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ABSTRACT OF THE DISSERTATION

What makes an Atmospheric River dusty? Spatio-temporal

characteristics and drivers of dust in the vicinity of Atmospheric

Rivers along the U.S. west coast

by

Kara Voss

Doctor of Philosophy in Oceanography

University of California San Diego, 2020

Amato Evan, Chair

Trans-Pacific dust is thought to increase precipitation from atmospheric rivers

(ARs) by enhancing ice formation in mixed-phase clouds. However, constraints

on measurements of dust have limited our understanding of the magnitude of this

effect.

In this dissertation, we utilize satellite-retrievals, ground-based observations,

and reanalysis to: 1. Develop global, daily, observation-based datasets of dust

aerosol optical depth extending from 2001 through 2018, 2. Develop a dust score

to characterize the dust-content of the environment surrounding ARs that made

landfall along the U.S. west coast between 2001 and 2018 and characterize the year-

to-year variability of the dust content of the surroundings of ARs, and 3. Analyze

the meteorological conditions associated with the presence of dust in the vicinity

of ARs. We show that dusty ARs occur primarily in March, at the confluence

of the end of the AR season and the beginning of the trans-Pacific dust season.

We show that dust is preferentially found within the warm sector of the extra-

tropical cyclones associated with ARs making landfall along the U.S. but dust

is also enhanced in the cold sector. Our results suggest that the year-to-year

variability in the dust score is primarily the result of variability of the dust content

of the eastern North Pacific and correlated variability of the frequency of ARs and

xiv



the dust content of surrounding area. Finally, we investigate the meteorological

conditions that lead to the presence of dust in the vicinity of an AR by analyzing

the conditions over trans-Pacific dust source regions and over the North Pacific

in the days prior to an AR. Dusty ARs are associated with enhanced upper- and

mid-level westerly winds over Asia, an extended North Pacific Jet, and eastward

migrating extra-tropical cyclones. In contrast, pristine ARs are associated with a

persistent ridge over the North Pacific.

The research presented here addresses gaps in our understanding of how often

and why dust is present in the vicinity of an AR, a critical step in constraining the

influence of dust on precipitation from ARs.
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Chapter 1

Introduction

Mineral dust aerosols are ubiquitous in the earth’s atmosphere (Textor et al.,

2006), and can be transported thousands of miles from source regions, remaining

lofted for weeks at a time (Prospero, 1999; Duce et al., 1980; Uematsu et al.,

1983). Dust has the ability to impact weather by interacting with short-wave and

long-wave radiation (Miller and Tegen, 1998) or by altering the micro-physical

properties of clouds (Twomey, 1977). Scattering or absorbing solar radiation and

absorbing and emitting outgoing long-wave radiation allows dust to change the

temperature structure of the atmosphere (Miller and Tegen, 1998).

The indirect effects of dust on weather and climate generally refer to the com-

plex interactions between dust and clouds. These effects are particularly dependent

on the temperature, pressure, and humidity of the surrounding atmosphere. Un-

der saturated conditions, dust is known to act as an ice nucleating particle (INP),

forming ice at temperatures well above the homogeneous freezing point (Isono

et al., 1959; DeMott et al., 2003). As ice crystals grow much more efficiently than

liquid droplets, due to the low vapor pressure surrounding the crystalline surface

and through riming, they are quicker to overcome updrafts to produce precipita-

tion (Hosler et al., 1957; Pinsky et al., 1998; Korolev, 2007). For this reason, it

is hypothesized that small amounts of dust may enhance precipitation under cold,

saturated conditions. Precipitation residues from in-flight measurements over the

Sierra Nevada Mountain Range and precipitation residues collected during the

CalWater field campaigns support this link between the presence of dust in clouds
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and enhancement of precipitation (Ault et al., 2011; Creamean et al., 2013, 2016;

Fan et al., 2014). In contrast, in shallow, low clouds that are warmer than the

temperature for INP activation, case studies have found that dust acts as cloud

condensation nuclei and can decrease precipitation by reducing water droplet effec-

tive radius, therefore increasing the persistence of this cloud type (Rosenfeld et al.,

2001; Kaufman et al., 2005). As clouds are a major component in the Earth’s ra-

diative balance, dust then indirectly impacts global temperature through the same

mechanisms (Twomey, 1977).

Dust is also known to impact the development of tropical cyclones, again

in ways that are dependent on the surrounding conditions. It is thought to in-

hibit tropical cyclone development off of Africa by enhancing atmospheric stabil-

ity though direct radiative mechanisms that suppress deep convection (Evan et al.,

2006; Dunion and Velden, 2004). However, some modeling experiments have shown

that through release of latent heat of freezing when activated as INP, dust may

actually intensify a hurricane and control its spatial structure in a process termed

convective invigoration (Lynn et al., 2016).

It was not until the mid-2000s that researchers became interested in the impact

of dust on storms impacting the west coast of North America called Atmospheric

Rivers (ARs). ARs, defined in the American Meteorological Society glossary as

“long, narrow, transient corridors of strong horizontal water vapor transport typ-

ically associated with a low-level jet stream ahead of the cold front of an extra-

tropical cyclone” (Ralph et al., 2018), cause extreme precipitation in the western

U.S. when forced upward by steep orography (Waliser and Guan, 2017). These rib-

bons of high wind speeds bring moisture from the tropics towards the mid-latitudes

but can also transport moisture from other parts of the Pacific. The landfall po-

sition and orientation of an AR along the U.S. west coast is typically controlled

by a dipole pattern of a trough and ridge to the north or south situated along the

coast. These storms are responsible for a very large portion of water resources in

the western U.S., up to 50% in California in most years (Dettinger et al., 2011),

but are relatively infrequent with only a few events per year in a given location

(Lamjiri et al., 2017). In addition to providing water resources ARs can lead to

2



damaging floods, particularly when soils are saturated prior to the AR landfall

(Corringham et al., 2019).

Accurate forecasts of precipitation from ARs allow water managers the op-

portunity to anticipate flood risk or maximize water storage (Ralph et al., 2014).

Despite case-based evidence that dust could increase precipitation from ARs by up

to 40% (Ault et al., 2011), aerosol-cloud-precipitation interactions are, in general,

not represented in operational numerical weather prediction models (Jiang et al.,

2017). This is partially due to the high computational cost of representing small

scale, highly complex interactions. It is also because our understanding of these

interactions is limited and there are very few measurements to constrain parame-

terizations (Benedetti et al., 2018). These aerosol-cloud-precipitation interactions

are a potential source of error in forecasts (Jiang et al., 2017), including forecasts

of ARs. However, the lack of quantitative constraints on how much and how often

aerosols are present and able to influence precipitation make the scale of these

errors unknown.

Trans-Pacific dust, aeolian mineral dust from sources west of the Pacific Ocean

that travels eastward towards North America, dominates over concentrations of

local dust in many locations along the North American coast (Creamean et al.,

2015; Yu et al., 2019). While it disperses as it travels across the Pacific Ocean

such that it is greatly reduced in concentration if it reaches North America, it has

the potential to change the micro-physical properties of clouds. Trans-Pacific dust

was first identified within Atmospheric Rivers during the CalWater Field campaign

(Ralph et al., 2016; Ault et al., 2011). In-flight and on-the ground measurements of

aerosols during this campaign, in which measurements were taken from ARs that

occurred during the cool season from 2011 to 2015, allowed for detailed case studies

on aerosol composition and cloud micro-physical characteristics during ARs. In

some of these cases, dust layers were found coincident with enhanced ice fraction

(Creamean et al., 2013), suggesting ice nucleation, and when two meteorologically

similar storms were compared it was found that the storm with dust produced up

to 40% more precipitation (Ault et al., 2011).

While these studies suggest that dust may play a large role in modulating
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precipitation from ARs, the temporally and spatially limited nature of aircraft

and in-situ measurements makes it difficult to draw generalizable conclusions from

these findings. These case studies utilized air mass back trajectory modeling to

infer dust provenance and its transport path but they did not specifically analyze

the meteorological drivers that led to the presence of dust in some storms, but not

others.

A key step in understanding the extent to which dust influences precipitation

from Atmospheric Rivers is understanding how often, and why, dust is present

in and around these storms. In order to address this, a long record of dust is

necessary. In Chapter II, a new, daily, satellite-based observational dataset of dust

is introduced that is global, such that it may be used to investigate dust in the

vicinity of ARs making landfall along the U.S. but also to investigate the source

regions and transport path of this dust. In Chapter III, the dust dataset described

in Chapter II is used to create a “dust score”, a metric for characterizing the dust-

content of the environment surrounding an AR, for ARs that made landfall along

the U.S. west coast between 2001 and 2018. This dust score is then used to describe

the annual cycle and year-to-year variability of high dust score ARs and to infer

the characteristic location of dust within AR-associated extra-tropical cyclones. In

Chapter IV, an evaluation of the synoptic meteorological conditions that lead to

the presence of dust in the environment surrounding the AR is performed. The

conclusions of this synoptic evaluation have implications for predictability and

may be informative for future field observation-based investigation of dust-cloud-

precipitation interactions under AR conditions.
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Chapter 2

A new satellite-based global

climatology of dust optical depth

2.1 Chapter Abstract

By mass, dust is the largest contributor to global aerosol burden. Yet long term

observational records of dust, particularly over the ocean, are limited. Here, two

nearly-global observational datasets of dust aerosol optical depth (τd) are created

based primarily on optical measurements of the aerosol column from 1) the MOD-

erate resolution Imaging Spectroradiometer (MODIS) aboard the Terra satellite

spanning from 2001 to 2018 and 2) the Advanced Very High-Resolution Radiome-

ter (AVHRR) from 1981 to 2018. The quality of the new data is assessed by

comparison with existing dust datasets that are spatially more limited. Between

2001 and 2018, τd decreased over Asia, and increased significantly over the Sa-

hara, Middle East, and parts of eastern Europe, with the largest increase found

over the Aral Sea where emissive playa surfaces have been exposed. These daily,

observational, and nearly-global records of dust will allow for improvement in un-

derstanding the role of dust in climate variability.
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2.2 Introduction

Aeolian dust makes up the largest mass fraction of the global aerosol burden

(Textor et al., 2006) and produces profound impacts on natural (Rosenfeld et al.,

2001; Swap et al., 1992; Mahowald, 2011; Miller et al., 2004; Ault et al., 2011; Evan

et al., 2006; Strong et al., 2018) and anthropological systems (Tong et al., 2017;

Griffin, 2007; Shao, 2008; Mani and Pillai, 2010; Ai and Polenske, 2008; Brown,

2002). A major limiting factor in understanding the global distribution of dust,

how it will change in the future, and its complex interactions with Earth’s climate,

is the limited availability of measurements especially over the ocean (Prospero

and Mayol-Bracero, 2013). Airborne campaigns have provided measurements for

select places and times (Ralph et al., 2016; Formenti, 2003; Chen et al., 2011;

Formenti et al., 2008; Stith et al., 2009; Ryder et al., 2013; Klaver et al., 2011) and

ground based networks have provided long term measurements for specific regions

(Malm et al., 1994; Prospero and Nees, 1986; Prospero, 1999; Holben et al., 1998).

