level are dotted, and 952 

moisture fluxes significant at the 90% confidence level are plotted in purple vectors (t-test). 953 

 954 

Figure 9. Regression of vertically integrated MSE (104 J m-2) over the lowest four atmospheric layers 955 

(1000, 925, 850, and 700 hPa) from the NCEP1 onto the standardized PDO index for (a) 2003-2015 and 956 

(c) 1948-2015 and onto the standardized DOD indices from MODIS (b) Aqua and (d) Terra during 2003-957 

2015. Areas significant at the 90% confidence level (t-test) are dotted.  958 

 959 

Figure 10.  Composites of (a) Aqua and (b) Terra daily DOD (shading) along with ERA-Interim 10 m 960 

horizontal wind anomalies (with reference to the 1979-2015 mean; vectors) for days with Syrian DOD 961 

index (Aqua) greater than 1 standard deviation during MAM from 2003-2015. Shading shows values 962 

significant at the 95% confidence level over land, while wind vectors significant at the 95% confidence 963 

are plotted in blue (t-test). 964 
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Figure 11. Composites of daily precipitation anomalies (shading; % with references to the climatology) 965 

from (a) the ERA-interim and (b) TRMM for the days with Syrian DOD index (Aqua) greater than 1 966 

standard deviation during MAM from 2003-2015. Areas significant at the 95% confidence level (t-test) 967 

are dotted.  968 

 969 

Figure 12. Composites of (a) vertically integrated mass-weighted moisture flux (vectors; kg m-1s-1) and its 970 

magnitude (shading) from the NCEP1 and (b) CAPE (104 J/kg) along with 850 hPa winds (m s-1) from the 971 

ERA-Interim for the days with Syrian DOD index (Aqua) greater than 1 standard deviation during MAM 972 

from 2003-2015. Moisture flux is integrated from surface to 300 hPa.  Shading areas significant at the 973 

95% confidence level are dotted. 974 

 975 

Figure 13. (a) Correlation between AM3 DOD index averaged over Syria (see Fig. 2) and surface 976 

temperature from 1960-2010 and (b) regression of 850 hPa (shading) and 200 hPa (contours; solid lines 977 

for positive values and dashed lines for negative values, from -20 gpm to 20 gpm with intervals of 5 gpm, 978 

zero line is not shown) geopotential height onto the standardized DOD index from 1960-2010. Shading 979 

areas significant at the 95% confidence level are dotted. 980 
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 988 
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 990 
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Table 1 Correlations between monthly DOD indices and the PDO, Niño3.4 indices, precipitation from the 991 
CRU TS3.23 (P1; 2003-2014) and PRECL (P2), AVHRR LAI (LAI1), MODIS Aqua LAI (LAI2) and 10 992 

m wind speed from the ERA-Interim averaged over Syria (see the box in Fig.2) for all the month 993 
(seasonal cycles are removed) from 2003-2015 (or 2014). Coefficients significant at the 95% confidence 994 

level are in bold. 995 
 996 

 997 
 PDO Niño3.4 P1 P2 LAI1 LAI2 10 m wind 

Aqua DOD -0.51 -0.24 -0.05 -0.05 -0.35 -0.41 -0.00 
Terra DOD -0.50 -0.23 -0.05 -0.06 -0.32 -0.39 -0.02 

 998 
 999 
 1000 
 1001 
 1002 
Table 2 Same as table 1 but for MAM average from 2003-2015 (or 2014). Coefficients significant at the 1003 

95% confidence level are in bold. 1004 
 1005 

 PDO Niño3.4 P1 P2 LAI1 LAI2 10 m wind 
Aqua DOD -0.90 -0.60 -0.14 -0.38 -0.60 -0.64 0.31 
Terra DOD -0.90 -0.60 -0.10 -0.34 -0.57 -0.61 0.30 

 1006 
 1007 
 1008 
 1009 
 1010 
 1011 
 1012 
 1013 
 1014 
 1015 
 1016 
 1017 
 1018 
 1019 
 1020 
 1021 
 1022 
 1023 
 1024 
 1025 
 1026 
 1027 
 1028 
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 1029 
Figure 1. Monthly time series of Aqua (green) and Terra (grey) DOD indices averaged over Syria (see 1030 
Fig. 2 for domain) and PDO index (orange; multiplying by -1 to show its negative connection with the 1031 
DOD indices).  1032 
 1033 
 1034 
 1035 
 1036 
 1037 
 1038 
 1039 
 1040 
 1041 
 1042 
 1043 
 1044 
 1045 
 1046 
 1047 
 1048 
 1049 
 1050 
 1051 
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 1059 
Figure 2. Correlation between the PDO index and MODIS (a) Aqua and (b) Terra DOD in MAM from 1060 
2003-2015. (c) Correlation between Syrian DOD indices (navy and green bar denotes Terra and Aqua, 1061 
respectively) and PDO index for each month and annual mean (ANN) from 2003 to 2015. Red dashed 1062 
lines denote the 95% confidence level (t test). Red box denotes the averaging area for Syrian DOD index. 1063 
 1064 
 1065 
 1066 
 1067 
 1068 
 1069 
 1070 
 1071 
 1072 
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 1073 
 1074 
Figure 3. Correlation between the PDO index and HadISST (over the ocean) and CRU TS3.23 near-1075 
surface temperature (over land) for (a) MAM and (b) annual mean during 2003-2014. Correlation 1076 
between (c)-(d) Aqua and (e)-(f) Terra DOD indices and HadISST and CRU near-surface temperature for 1077 
(c), (e) MAM and (d), (f) annual mean during 2003-2014.  Areas significant at the 95% confidence level 1078 
(t-test) are dotted. 1079 
 1080 
 1081 
 1082 
 1083 
 1084 
 1085 
 1086 
 1087 
 1088 
 1089 
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Figure 4. Regression of 850 hPa (shading) and 200 hPa (blue contours; solid lines for positive values and 1090 
dashed lines for negative values, from -40 gpm to 40 gpm with an interval of 10 gpm, zero line is not 1091 
shown) geopotential heights onto the standardized PDO index for (a) 2003-2015 and (c) 1948-2015 and 1092 
onto the standardized (b) Aqua and (d) Terra DOD indices. Areas significant at the 95% confidence level 1093 
(t-test) are dotted. 1094 
 1095 
 1096 
 1097 
 1098 