Most satellite sensors do not isolate the dust contribution to aerosol optical depth

(AOD) at the point of retrieval, so several methods have been proposed and utilized

for studying spatial and temporal variations of dust using satellite measurements

and models. These methods have mostly used optical properties of the aerosol

column related to particle size (Ginoux et al., 2012; Kaufman, 2005), color, and

single scattering albedo (Ginoux et al., 2012), or have used the Ultraviolet (UV)

absorptive property of dust for identification (Ginoux, 2003). Several studies have

used satellite-based products to study dust aerosol optical depth (τd) over either

the ocean or land in select locations. Over the Atlantic Ocean, Kaufman (2005)

analyzed τd using the MODerate Imaging Spectroradiometer (MODIS) retrievals

of AOD and Evan and Mukhopadhyay (2010) used a similar method to create a

record of τd based on retrievals by the Advanced Very High Resolution Radiometer

(AVHRR). In addition, Ginoux et al. (2012) used τd over bright land surfaces based

on MODIS Deep Blue AOD to identify dust source regions. Monthly τd has also

been used in evaluation of the dust emission schemes of global climate models (Pu

and Ginoux, 2018b).

More recently, studies have used a combination of satellite observations and
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models to investigate the distribution of dust globally and trends in dust for select

regions. Ridley et al. (2016) produced a long-term mean dataset of τd between

2004 and 2008 using AOD retrievals from multiple satellite platforms and dust

estimates from several global models and Chin et al. (2014) used satellite AOD from

several sensors alongside the Goddard Chemistry Aerosol Radiation and Transport

(GOCART) model to investigate multi-decadal regional trends in aerosol species,

including dust. These merged approaches have value in allowing for elucidation

of aerosol sources and the ability to distinguish anthropogenic from natural dust.

However, they are susceptible to model biases in dust emission and transport.

Climate models display a large diversity in dust aerosol optical depth and dust

emission, mostly underestimating dust emission from major sources, and do not

consistently agree with observations (Evan et al., 2014; Huneeus et al., 2011; Pu

and Ginoux, 2018a; Kok et al., 2017; Kok, 2010; Ryder et al., 2018). Therefore,

it is valuable to have complimentary extensive observational records of dust for

comparison.

Here, we expand on the work of Evan and Mukhopadhyay (2010) by using the

extended record of satellite retrievals to produce two nearly-global τd datasets de-

veloped using MODIS (2001-2018) and AVHRR (1981-2017) at daily and monthly

resolution, respectively, with the former dataset extended to cover both land and

ocean regions. Although dust transport happens on a temporal scale of days to

weeks, the previously mentioned efforts have focused on estimating monthly mean

τd. This work provides the longest record of observed daily τd to date, at a tem-

poral resolution suitable for analysis of daily transport events (daily) and 1◦x1◦

spatial resolution.

In the next section we describe the data and methods used in the estimation of

global τd and provide an estimation of the associated uncertainty. Our results in

Section 3 include identification of climatological seasonal patterns in τd, a compar-

ison of our τd estimates as derived from two different sensors, and a comparison of

the MODIS-derrived dataset to pre-existing ground based measurements of dust

aerosol from several locations. We then identify regional trends in τd for the period

of each record.
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2.3 Methodology

Two datasets of τd were created. The first, which hereafter will be referred to as

τMd , is based primarily on AOD (τ) retrievals from the MODIS instrument on the

Terra platform, with a companion set of estimates created for the same instrument

aboard the Aqua platform, (both accessed at https://ladsweb.modaps.eosdis.nasa.gov)

and extends from 2001–2018 for the case of Terra, and 2003–2018 for Aqua. τMd

includes estimates over both land and water-covered surfaces. τAd is based on

aerosol optical thickness (AOT) retrievals from the AVHRR instruments aboard

the NOAA series of satellites (Heidinger et al., 2014; Zhao et al., 2008, 2002; Zhao

and Program, 2017), and covers the period 1981–2018. AVHRR AOT retrievals

are not made over land, and thus τAd is an over-water only product.

2.3.1 Datasets used

MODIS level 3, Collection 6.1 (C061) daily Dark Target AOD is derived from

the measured 500m resolution reflectance from all visible MODIS bands by taking

the average of the measured radiance over all scenes that are cloud-free and glint-

free over the ocean within a 10km grid box, and fitting these values to a lookup

table. Level 3 MODIS Dark target AOD is calculated using the QAC screened

Level 2 (L2) pixel level data. MODIS 550nm fine mode fraction (f) is calculated

from ratio of the small mode AOD to the total AOD. MODIS C006 AOD over

ocean has been shown to have an expected error of +(0.04 + 10%) − (0.02 + 10%)

(Levy et al., 2013). For dust-dominated regions, it has been shown that there

is a bias of +5% (Kaufman, 2005). There has been no systematic program for

evaluation of MODIS f because its definition is somewhat ambiguous, making

evaluations against other estimates difficult (Kleidman et al., 2005). At this time,

there is no envelope of error for C061 f . However, Collection 5 (C005) f over

ocean was found to agree with AEROsol RObotic NETwork (AERONET) retrieved

sky radiance fine mode fraction within approximately ±0.20 (Kleidman et al.,

2005), and Bréon et al. (2011) found agreement between MODIS (τ f,MODIS) and

AERONET (τ f,AERONET ) fine mode AOD, as evidenced by a correlation r-value of
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0.76, RMSE of 0.08, bias of 0.01, and 53% of retrievals within the C005 envelope of

error, δτ = 0.03+0.05τAERONET , which describes a confidence envelope containing

one standard deviation ( i.e.,68%) of τ f,MODIS/τ f,AERONET matchups. In our

estimate of the known uncertainty in τd, we assume that the C061 f uncertainty

has not changed from the C005 values. Although a Quality Assured (QA) dataset

does exist for τ f,MODIS, we chose to use the standard dataset in order to retain

additional coverage.

The equivalent set of estimates for τMd from the Aqua platform extends from

2003 to 2018. The Aqua platform passes the equator at 1:30pm in the after-

noon while Terra passes near 10:30am local time. AOD from MODIS Terra and

Aqua have been shown to agree very well (Ichoku, 2005). However, globally, Terra

monthly mean AOD over ocean has been shown to be higher than Aqua by +0.015

(Levy et al., 2018; Remer et al., 2008). This is partially explained by diurnal cy-

cles in cloud fraction (King et al., 2013), which may create differences in sampling

between these sensors, and partially explained by issues with the total infrared

radiation measured by Terra (Levy et al., 2018). This paper will focus largely on

τMd from the Terra platform, as it is a longer record. However, we will discuss

decadal trends in τMd derived from Aqua in Section 2.52.5.1.

Table 2.1: Summary of variables and data types used in equations 1, 2, and 3.
fd, fm, and fa represent characteristic AERONET fine mode fractions for dust,
marine, and anthropogenic or biomass burning -dominated AERONET stations,
respectively. τ and f represent the total AOD and fine mode fraction, and τm
represents the marine aerosol contribution to the total AOD.

V ar. P latform Instrument Retrieval Wavelength
τ Terra/NOAA MODIS/AVHRR 550 nm or 630 nm
f Terra MODIS N/A
fd AERONET Sun Photometer (O’Neill method) 500 nm
fm AERONET Sun Photometer (O’Neill method) 500 nm
fa AERONET Sun Photometer (O’Neill method) 500 nm
τm MERRA-2 Parameterized from surface winds N/A

As our τd estimate is built upon AOD, it carries with it the known limitations
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of the sensors from which it is derived. MODIS AOD retrievals are limited to

cloud-free pixels and errors in cloud screening will impact the AOD estimate.

The MODIS aerosol cloud mask uses the standard deviation of reflectance in sets

of pixels to remove cloudy pixels, which increase spatial variability. Absolute

reflectance at 1380 nm and the ratio of reflectances at 1380 nm and 1240 nm, as well

as several infrared tests are used for additional screening of thin cirrus. Over ocean,

the brightest and darkest 25% of the remaining pixels are arbitrarily removed and

the average reflectance in each channel is calculated from the remaining pixels.

Over land, the brightest 50% and darkest 30% of pixels are discarded before the

averaging step (Remer et al., 2012). While this usually produces a reasonable

result, in the case that unscreened clouds remain before the discarding of the

brightest and darkest retrievals, this can produce AOD estimates that are biased

high (Kahn et al., 2007). It is known that MODIS AOD is biased very high

in the southern hemisphere mid to high latitudes over the Southern Ocean due to

extensive broken stratocumulus and cirrus cloud contamination (Toth et al., 2013).

We have thusly limited these datasets to extend from 60◦N to 50◦S.

Level 2 (L2) Version 3 AOD and fine mode fraction from select sites, as will

be discussed in Section 2.32.3.2, retrieved from AERONET (Holben et al., 1998,

2001) sunphotometers using the Spectral Deconvolution Algorithm (SDA) Version

4.1 (ONeill, 2003) accessed at https://aeronet.gsfc.nasa.gov are used to estimate

τMd and τAd over the ocean. In the determination of AERONET fine mode fraction,

two spectral modes of AOD are defined based on the premise that the coarse mode

spectral variation is approximately neutral while the derivative of the fine mode

spectral variation is an approximate function of the fine mode angstrom exponent

(ONeill, 2003). From this, the ratio of fine mode to total AOD is determined

at a reference wavelength of 500nm from a second order polynomial fit of the

natural logarithm of AOD and wavelength applied to each AOD spectrum across

six bands. This definition of fine mode fraction is different from that used in the

MODIS dataset and may result in some disagreement. MODIS f has been shown

to slightly overestimate the fine mode fraction in dust or salt dominated regions by

0.1 - 0.2 relative to AERONET fine mode fraction as generated from the O’Neill
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algorithm (Kleidman et al., 2005), which has the potential to introduce a small

positive bias in our estimated τd.

MODIS C061 L3 Deep Blue products (AOD, single scattering albedo (SSA),

angstrom exponent (AE) accessed at https://ladsweb.modaps.eosdis.nasa.gov) were

used in the estimation of τMd over land (Hsu et al., 2013). These products use the

blue channels of MODIS where surface reflectance is very low. Pixel level re-

trievals are averaged over 10km x 10km grids and data are then aggregated into

granules. The L3 products are provided at 1◦ x 1◦ resolution. SSA at 412nm and at

660nm were used in addition to AE, which is inversely proportional to particle size

(Angstrom, 1929). Deep Blue AOD was used as the basis for estimation of τMd over

land and is reported to have an expected error of +(0.04 + 10%) - (0.02+10%)

(Hsu et al., 2014). The C061 Deep Blue AOD release extended coverage to all

non-snow land surfaces, while C005 only included bright land surfaces.

The AVHRR AOT at 630 nm climate data record (CDR) (Zhao and Program

(2017); accessed at https://www.ncei.noaa.gov/data/) was used in the estimation

of τAd (Zhao and Program, 2017; Chan et al., 2013). The CDR was created using

the NOAA AVHRR PATMOS-x Level-2B product (Zhao et al., 2008, 2002; Zhao

and Program, 2017). While there is no difference between AOD and AOT, we

refer to the MODIS data as AOD and the AVHRR data as AOT as this is how

each is referenced in their documentation. It combines retrievals from 17 different

sensors, and the overpass time and number of observations per day (4-8 obs/day)

varied between sensors. Large data gaps occur for years before 1985. AVHRR

AOT was re-gridded from its native resolution of 0.1◦x0.1◦ to a resolution of 1◦x1◦

using inverse distance weighted interpolation. Aerosol retrievals are only available

over ocean and require clear-sky conditions (Heidinger et al., 2014). The CDR

AVHRR AOT dataset has a systematic error (positive bias) of 0.03 ± 0.006 and a

random error of ±0.113 (Zhao and Program, 2017). The error budget of AVHRR

AOT CDR is based on AERONET validation. While another product of AVHRR

aerosol loading is available, derived using algorithms from modern sensors (Hsu

et al., 2017; Sayer et al., 2017), it is limited to several years. Therefore, we did not

use this product.
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Table 2.2: AERONET stations used for calculation of fa, fd, and fm with the years
of data used from each station in this calculation.

V ariable Mean AERONET Stations
fa 0.79 Alta Floresta (1993-2018), GSFC (1993-2018), Campo

Grande (1995), Mongu (1995-2010), Mainz (1997-
2018), Abracos Hill (1999-2005), BelTerra (1999-2005),
Cordoba CETT (1999-2010), CEILAP BA (1999-
2018), Palaiseau (1999-2018), Skukuza Aeroport (2000),
UCLA (2000-2018), Hamburg (2000-2018), Rio Branco
(2000-2018), Philadelphia (2001), CCNY (2001-2018),
Cuiaba Miranda (2001-2018), Rome Tor Vergata (2001-
2018), Fresno (2002-2012), Billerica (2002-2018), Hal-
ifax (2002-2018), New Delhi (2004-2010), Petrolina
Sonda(2004-2017), Hong Kong PolyU (2005-2018),
HongKong Hok Tsui (2007-2010), Dayton (2008-2018),
Hong Kong Sheung (2012-2018).

fd 0.35 Solar Village (1999-2015), Hamim (2000-2007), Taman-
rasset INM(2006-2018), Tamanrasset TMP(2006), Eilat
(2007-2018)

fm 0.34 Midway Island (2001-2015), Nauru (1999-2013), Ams-
terdam Island (2002-2018), Crozet Island (2003-2013),
ARM Graciosa (2013-2018), American Samoa (2014-
2017)

Daily mean surface wind speed from the second Modern-Era Retrospective

Analysis for Research and Applications (MERRA-2) (Gelaro et al., 2017) one hour

time-averaged surface flux assimilation product (accessed at https://disc.gsfc.nasa.gov/)

was used in the estimation of marine AOD. This was re-gridded from its native

resolution of 0.625◦longitude x 0.5◦latitude to a resolution of 1◦ x 1◦ using bilinear

interpolation. MERRA-2 surface wind patterns have been shown to be similar to

other datasets, but greater in magnitude in most regions than MERRA and ERA-

Interim and weaker in magnitude than NCEP-R2 (Bosilovich et al., 2015). Similar

to most reanalysis products, MERRA-2 winds are weaker than 93% of observations

considered in Bosilovich et al. (2015).
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2.3.2 MODIS dust optical depth over ocean

Our method for estimating τMd over ocean surfaces is based on Kaufman (2005).

Underlying this method is the assumption that the major contributions to total

AOD are anthropogenic and biomass burning aerosol, marine aerosol, and dust

aerosol, and thus one can deduce τd by estimating the contributions from the

other aerosol types. As anthropogenic and biomass burning aerosols are gener-

ally dominated by submicron particles with AE greater than 1 (Dubovik et al.,

2002; Schmeisser et al., 2017), f can be used to discriminate these types from the

contributions by coarse mode-dominant aerosol types.

The total aerosol optical depth (τ) is

τ = τd + τm + τa (2.1)

where τm and τa are the marine, and anthropogenic or biomass burning contri-

butions to τ , respectively. Here we have combined the biomass burning and an-

thropogenic aerosols for convenience, as they both have a dominant fine mode and

will thus be isolated and removed from τ simultaneously. The fine mode aerosol

optical depth is given by fτ , and can be expressed as a function of the fine mode

optical depth contributions from the individual aerosol species,

fτ = fdτd + fmτm + faτa (2.2)

where f , fd, fm, and fa are the total, dust, marine, and anthropogenic or biomass

burning contributions to f , respectively. Equations 1 and 2 can be combined and

rearranged to yield τd,

τd =
τ(fa − f) − τm(fa − fm)

fa − fd
(2.3)

Data sources for each of these variables can be found in Table 1. Characteristic

values of fm, fa, and fd were determined using the average of fine mode fraction

from AERONET stations dominated by each aerosol type, weighted by the total

τ (Table 2). This weighting was performed for each station according to:

f =

∑N
i=1 fi ∗ AODi∑N

i=1AODi

(2.4)
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Where f is fa, fd, or fm. For fa and fd, AERONET stations were chosen based on

Cazorla et al. (2013). For fm, marine aerosol-dominated AERONET island stations

were selected based on Lehahn et al. (2010) and Chaubey et al. (2011) and through

visual selection of additional remote island sites. MODIS retrievals were not used

for determining these coefficients since f is only distinguishable over the ocean

with this instrument. This makes it likely that all MODIS f estimates contain

some significant contribution from sea spray and as such represents a deviation

from the methods of Kaufman (2005).

Marine aerosol contribution

Kaufman (2005) parameterized marine aerosol based on NCEP surface (1000hPa)

wind speed at 2.5◦ x 2.5◦ resolution. This parameterization was based on the

relationship between surface wind speed from a National Climatic Data Center

(NCDC) meteorological station and an AERONET station on Midway Island from

14 months of data, excluding the dust season (February through May) (Smirnov

et al., 2003).

Here we consider that the total marine aerosol optical depth is given by

τm = τm,c + τm,f (2.5)

where τm,c and τm,f are the coarse and fine mode contributions to marine aerosol.

We make the assumption that τm,f is weakly dependent on wind speed (Satheesh

et al., 2006), and that the dependence of τm on surface wind speed is primarily from

τm,c (Lehahn et al., 2010). We identified a region dominated by marine aerosols

(0-25◦S, 178-130◦W), and set τm,f equal to the long-term MODIS fine mode aerosol

optical depth,

τm,f = 0.05(±0.03) (2.6)

where ±0.03 is the standard deviation of the daily MODIS fine mode aerosol optical

depth at 0-25◦S, 178-130◦W from 2001 to 2017 (Figure 2.1c). Assuming the linear

relationship,

τm,c = αw (2.7)
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where w denotes surface wind speed and it is implied that τm,c = 0 in the absence of

surface winds, the proportionality term α was calculated via regression of MODIS

Terra coarse mode AOD onto MERRA-2 surface wind speeds, both interpolated

to a 1◦x1◦ horizontal resolution, and over the same region used to calculate τm,f .

Via the linear regression (Figure 2.1b),

τm,c = 0.008(±0.0001)w (2.8)

which is consistent with Lehahn et al. (2010), who found τm,c to be linearly related

to surface wind speed with a slope of 0.009 ± 0.002m/s. We tested three other

parameterizations for marine aerosol and found that this parameterization resulted

in the lowest bias (+0.02) and lowest root mean squared error (RMSE) (0.04) when

compared with AERONET AOD at Nauru, a remote island station, from 2001 to

2014 for days on which there were clear-sky measurements from both instruments.

These other parameterizations are described in the Supplementary Information.

Sea salt aerosol has been parameterized previously using linear (Lehahn et al.,

2010; Smirnov et al., 2003; Mulcahy et al., 2008; Glantz et al., 2009; Huang et al.,

2010), power-law (Mulcahy et al., 2008; Glantz et al., 2009), and exponential

(Moorthy and Satheesh, 2000) relationships to 10m or surface wind speeds from

in-situ and remote sensing measurements. It is well known that, to first order, sea

salt emission is primarily dependent on wind speed (Jaeglé et al., 2011). However,

other factors including sea surface temperature (SST), organic material, vertical

mixing, advection, wet and dry deposition, and relative humidity could impact sea

salt emission to a lesser extent. The second most commonly used predictor, after

wind speed, is SST (Jaeglé et al., 2011; Gong, 2003). However, laboratory and

in-situ investigations of the SST dependence of marine aerosol have had contra-

dictory results, indicating that we do not yet fully understand how temperature

impacts SSA (Grythe et al., 2014; Mårtensson et al., 2003; Zábori et al., 2012).