 48 

 
 1099 
Figure 5. Regressions of NCEP1 850 hPa geopotential height (shading; gpm) and horizontal winds 1100 
(vectors; m s-1) onto the standardized PDO index during (a) 2003-2015 and (c) 1948-2015, and onto the 1101 
standardized (b) Aqua and (d) Terra DOD indices during 2003-2015. Area where the regression is 1102 
significant at the 95% confidence level (t-test) is dotted, and vectors significant at the 90% confidence 1103 
level are plotted in blue. 1104 
 1105 
 1106 
 1107 
 1108 
 1109 
 1110 
 1111 
 1112 
 1113 
 1114 
 1115 
 1116 
 1117 
 1118 
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 1119 
Figure 6. Regressions of ERA-Interim 10 meter horizontal winds (green vectors; m s-1) and cubic wind 1120 
speed (shading; m3 s-3) onto standardized PDO index (a) from 2003-2015 and (c) from 1979-2015 and 1121 
onto the standardized (b) Aqua and (d) Terra DOD indices. Areas where the regressions of the wind speed 1122 
are significant at the 90% confidence level are dotted and vectors significant at the 90% confidence level 1123 
are plotted in blue (t-test). 1124 
 1125 
 1126 
 1127 
 1128 
 1129 
 1130 
 1131 
 1132 
 1133 
 1134 
 1135 
 1136 
 1137 
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 1138 
Figure 7. Correlation between PRECL precipitation and PDO index during (a) 2003-2015, (c) 1948-2015 1139 
and between precipitation and (b) Aqua and (d) Terra DOD indices during 2003-2015. Areas where the 1140 
correlation coefficients are significant at the 95% confidence level (t-test) are dotted. 1141 
 1142 
 1143 
 1144 
 1145 
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 1146 
Figure 8. Regression of vertically integrated mass weighted monthly moisture flux (vectors; kg m-1 s-1) 1147 
and its magnitude (shading) onto standardized PDO index during (a) 2003-2015 and (c) 1948-2015, and 1148 
onto the standardized (b) Aqua and (d) Terra DOD indices. Moisture flux is integrated from surface to 1149 
300 hPa. Areas with magnitude of moisture flux significant at the 90% confidence level are dotted, and 1150 
moisture fluxes significant at the 90% confidence level are plotted in purple vectors (t-test). 1151 
 1152 
  1153 
 1154 
 1155 
 1156 
 1157 
 1158 
 1159 
 1160 
 1161 
 1162 
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 1163 
Figure 9. Regression of vertically integrated MSE (104 J m-2) over the lowest four atmospheric layers 1164 
(1000, 925, 850, and 700 hPa) from the NCEP1 onto the standardized PDO index for (a) 2003-2015 and 1165 
(c) 1948-2015 and onto the standardized DOD indices from MODIS (b) Aqua and (d) Terra during 2003-1166 
2015. Areas significant at the 90% confidence level (t-test) are dotted.  1167 
 1168 
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 1172 
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 1174 
 1175 
 1176 
 1177 
 1178 



 53 

 
 1179 
Figure 10.  Composites of (a) Aqua and (b) Terra daily DOD (shading) along with ERA-Interim 10 m 1180 
horizontal wind anomalies (with reference to the 1979-2015 mean; vectors) for days with Syrian DOD 1181 
index (Aqua) greater than 1 standard deviation during MAM from 2003-2015. Shading shows values 1182 
significant at the 95% confidence level over land, while wind vectors significant at the 95% confidence 1183 
are plotted in blue (t-test). 1184 
 1185 
 1186 
 1187 
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 1188 
Figure 11. Composites of daily precipitation anomalies (shading; % with references to the climatology) 1189 
from (a) the ERA-interim and (b) TRMM for the days with Syrian DOD index (Aqua) greater than 1 1190 
standard deviation during MAM from 2003-2015. Areas significant at the 95% confidence level (t-test) 1191 
are dotted.  1192 
 1193 
 1194 
 1195 
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 1196 
Figure 12. Composites of (a) vertically integrated mass-weighted moisture flux (vectors; kg m-1s-1) and its 1197 
magnitude (shading) from the NCEP1 and (b) CAPE (104 J/kg) along with 850 hPa winds (m s-1) from the 1198 
ERA-Interim for the days with Syrian DOD index (Aqua) greater than 1 standard deviation during MAM 1199 
from 2003-2015. Moisture flux is integrated from surface to 300 hPa.  Shading areas significant at the 1200 
95% confidence level are dotted. 1201 
 1202 
 1203 

 1204 
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 1205 
Figure 13. (a) Correlation between AM3 DOD index averaged over Syria (see Fig. 2) and surface 1206 
temperature from 1960-2010 and (b) regression of 850 hPa (shading) and 200 hPa (contours; solid lines 1207 
for positive values and dashed lines for negative values, from -20 gpm to 20 gpm with intervals of 5 gpm, 1208 
zero line is not shown) geopotential height onto the standardized DOD index from 1960-2010. Shading 1209 
areas significant at the 95% confidence level are dotted. 1210 
 1211 

 1212 

 1213 
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