Therefore, we have chosen to retain a parameterization that is only based upon

surface winds.
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2.3.3 τMd over land

τMd over land for the time period between 2001 and 2018 was estimated based on

the methods of Ginoux et al. (2012) with minor modifications. Ginoux et al. (2012)

used collection 5 (C005) MODIS Deep Blue AOD to identify pixels over land that

contained dust by their column optical characteristics including AOD greater than

0.1, AE less than 0, SSA at 412 nm less than 0.95, and SSA at 412nm less than or

equal to SSA at 660nm. The AE criteria selects for pixels with a dominant coarse

mode to the aerosol size distribution (Ginoux et al., 2012), which should primarily

be dust and marine aerosol (Dubovik et al., 2002). The criteria for SSA at 412nm

is related to absorption of solar radiation in the green channel, characteristic of

dust, and is effective at removing influences of marine aerosol. The difference in

SSA between 660nm and 412nm is used because an optical property of dust is a

positive spectra variation of SSA with wavelength, which manifests as a sharp de-

crease in absorption from the red (660nm) to blue (412nm) channels. This criteria

is effective at removing any additional influence of biomass burning, as biomass

burning particles have spectral variation with the opposite slope. If a retrieval met

all of these criteria, its Deep Blue AOD contributed to the long-term mean of τd

at that grid cell. In order to test the thresholds used in Ginoux et al. (2012), we

collected these same data within three over-land regions where the aerosol signal

is dominated by dust, and one over-land region where mineral aerosols are unlikely

to be present, and binned the pixels of this data for each location by their optical

properties using the time period 2006 to 2010. The boundaries of these regions

were chosen visually, selecting for either desert surface boundaries or for vegeta-

tion cover (Figure S8). The dust-dominated locations included a region over the

Sahara desert (10-30◦E, 19-30◦N) (Figure 2.2a), a region over the Arabian desert

(40-50◦E, 23-35◦N) (Figure 2.2b), and a region over the Taklamakan desert (77-

88◦E, 36-40◦N) (Figure 2.2c). The non-dust dominated location chosen was over

equatorial Africa (10-32◦E, 10◦S-5◦N) (Figure 2.2d).

In all three dust-dominated regions, 97-100% of pixels meet the criteria for SSA

at 412nm less than 0.95 while in the region dominated by other aerosol types, less

than 26% of pixels meet this criteria. Similarly, in each dust-dominated region,
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greater than 99% of pixels meet the criteria of SSA at 412nm exceeding or equal

to SSA at 660nm, while only 40% meet this criteria for the non-dust region. The

criteria used in Ginoux et al. (2012) of AOD greater than 0.1 was not used in the

creation of τMd here, as we were concerned that this threshold would systematically

bias our results.

Ginoux et al. (2012) used a conservative requirement of AE less than 0 to

identify dust. However, the updated algorithm used to create the C006 Deep Blue

AE product now limits the valid range of values to 0 ≥ AE ≤ 1.8 (Sayer et al., 2013;

Hsu et al., 2013). Therefore, we chose a new threshold based on the distribution of

AE in our three desert regions. When this threshold was replaced with a criteria

of AE less than 1, 90% of pixels in the Sahara desert region, 91% of pixels in the

Arabian desert region, and 73% of pixels in the Taklamakan desert region met the

new threshold while only 5% met it in the non-dust region. The new threshold of 1

we have used here is within the values of AE reported for dust regimes in Dubovik

et al. (2002). In summary, daily estimates of τMd over land grid cells are comprised

of the Deep Blue AOD if that pixel met the following criteria,

• MODIS C061 AE 470nm-670nm, which is inversely proportional to particle

size, less than 1

• MODIS C061 SSA at 412 nm, the ratio of aerosol scattering to extinction

coefficients at that wavelength, less than 0.95

• MODIS C061 SSA at 412 nm less than or equal to SSA at 660 nm

If a pixel did not meet these criteria its τd was set equal to zero. An analysis

of the accuracy of this method, through comparison with AERONET, is presented

in the supplementary materials.

2.3.4 τAd (1981 - 2018)

τd,AV HRR over the ocean from 1981 to 2018 was derived similarly to what was

previously described for MODIS. However, AOT from AVHRR was used rather

than MODIS AOD, and the climatological seasonal mean f from the MODIS
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period, calculated from the MODIS small mode 660nm AOD divided by the total

660nm AOD, was used in Equation 2.3 as there is a spectral dependence of f .

Evan and Mukhopadhyay (2010) showed that over the tropical North Atlantic, a

dusty region, the seasonal cycle in f is far larger than the inter-annual variability,

such that monthly climatological mean f can be used in place of monthly-mean f

without introducing significant biases. Here we also assume that the use of monthly

climatological f can be used in place of daily f . We tested this assumption by

calculating the τMd using climatological f . The results were similar to τMd calculated

using daily f with a bias of 0.00 in the long-term global mean over the ocean for

the period 2001-2017 (RMSE: 0.03). The characteristic fine mode fractions, fm,

fd, and fan, were the same as those used in the calculation of τMd .

Following Evan and Mukhopadhyay (2010), a time series of zonal mean strato-

spheric aerosol optical thickness (τs) as estimated in Sato et al. (1993) was removed

from AVHRR AOT before calculation of τAd for years prior to 1999 and was as-

sumed to be zero in subsequent years. This was done to remove the impact of

large volcanic eruptions, including Pinatubo (June 1991) and El Chicon (March,

April 1982), on τAd . τs was not removed in years following 1999 as there have been

no volcanic eruptions of the scale of Pinatubo or El Chicon since 1999. While the

total column AOT peaks immediately following these major erruptions, τs does not

peak until 1-3 months later (Figure 2.3). This offset results in a remaining peak

in the τs-corrected AOT, which leads to a coincident peak in τAd . In our analysis

of trends in τAd , we exclude the years 1982 and 1991 in order to avoid the impact

of these events.

Our resultant global mean time series of τAd exhibits fluctuations in years prior

to 1995 that are associated with satellite drift, a known issue with the pre-KLM

NOAA satellites, which has been investigated with respect to long-term variability

in cloud cover (Foster and Heidinger, 2013; Norris and Evan, 2015). Satellite drift,

or orbital decay, results in a progressively later equatorial crossing time. Thus,

biases in optical depth retrievals may be due to retrieval errors associated with

larger solar zenith angles (Figure 2.3), or sampling of the diurnal cycle (Norris

and Evan, 2015). We remove the signal associated with satellite drift via linear

18



regression, following the methods of Norris and Evan (2015). Consequently, at

each location, the resultant τAd values are anomalies relative to the global mean.

2.4 Results

The primary results of this work are two nearly-global, daily, observational

datasets of τd at a 1◦ horizontal resolution that can be used for studies of the

global dust cycle. The long-term mean global τMd over the ocean was found to be

0.03 ± 0.06 where ±0.06 is the ±1σ error estimate. For comparison, Ridley et al.

(2016) found global dust AOD at 550nm to be 0.03±0.005 using in-situ and satellite

observations combined with global models. The long-term mean global τMd over

land was foumd to be 0.1. The remainder of this section will be used to present

2.4.1) a comparison of τAd and τMd , 2.4.2) verification of τMd against ground-based

measurements of dust, and 2.4.3) a description of seasonal climatological mean τd.

2.4.1 Comparison of τMd and τAd

Globally, monthly mean estimates of τMd and τAd agree well, as evidenced by a

high correlation coefficient between the two data (r2 = 0.41), a linear least squares

regression slope near unity (y = 0.90(±0.001)x), a low RMSE (0.07), and a low

offset (-0.01) (Figure 2.4b). Much of the disagreement between the two occurs

in locations where there are few days on which both AVHRR and MODIS have

retrievals (Figure 2.6). This is often the case in latitudes above 30◦N and below

30◦ as well as in characteristically cloudy regions such as the ITCZ (0 − 10◦N),

the southeast Atlantic (10 − 20◦S, 10◦W − 10◦E), and the southeastern boundary

of the Pacific. In dust-dominated regions,τMd and τAd are very well correlated, but

with a slope that is greater than one. For example, in the tropical North Atlantic,

the only ocean region where mean τMd is greater than 0.3 in all seasons (Figure

2.10), they are linearly related with a form y = 1.21(±0.005)x − 0.03 (r2 = 0.76,

RMSE:0.08, Offset: -0.00) (Figure 2.4d). Monthly mean τAd is offset low (Bias:-

0.18) compared to τMd for τMd greater than one. We hypothesize that the low offset

in τAd is an artifact of misclassification of optically thick dust layers as clouds in the
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AVHRR AOT cloud clearing algorithm (Xuepeng Zhao, personal communication,

April 18, 2018), although it is also contributed to by the difference wavelengths

between MODIS AOD retrievals and AVHRR AOT retrievals (Zhao et al., 2008).

In order to determine boundaries around the potential contribution to the offset by

the difference in wavelength of AOD retrieval, we perform a back-of-the-envelope

calculation. The largest percentage difference in AOD at each wavelength should

occur when the AE is large. We use AERONET 500nm and 675nm AOD at the

(dust-dominated) Tamanrassett station to calculate the mean, upper, and lower

quartile of AE for these wavelengths, using only days that met the criteria used

for ground-truth validation of dust (see supplemental materials). In the absence

of a 550nm-630nm AE from MODIS, we assume that this 500nm-675nm AE from

AERONET is similar enough to approximate the influence of wavelength differ-

ences on the offset between MODIS and AVHRR. Using the lower quartile AE at

Tamaransett, 0.12, we find that the wavelength difference would contribute a 1.6%

offset with τMd greater than τAd . Using the mean AE at Tamaransett, we find a

potential offset of 3.5%, and using the upper quartile, 5.8%.

We also calculated the linear least squares best-fit between the daily τMd and

daily τAd , including only dates and pixels where both sensors retrieved AOD (Figure

2.4d). We expect that if the low offset of τAd relative to τMd is contributed to by

missing data in regions of optically thick dust, the slope of the regression between

these datasets will be significantly less steep for the daily data than for the monthly

data in the tropical North Atlantic (Figure 2.4d). This is because for the monthly

mean, MODIS would incorporate high τd days that AVHRR ’missed’. Indeed,

we found that the daily τMd and daily τAd are related by the relationship y =

0.95(±0.0002x− 0.01 (r2 = 0.54, RMSE:0.13, Offset: -0.01) in the tropical North

Atlantic. Globally, daily daily τMd and daily τAd are related by the relationship

y = 0.70(±0.0003)x+ 0.01 (r2 = 0.26, RMSE:0.09, Offset: -0.01) (Figure 2.4c).

The discrepancy in retrievals over large dust plumes can be easily visualized

in the case of June 27th, 2014, over the tropical Atlantic (Figure 2.5). In this

case, τMd indicates an optically thick dust plume, centered near 15◦N, 30◦W, that

has been advected over the tropical Atlantic from the Sahara (Figure 2.5a). This
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particularly strong event allowed for dust to be measured in-situ as far as Colombia

(Bedoya et al., 2016). In Figure 2.5, grid cells that are missing estimates of τd or

AOD, or grid cells over land, are masked in grey. For the same day, the τAd (Figure

2.5b) is largely missing estimates in the region of optically thick dust. This is a

result of missing retrievals of AVHRR AOT (Figure 2.5d), which occur due to a

combination of sun glint and because of the cloud-screening algorithm classifying

optically thick dust as cloud.

2.4.2 Comparison with existing datasets

It is informative to compare our τd to previously published estimates of atmo-

spheric dust. Here, we compare τMd with two recently published time series of dust

concentrations over the western U.S. (Tong et al., 2017; Hand et al., 2016) and

one over the Caribbean (Prospero and Nees, 1986; Prospero et al., 1996). The

measurements of dust over the western U.S. are based on surface concentrations

of aerosol species. In Hand et al. (2016), Fe from IMPROVE stations was used

as a proxy for fine dust concentrations and τMd compares well with these annual

mean fine dust concentrations (r-value = 0.61, p-value < 0.01) (Figure 2.7). In

Tong et al. (2017) several criteria from ground-based IMPROVE data were used

to confirm dust events that had been detected in satellite imagery. The criteria

included: high PM10 and PM2.5 concentrations, a low ratio of PM2.5 and PM10,

high concentrations of crustal elements (SI, CA, K, Fe, and Ti), low concentration

of anthropogenic components, and low enrichment factors of pollution elements.

Annual mean τMd is strongly correlated to estimates of annual number of dust

events (r-value = 0.73, p-value < 0.05) from this work. Toth et al. (2014) found

that globally, the average correlation between total AOD and AOD integrated from

500m a.g.l. to the surface was 0.61 over land. For CONUS, this correlation was

found to be 0.62 with 0.57 over the western time zone. Therefore, although τd is

a measure of column integrated aerosol, we still expect surface concentrations to

be correlated with column integrated values, especially when averaged over a large

region. Interestingly, while an increasing trend in dust was noted for these studies

for the period between 2001 and 2015, from these results, the extension of the time
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series through 2017 indicates that dust has been decreasing since 2011.

We also compared our new climatology of τMd with long-term, independent,

ground-based dust measurements of dust taken at Ragged Point, Barbados (Pros-

pero and Nees, 1986; Prospero et al., 1996; Prospero, 2014). These measurements

are based on ash residue from extracted filters with an adjustment factor based on

average crustal abundance of Aluminum in soil dust. These data have a standard

error that is approximately constant at ±0.1µgm−3 for concentrations less than 1

µgm−3 and about ±10% for higher concentrations. We found that in addition to

matching the seasonal cycle of dust at this location (Figure 2.8b), monthly-mean

τMd over Barbados is positively and statistically significantly correlated (r-value =

0.50, p-value < 0.01) with monthly-mean ground-based dust aerosol measurements

when the seasonal cycle is removed from both time series (Figure 2.8a). Monthly

mean τAd from 1982 to 2013 is also statistically correlated (r-value = 0.33) with dust

concentrations at Barbados, and shows the same seasonality there as τMd (Figure

S3).

We also compared our dataset with a monthly time series of dust optical depth

(DOD) over Syria as published by Pu and Ginoux (2016) (Figure 2.9). Similar to

Ginoux et al. (2012), Pu and Ginoux (2016) used MODIS Deep Blue C006 AOD,

SSA, and AE to construct DOD, and thus the data sets are not independent.

However, Pu and Ginoux (2016) updated their method by interpolating optical

properties to a 0.1◦x0.1◦ grid and using a threshold of SSA at 470nm along with

an empirical relationship between AE and f to derive coarse DOD. The time series

are related with a correlation coefficient of 0.87 (p-value<0.01) and show the same

trend of increasing dust over Syria (Figure 2.9). We are not aware of another

independent estimate of τAd against which we can make a comparison.

2.4.3 Seasonal Dust AOD

Having shown that this satellite-based climatology of dust appears to reflect

changes in the atmospheric concentration of dust, we next summarize some of the

broader characteristics of the global dust cycle, starting with seasonality. Maxi-

mums in seasonal mean τMd are found over the Sahara and the Arabian Peninsula
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in austral summer (JJA) (Figure 2.10d) and over the Taklamakan and Gobi deserts

during spring (MAM) (Figure 2.10c). Aeolian transport from the Sahara towards

the Americas is visible during all seasons with a maximum extension westward

during the summer (Figure 2.10d,h), which is well known (Prospero and Mayol-

Bracero, 2013; Prospero et al., 1996). Seasonal mean τAd , appears far lower than

τMd near to major dust sources in all seasons, due to limited retrievals in regions of

optically thick dust as described in the previous section. The Spring maximum in

dust over Asia can be attributed to the seasonal cycle of the Mongolian cyclonic

depression and the related high frequency of springtime cold air outbreaks (Sun

et al., 2001; Ge et al., 2014). During this season, dust is transported from the

Asian continent over the North Pacific Ocean towards North America at latitudes

between 30◦N and 50◦N. It is presumed that this dust is primarily from the Tak-

limakan desert as the local topographical and meteorological conditions allow for

it to be entrained to elevations exceeding 5km while dust from the Gobi desert is,

for the most part, confined closer to the surface (<3km) (Sun et al., 2001). It has

also been shown that some portion of this trans-Pacific dust originates from Africa

(Creamean et al., 2013).

Discrepancies between τMd over land and τMd over adjacent ocean are visible

in some areas with significant anthropogenic aerosol sources, including the Sahel

region of Africa and India during austral Fall and Spring (Figure 2.10a,c). This

may be due to different methods and data sources used for estimating τMd over

land and ocean. The method used for τMd over the ocean leads to a continuous

range of τMd , whereas the threshold approach used for estimation of τMd over land

may prevent these gradients when there is mixing between anthropogenic aerosols

and dust aerosol. However, this may also partially be the result of the different

algorithms used in the retrieval of AOD over land and ocean (Sayer et al., 2013; Hsu

et al., 2013) (Figure S4). While these unphysical discrepancies could be avoided

through spatial interpolation across these boundaries, we have chosen not to do

this in order to minimize our assumptions and retain a daily dataset that is directly

representative of the satellite observations. At the very least, these results suggest

that direct comparison of over-land and over-water τd may be problematic.
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A region of high summertime mean τMd is visible over the North Pacific Ocean

near 45◦N (Figure 2.10d). Summertime trans-Pacific transport of dust has been

observed (Yumimoto et al., 2010). However, visual inspection of MODIS Terra

corrected reflectance on days when τMd over the western North Pacific was high

during summer months indicated the possibility of contamination from biomass

burning over Europe and Russia. We compared summer seasonal mean τMd and

MERRA-2 organic carbon extinction optical thickness at 550nm (Figure S5, ac-

cessed at https://giovanni.gsfc.nasa.gov/) and confirmed that summer seasonal

mean organic carbon was highest over the western North Pacific in years when

summer seasonal mean τMd was highest. This supports the hypothesis that there

may be biomass burning contamination over the western North Pacific during

these months. The fine mode fraction (f) during these summer high τMd events

is approximately 0.57 − 0.63. In the springtime, most of the high τMd events are

associated with fine mode fractions near 0.50, which is closer to fd.

In addition, this region in the western North Pacific has few retrievals during

the summer months due to extensive low cloud cover. The limited number of

retrievals is evident in the number of pixels used in the estimate of MODIS Dark

Target AOD during the summer in that region. While greater than 36 pixels

are incorporated on average in the equatorial Pacific estimations of MODIS Dark

Target AOD, only approximately 26 on average are used in this estimation in

parts of the western North Pacific. Long-term seasonal mean τAd appears low in

the western North Pacific in all seasons (Figure 2.10c-f).

2.5 Discussion

Having presented two datasets of τd drived from satellite observations, we next

present 2.5.1) regional trends in τd as well as 2.5.2) a comparison of τMd to a modern

reanalysis dust extinction aerosol optical depth product.
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2.5.1 Trends in τMd

In Figure 2.11a we show regional trends in monthly mean τMd from Terra be-

tween 2001 and 2018, where the seasonal cycle has been removed. Only trends that

are significant at the 95% confidence level are shown. One region that stands out

with a large upward trend in dust is the Arabian Peninsula, where values exceed

0.3 decade−1 for the MODIS period. This is consistent with previous studies that

found increasing trends, of smaller magnitude, in τ in this region (Hsu et al., 2012;

Alfaro-Contreras et al., 2017; Toth et al., 2016). Parts of the Saharan desert ap-

pear to be getting dustier in τMd from Aqua. However, coastal Northern Africa and

the edges of the Sahara display decreasing trends in τMd from Terra (Figure 2.11).

Our results show a statistically significant decrease in τMd over Northern China (ap-

proximately 100◦E, 40◦N), and over Southwest Asia (approximately 180◦E, 30◦N).

This is consistent with recent findings by Pandey et al. (2017), who found that

pre-monsoon dust loading decreased between 2000 and 2015. This decrease has

been linked to increased rainfall, and resultant wet scavenging and increased soil

moisture, and, to a lesser extent, decreased wind strength. The decrease in τMd

over northeast Asia may also be the continuation of a documented decreasing

trend from the late 1950s through the 1980s in the region due to reduced cyclone

frequency (Qian et al., 2002).

Interestingly, the greatest increase in τMd (1.04 units/decade) is seen over the

Aral Sea at the intersection of Kazakhstan and Uzbekistan (44.5◦N, 59.5◦E). This

was once the location of one of the world’s largest lakes, spanning over 66,000

km2 (Izhitskiy et al., 2016). However, the lake has been drying up since the early

1960s, when irrigation projects diverted the rivers that fed it leaving behind a

highly emissive exposed playa (Micklin, 1988; Indoitu et al., 2015). The eastern

basin of the lake dried up completely in 2014, but the northern parts of the sea

remain filled and have largely stabilized. A dramatic increase in τMd is also seen

over Razzaza Lake in Iraq, where the shoreline is receding due to diverted irrigation

water. The northern-most region of the Caspian Sea, which is also the shallowest

portion of the sea, shows a smaller but significant increase in τMd potentially due to

the recession of this body of water over the past two decades (Chen et al., 2017).
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τd derived from MODIS Aqua (2003-2018) displays the same trends of de-

creasing dust over northeast China and southwest Asia and increasing trends over

the Arabian Peninsula (approximately 70◦E, 20◦N) and Central Sahara (approx-

imately 10◦E, 20◦N) (Figure 2.11b). There are some regional changes that are

more pronounced in this record, including a statistically significant increase in τd

over Southern California (approximately 119◦W, 34◦N). There is also a large in-

crease in dust over Oman (0.20; approximately 57◦E, 20◦N) that is not present in

the τMd derived from Terra and a greater increase over Iran than is present in the

τMd derived from Terra. Differences in regional trends between these two datasets

could be due the differences in the length of record, as well as the differences in

overpass time for the two satellites from which the datasets are derived as it relates

to the daily cycle of dust emission (Heinold et al., 2013; Kocha et al., 2013). Terra

has a morning orbit while Aqua has an afternoon orbit (Ichoku, 2005). However,

it has been shown that although there is no significant overall trend, the offset

between the Terra and Aqua C6 total AOD records has oscillated direction over

time, and its variability has increased (Levy et al., 2018). This is likely to impact

the differences in τMd from Aqua and Terra.

Trends in over-water τd, from 1981 to 2018, were also calculated using monthly

mean τAd (Figure 2.11c). Over these longer time periods, there is a small increasing

trend in τAd near the Arabian Peninsula (0.02 /decade) and a decreasing trend in

τAd in the tropical North Atlantic near to the African coast (0.01 /decade). The

decreasing trend over offshore of Northern Africa is consistent with the time series

of dust at Cape Verde (23.04◦W, 16.5◦N) created using a similar method (Evan and

Mukhopadhyay, 2010), and with another study that utilized satellite and coastal

surface measurements (Chin et al., 2014).

We note that Zhao et al. (2013) found a slight positive trend in the CDR

AVHRR AOT record that is the result of residual cloud contamination. As such,

trends in the tropical North Atlantic and Arabian Peninsula could be similarly

biased.
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2.5.2 Comparison with a modern reanalysis dust product

In order to understand whether this observation-based dataset is consistent

with a modern reanalysis dust product, we compared τMd to MERRA-2 dust extinc-

tion aerosol optical thickness at 550nm (accessed at https://giovanni.gsfc.nasa.gov/giovanni/)

over two of the regions — Barbados and the southwestern U.S. — used previously

in our comparisons with ground observations (Figure 2.7-2.8). Our monthly mean

τMd , with the seasonal cycle removed,was significantly correlated at the 99% confi-

dence level (r-value = 0.73) to the monthly mean MERRA-2 dust extinction aerosol

optical thickness over Barbados (Figure 2.12a). However, the annual mean τMd

displays greater inter-annual variability and was much more similar to the ground

observational record than the MERRA-2 dust extinction aerosol optical thickness

over the southwestern U.S. (Figure 2.12b). Over this location, the MERRA-2 dust

record was not statistically significantly correlated (r-value = 0.20) with τMd .

2.6 Conclusion

These global, daily, observation-based datasets of dust aerosol optical depth

are rooted in observations of optical characteristics of the aerosol column from

Terra MODerate resolution Imaging Spectroradiometer (MODIS) and from the

Advanced Very High Resolution Radiometer (AVHRR), but incorporate obser-

vations of characteristic fine mode fraction in dusty, clean marine, and anthro-

pogenically dominated regions from the Aerosol Robotic Network (AERONET) as

well as surface wind speed from the second Modern-Era Retrospective Analysis

for Research and Applications (MERRA-2). As previously mentioned, the long-

term mean global τMd over the ocean was found to be 0.03± 0.06. While there are

few measurements of dust aerosol for comparison, τMd over land compares well with

ground-based measurements of dust from the Inter-agency Monitoring of Protected

Visual Environments (IMPROVE) network in the western United States and τMd

over ocean compares well with independent ground-based measurements made at

Ragged Point, Barbados.

While we hoped to create a reliable dataset of τAd extending from 1981 to 2018
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using AVHRR aerosol optical thickness (AOT) from the Climate Data Record

(CDR) AOT dataset, we found that the AVHRR AOT had limited coverage in

dusty regions. Comparison of daily AVHRR AOT and MODIS AOD over the

tropical Atlantic indicated that this limited coverage is at least partially explained

by optically thick dust identified as cloud in the AVHRR cloud masking process.

This limited coverage results in a low offset in seasonal and monthly mean τAd when

compared with τMd . We found that τMd increased in the central Sahara and the

Middle East and decreased over northern China and southwestern Asia between

2001 and 2018. The largest increase in τd occurred over the Aral Sea which has

receded, leaving emissive playa surfaces exposed. We found decreasing trends in

τAd near Africa in the equatorial Atlantic and increasing trends near the Arabian

Peninsula from 1981 to 2018.

In 2011, the Suomi National Polar-Orbiting Partnership (S-NPP) satellite was

launched carrying the Visible Infrared Imaging Radiometer Suite (VIIRS), which is

intended to continue the observational records that have been provided by sensors

such as MODIS and AVHRR (Sayer et al., 2017). VIIRS has been shown to be

capable of identifying aerosol type and partitioning between fine and coarse mode

aerosol. As such, observational studies that require a shorter record (beginning

in 2012) may be able to rely on these products. In addition, Chen et al. (2018)

demonstrated that an inversion technique, utilizing the GOES-Chem model, can

be applied to certain satellite aerosol optical property retrievals in order to re-

trieve desert dust. This was applied to one year of satellite-derived aerosol infor-

mation generated by the GRASP (General Retrieval of Atmosphere and Surface

Properties) algorithm from POLDER/PARASOL (Polarization & Anisotropy of

Reflectances for Atmospheric Sciences coupled with Observations from a Lidar)

retrievals. While this technique can provide daily dust at 2◦x2◦ resolution with

uncertainty below 25.8%, it is computationally costly and has not been applied to

longer records of remotely sensed aerosol optical properties.

The current work provides daily τd generated from a simple algorithm and ob-

served aerosol data. Previous estimates of τd have enhanced our understanding of

the global dust cycle and have been a valuable tool for evaluating the performance
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of global models (Pu and Ginoux, 2018a; Evan and Mukhopadhyay, 2010; Kauf-

man, 2005; Ginoux et al., 2012). This longer, higher temporal resolution record

will facilitate additional advances in our understanding of the dust cycle.
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Figure 2.1: Joint probability distribution of MODIS Terra a) AOD, b) coarse mode
AOD, and c) fine mode AOD binned by daily mean MERRA-2 wind speed in the
southern equatorial Pacific (0 − 25◦S, 178 − 130◦W ) from 2001 to 2017. The color
contours indicate the percent of total pixels falling within each wind speed and
AOD bin. The linear parameterization used to estimate coarse mode AOD from
wind speed (τm,c = 0.008) is shown in the white dashed line in panel b. The
constant fine mode AOD parameterization (τm,f = 0.05) is shown in the white
dashed line in panel c.
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Figure 2.2: Histograms of Angstrom Exponent (top), Single Scattering Albedo
(middle), and ratio of Single Scattering Albedo at 412 nm divided by Single Scat-
tering Albedo at 660nm (bottom) for three characteristically dusty regions a) the
Sahara desert (19−30◦N, 10−30◦E), b) the Arabian desert (23−35◦N, 40−50◦E),
and c) the Taklamakan desert (36−40◦N, 77−88◦E), and one anthropogenic aerosol
dominated region, d) equatorial Africa (10◦S−5◦N, 10−32◦E) for the period from
2006 to 2010 daily C061 L3 MODIS Deep Blue products. Colored brown (a-c) or
green (d) bars indicate bins that match the criteria used to identify dust for the
respective optical property.
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Figure 2.3: Uncorrected global mean time series of AVHRR AOT (τ) (red),
AVHRR retrieval Solar Zenith Angle (black) and stratospheric AOD (τs) (cyan)
from Sato et al. (1993), each from monthly mean with seasonal cycled removed.
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Figure 2.4: Scatterplots of daily (a, c) and monthly mean (b, d) τMd and τAd , for
60◦S to 60◦N (a, b), and for a region over the tropical Atlantic where dust storms
are frequent (5◦S-20◦N , 20− 30◦W ) (c, d), all for the period 2001–2017. The solid
red lines represent the linear least-squares regression, and the corresponding slopes
and offsets are indicated in each figure panel, as are RMSE.
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Figure 2.5: June 27th, 2014 a) τMd and b) MODIS AOD from the Terra platform
and c) τAd and d) AVHRR AOT. Retrievals and estimates over land and locations
where there is missing data are shown in grey.
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Figure 2.6: Pearson correlation coefficient between monthly τMd and monthly τAd
from 2001 to 2017 with the seasonal cycle removed. Regions where the correlation
is not significant at the 95% confidence level are masked. Hatched areas indicate
locations where daily matched observations from AVHRR and MODIS Terra are
present for fewer than 50% of days in the period 2001 to 2017.
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Figure 2.7: Annual mean τMd from land grid points in the Southwestern United
States within the region shown in the red box (30-42◦N,125-95◦W), compared with
number of dust events annually in the southwestern U.S. as reported in Tong et al.
(2017) (green) and dust concentration from IMPROVE sites in the southwestern
U.S. as reported in Hand et al. (2016) (blue). IMPROVE stations used in the Tong
et al. (2017) analysis are marked with green stars on the inset map, while stations
used in the Hand et al. (2016) analysis are marked with blue stars. There are
several overlapping stations. The r-value and p-value of the correlation between
tMd from Terra and each other time series is shown in the figure legend.
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Figure 2.8: a) Time series of monthly mean ground based dust aerosol measure-
ments on Barbados (red) compared with τMd over Barbados (blue), each with the
seasonal cycle removed. b) Climatological monthly mean, with long-term mean
removed, of measurements on Barbados (red) and of τMd over Barbados (blue).
The r-value and p-value for the correlation between these time series is shown in
the bottom left hand corner.
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Figure 2.9: Time series of monthly mean dust optical depth (brown) compared
with τMd (blue) over Syria (34 − 36.5◦N and 36.5 − 41◦E) each with the seasonal
cycle removed. The r-value and p-value for the correlation between these time
series is shown in the left hand bottom corner.
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Figure 2.10: Seasonal mean a− d) τMd averaged over the period from 2001 to 2018
and e − h) τAd over the period from 1981 to 2018. The long-term global mean
τd ± 1σ uncertainty over the ocean for each season and dataset is featured in the
bottom left-hand corner of each panel.
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Figure 2.11: Trend in a)τMd Terra (2001-2018), b)τMd Aqua (2003-2018) and c)τAd
(1981-2018) with the seasonal cycle removed. Only trends that are significant at
the 95% confidence level are shown.
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Figure 2.12: a) Monthly MERRA-2 dust extinction aerosol optical thickness at
550nm and monthly mean τMd over Ragged Point, Barbados between 2001 and
2013 with the seasonal cycle removed. b) Annual mean MERRA-2 dust extinction
aerosol optical thickness at 500nm and annual mean τMd over the southwestern
U.S. from 2001 to 2016.
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Chapter 3

Dusty Atmospheric Rivers:

Characteristics and Origins

3.1 Chapter Abstract

Atmospheric Rivers (AR) are narrow bands of strong horizontal transport of

water vapor in the mid-latitudes that can cause extreme precipitation, which con-

tributes to beneficial water supply and sometimes flooding. The precipitation

productivity of an AR is affected by microphysical processes, including the influ-

ence of aerosols. Earlier case studies have shown that some ARs over the North

Pacific contain dust from Africa and Asia that can strongly influence precipitation

by acting as ice nuclei. This paper explores how commonly dust and ARs occur

together, or in close proximity. A “dust score” is introduced to characterize the

dustiness of the environment associated with ARs using satellite-based observa-

tions. This method is applied to days on which one or more ARs made landfall

along the west coast of the U.S. between 2001 and 2018. The dust score is used

to describe the seasonality and year-to-year variability of dusty-environment ARs.

Dusty ARs occur primarily in the early spring (March-April) and dust is preferen-

tially found within the warm sector of AR-associated extra-tropical cyclones but

is also enhanced in the cold sector. Year-to-year variability in dust score is depen-

dent more on year-to-year variability in dust than on the frequency of AR days.
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This year-to-year variability is also strongly related to correlations between the fre-

quency of ARs and the dustiness of the northeastern Pacific, motivating additional

investigation into potential dynamical association between dust and ARs.

3.2 Introduction

Atmospheric Rivers (ARs) are narrow corridors of water vapor, usually asso-

ciated with an extra-tropical cyclone, that transport moisture in the lower tropo-

sphere and typically contain a low-level jet (Ralph et al., 2018; Zhu and Newell,

1998; Ralph et al., 2004, 2005; Waliser and Guan, 2017; Dettinger et al., 2011;

Lamjiri et al., 2017). They are the primary mechanism for transport of moisture

from the tropics to the mid-latitudes (Zhu and Newell, 1998), and are responsi-

ble for 20-50% of annual precipitation in California (Dettinger et al., 2011). The

CalWater Field campaign, beginning with the CalWater Early-Start in 2009 in

Northern California (Ault et al., 2011; Ralph et al., 2016) brought meteorologists

and atmospheric chemists together to understand and better predict the meteoro-

logical and aerosol chemical controls on precipitation from California’s landfalling

ARs. A major finding of the CalWater field campaigns was that dust, transported

from Asia and Africa, can sometimes be found within the ARs making landfall in

Northern California (Ault et al., 2011; Creamean et al., 2013, 2014, 2015, 2016).

In the troposphere, homogeneous freezing, freezing of pure liquid water, occurs

at temperatures lower than −38◦C and relative humidity with respect to ice above

140% (Hoose and Mhler, 2012). Freezing at warmer temperatures requires hetero-

geneous nucleation through the presence of an aerosol acting as an ice nucleating

particle (INP). The temperature at which an INP “activates”, or catalyzes freez-

ing, depends on it’s chemical composition, particle size and the external conditions.

Dust is known to be a relatively warm ice nucleating particle, forming ice at tem-

peratures less than −15◦C. Dust is sometimes described as the most important

INP (?) because it is efficient, since it nucleates at a warmer temperature than

most other particles (Hoose and Mhler, 2012), and because it is abundant due to

its a high emission rate (?).
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Microphysical observations from CalWater have indicated that trans-Pacific

dust causes cloud glaciation in mixed-phase clouds and potentially enhances pre-

cipitation by acting as ice nucleating particles (INP) (Creamean et al., 2013; Ault

et al., 2011; Martin et al., 2019; Creamean et al., 2016, 2015). Ault et al. (2011), in

a comparison of two meteorologically similar AR events, one with and one without

dust, found that dust INPs may have have enhanced storm-total precipitation by

up to 40%. Creamean et al. (2013) found long-range transported dust layers in

clouds coincident with enhanced ice fraction at relatively warm temperatures and

Creamean et al. (2015) found that dust and biological particle residues were com-

monly associated with deep convective clouds with large quantities of precipitation

that had been initiated in the ice phase. Given that long-range transported dust

from Asia and Africa accounts for a significant portion of dust in the Western U.S.

with a seasonal maximum in the Spring (Creamean et al., 2014; VanCuren, 2002;

Yu et al., 2012), dust may regularly be an important modulator of AR precipita-

tion.

Although these in-situ observational studies have found results consistent with

trans-Pacific dust acting as precipitation enhancing INP, there are, in general, very

few measurements of dust during ARs. The limited availability of dust measure-

ments has hindered progress in understanding the role of dust in these events. In

this work, we build upon the findings of the CalWater field studies by using a

new 18-year record of dust aerosol optical depth (τd) from Voss and Evan (2019),

thereafter VE19, to create a climatology of ARs in dusty environments through the

development of a “dust-score”. We use this dust score climatology to investigate

the seasonal and inter-annual variability of dusty-environment ARs, the drivers of

this variability, and the position of dust relative to AR-associated extra-tropical

cyclones.

The remainder of this paper is organized as follows: In the Data section, we

describe the various datasets used throughout the analysis. In the Methods section,

we describe the calculation of the dust score. In the Results section we describe a

case study of an AR in a dusty Pacific environment, followed by an analysis of the

location of dust relative to extra-tropical cyclones and we describe the seasonality
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and year-to-year variability in the frequency of ARs in dusty environments. We

finish the Results section with a decomposition of sources of year-to-year variability

in the dust score. We conclude with a description of the limitations of the dust

score and a summary of our results.

3.3 Methods

An AR dust score is calculated for every AR day, defined as any day on which

an AR was making landfall along the U.S. West Coast, between 2001 and 2018 (Eq

4.2). The AR dust score is calculated from the average of τd within the boundaries

of an AR feature as identified in the Rutz catalogue only for over-ocean grid cells

that fell within a domain that contained the entire U.S. west coast and extended

towards the central Pacific to a distance that reflects the approximate length scale

(1800km) of a wintertime North Pacific extra-tropical cyclone (Rudeva and Gulev,

2007) 145− 116◦W, 32− 49◦N (Fig 3.3). The probability of the presence of an AR

at any 1◦ x 1◦ grid cell on a given day can be defined as a, which in this case is

always 0 or 1. This can be divided by the total number of grid cells that have a

probability of 1 to yield the probability of an AR at a given grid cell normalized

by the size of the AR, which we will define as A.

A =
a

N∑
n=1

a
(3.1)

Where n is a 1◦x1◦ grid cell in the binary map of AR and N is the total number of

non-missing value pixels on a given day. Then, the dust score (S) can be expressed

as

S =
N∑

n=1

(τd · A) (3.2)

Atmospheric Rivers along the U.S. west coast typically have moisture transport

from the southwest to the northeast with an upper level and lower level jet (Ralph

et al., 2017). These southwesterly winds make it unlikely that dust from North

American sources will flow westward towards the vicinity of ARs over the Pacific

on the day of an AR. It is possible that dust from North American sources may
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still be advected into the vicinity of an AR over the Pacific, for example, if offshore

winds moved it out into the Pacific in the days preceding an AR event. In this

case, this dust would impact the dust score. As a conservative measure, dust (τd)

over land or within one degree longitude of land is excluded from the average of

τd used to calculate the dust score.

For AR days between 2001 and 2018, the median dust score was 0.015, the

75th and 25th percentile dust scores were 0.034 and 0.004, respectively, and the

maximum and minimum dust scores were 0.304 and 0, respectively (Fig 3.4). The

mean dust score is 0.026 ± 0.024 where 0.024 is the 1 − σ uncertainty from the τd

estimates used in its calculation.

There are several limitations to the AR dust score presented here. We calculate

a new dust score for each AR day rather a single score for each AR event. This may

lead to longer duration AR events having greater influence on our climatological

analysis of the seasonality and inter-annual variability of ARs in dusty environ-

ments. We chose to group by AR day rather than AR event because we needed

a record that spanned the temporal length of the τd record (2001-2018), and we

did not have a record of AR event objects for the entirety of that period. Our

method of calculation of dust score uses a binary map that does not discriminate

between AR events. Any grid cell with a τd estimate that is also the location of an

AR feature in the Rutz catalogue will be used in the dust score calculation. It is

possible that multiple AR objects could be present within the domain on a given

day. According to our method, these would be combined in the dust score for that

day. Additionally, τd estimates are only available in clear sky pixels. Dust that

is present within, above, or below clouds will not be counted in the dust score.

Therefore, any dust that is activated as CCN or IN will not be counted in the dust

score. It is plausible that an AR day could have substantial dust within, above, or

below cloud and still have a low dust score.

In order to evaluate the effect of missing data, due to clouds cover an sun glint,

on the dust score a simple test was performed. Dust scores were calculated for every

AR in the same manner as has been described above, except using MERRA-2 dust

extinction optical depth interpolated to the same grid as τd (1◦x1◦). MERRA-
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2 dust extinction optical depth, while not independent from τd because MODIS

AOD is assimilated into the re-analysis, does not have missing data due to clouds

or sun glint. Dust scores were calculated from MERRA-2 dust extinction optical

depth in two ways: 1) using all available pixels within the AR, and 2) sub-sampled

such that data is missing in the same locations/days that is missing for τd. This is

similar to what has been done previously to evaluate clear sky biases over ocean

for MODIS AOD (Zhang and Reid, 2009). These two scores were then compared

using a student t-test. The average dust score from MERRA-2 calculated from all

available pixels was found to be 0.019 ± 0.017 and the average dust score when

sampled the same as τd was found to be 0.019 ± 0.018. These differences are not

significant (p = 0.98), suggesting that the dust score is, on average, not sensitive

to missing data due to cloud cover and sun-glint.

3.4 Results

3.4.1 Case study

In order to understand how dust can be transported from continental sources

across the Pacific to potentially impact an AR, we present a case study of an AR

that made landfall along the U.S. west coast with dust in it’s vicinity on March

29th, 2010. This case was chosen as an example because it had very good coverage

of τd over the Pacific ocean on the date of the AR landfall, and a high score (0.064).

On March 29th, this AR had reached the U.S. west coast between 36◦N and 49◦N,

with the highest IVT near 42◦N, 121◦W. Ten days prior to this event, major dust

lofting events occurred over both the Gobi Desert (near 42◦N, 95◦E; red arrow in

Fig 3.6a) and the Taklamakan desert (near 38◦N, 80◦E; blue arrow in Fig 3.6a)

in Asia. Lofted dust can clearly be seen in the MODIS Terra Visible Imagery on

March 19, 2010 (Fig 3.5a) and is evidenced by high τd over this region on the same

date (Fig 3.5b). Kurosaki and Mikami (2007) found the threshold wind speed

at the normal land surface for dust emission over the Taklamakan Desert to be

6.7 ± 1.5 m s−1. Over the Gobi Desert, this threshold for dust emission is greater,

13.8 ± 2.0 m s−1. MERRA-2, hourly surface wind speeds over both deserts show
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peaks in velocity on March 19, 2010, with velocities exceeding 9 m s−1 over the

Taklamakan (Fig 3.5c) and 18 m s−1 over the Gobi (Fig 3.5d) suggesting conditions

favorable for dust emission. The approximate overpass time of MODIS Terra is

indicated with a red line. A secondary peak in wind speed is present over both

deserts on March 21st, leading to another dust event. These high wind speeds,

westerly over the Taklamakan desert and northeasterly over the Gobi desert are

also shown in the blue 10-meter wind vectors in Figure 3.5b, consistent with the

conditions found favorable for dust lofting over Asian deserts as described in Sun

et al. (2001).

On March 18, 2010, one day prior to this dust event, there are few pixels over

Asia with τd greater than 0.5 (Fig 3.6a). The plume of high dust concentrations,

as evidenced by the τd values greater than 0.7, is initially present near 42◦N, 95◦E

on March 19, 2010 (Fig 3.6b). After initial lofting, the plume was transported

eastward passing eastern Beijing (40◦N, 116◦E) on March 20,2010 (Fig 3.6c). By

March 21, 2019, the plume reached the Asian coast and the Pacific Ocean near

27◦N, 122◦E (Fig 3.6d). On March 22, 2019, the plume appears elongated from

122 − 160◦E (Fig 3.6e). While a region of missing data, due to the effects of sun

glint, prevents visualization, the continuity of the plume on this date was confirmed

through use of visible imagery. The CALIPSO Verticle Feature Mask (VFM)

classification indicated the presence of dust between 2 and 7km from 25 − 35◦N

along a transect near 150◦E (Fig 3.7). In Figure 3.6, 500hPa geopotential height

contours (blue) are aligned with this westward transport of dust. On March 24,

2019 (Fig 3.6g), the plume had reached 180◦E, extending across much of the Pacific

Ocean, while partially obscured by cloud cover and sun glint. From March 25 to

March 28, dispersion of the plume and cloud cover prevent discrimination of the

movement of the plume (Fig 3.6h-k) but there are still broad regions of enhanced

τd.

On March 29, 2010 at 18:00UTC, as shown in the Climate Forecast System

version 2 reanalysis, an upper level trough that approached from the southwest

was present near 50◦N, 145◦W (Fig 3.1). The downstream side of a cyclonically

curved upper-level (250hPa) jet was located over Oregon and Washington with
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a > 50ms−1 jet streak exit region. An occluded front extended from the low

pressure center and the southern half of the cold front was parallel to the jet exit

region. Vectors of IVT (black arrows) show transport of water vapor south of the

upper level jet and along the northern edge of the region of high (> 15 kg m−2)

precipitable water. Daily total precipitation at 4km from PRISM, as shown in

the filled blue contours over land in Figure 3.2, indicate that greater than two

inches of precipitation fell in most coastal areas of Oregon and Washington on this

date with a maximum at 44.9◦N, 123.6◦W in Polk County, OR where greater than

4.45 inches of precipitation fell. Moisture, evidenced by precipitable water greater

than 15 kg m−2, west of 140◦W and south of 40◦N was transported towards the

northeast as an elongated plume with MERRA-2 IVT greater than 250 kg m−1s−1

and greater than 2000km in length, meeting the criteria to be classified as an AR

from Rutz et al. (2014) (Fig 3.2).

An elongated region of enhanced τd was found coincident with an the AR,

visible within the horizontal boundaries of AR and along it’s edges. The enhanced

τd appears west of the region of highest IVT. While we cannot infer the altitude of

the dust from τd, CALIPSO VFM classification on March 29, 2010 at 11:22UTC

(Fig 3.8) corroborates the presence of dust near 30 − 40◦N and 145 − 140◦W and

shows that dust was present within the lowest two kilometers of the troposphere.

Dust is also present during this observation between four and six kilometers.

In order to further understand the transport path of trans-Pacific dust for this

event, HYSPLIT (Draxler and Rolph, 2011) air mass forward trajectories were con-

ducted from the source regions of Asia, the Taklamakan and Gobi deserts. National

Centers for Environmental Prediction/National Center for Atmospheric Researcher

(NCEP/NCAR) reanalysis wind fields were used as input (Kalnay et al., 1996).

Forward trajectories were initiated at matrix of grid points over the Talamakan for

12 day trajectories. Sixty-five trajectories were released on March 19 18:00 UTC

from 1 degree spaced grid points from 36− 40◦N, 37− 78◦E at an altitude of 2km.

These are air mass trajectories and, as such, they do not include processes such as

wet or dry removal, and convective transport which may affect dust transport. All

of these trajectories traveled west and 67% reached the longitude 128◦W, along or
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near North American West Coast, within the 12 days. A matrix of 32 forward tra-

jectories were released from the Gobi desert between 39− 42◦N, 100− 107◦E at 1◦

spacing at the same altitude and time as from the Taklamakan. 37% of these tra-

jectories traveled west and reached 128◦W within 12 days. Those trajectories that

extend across the Pacific remain primarily confined between 30 − 45◦N between

135◦E and 150◦W. However, west of 150◦W trajectories from both deserts diverge

into two branches. The northern branch reaches the North American coast over

western Canada and the southernmost part of Alaska (approximately 50◦N). The

southern branch reaches the North American coast between Oregon, near 40◦N,

and Northern Baja California, Mexico, near 27◦N.

This transport pathway for Taklamakan and Gobi desert dust reaching North

America is consistent with previous studies, including Yu et al. (2019) in which

the patterns of long-range transport of Asian dust were studied using the Multi-

angle Imaging SpectroRadiometer (MISR) instrument combined with observation-

initiated trajectory modeling. Yu et al. (2019) found that while the potential for

trans-Pacific transport to North America peaks in the springtime for both deserts,

Taklamakan dust exhibits higher potential for long-range transport and reaches a

larger range of latitudes along the west coast of the U.S. than Gobi desert dust.

This is due to higher injection heights over the source region and mid- to low-

level ascending air in the spring and summer. Taklamakan dust exhibits greater

influence over North America for latitudes south of 50◦N while Gobi dust exhibits

greater influence for latitudes north of 50◦N. However, both deserts exhibit influ-

ence over North America at 40◦N, the approximate latitude of landfall of the AR

on March 29, 2010. It is notable that in Yu et al. (2019) only 5% of trajectories

released during springtime from the Taklamakan and Gobi deserts passed over

North America. As previously mentioned, in our analysis 67% and 37% of trajec-

tories from the Taklamakan and Gobi deserts, respectively, released on March 19,

2010 reached 128◦W indicating particularly favorable meteorology for long-range

transport in our case study. It is also plausible that dust originating from other

sources farther west, such as North Africa or the Middle East, mixed with Asian

dust and traveled westward reaching the North American coast (Hu et al., 2019).
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For this case of an AR in a dusty environment that made landfall on March 29,

2010 we have shown that dust can be lofted from Asian deserts and transport over

the western Pacific to impact the environment surrounding an AR, even in the

lowest 2km near to where the low level jet resides. While cloud cover and sun glint

prevented discrimination of dust in parts of the eastern Pacific, dust, as evidenced

by high τd was clearly present within the boundaries of the AR feature. The AR

dust-score for this event was 0.064, which is within the top 10 percent of AR dust

scores for AR days between 2001 and 2018.

3.4.2 Composite analysis

We have shown through a case study that trans-Pacific dust can reach the

eastern North Pacific and appear in the vicinity of an AR. However, is dust within

such a system spatially randomly distributed or is dust preferentially concentrated

in a specific location relative to the AR? Answering this question may help us

to understand the mechanism through which dust may come into contact with

an AR. While cloud-cover prevents us from robustly investigating the position of

dust within, above, or below an AR we are able to investigate the position of dust

relative to the center of AR-associated ECs.

Zhang et al. (2019) found that 82% of Atmospheric Rivers are associated with

an extra-tropical cyclone (EC), although it should be noted that the distance

between the AR and the EC center varies greatly. Examples of the position of an

AR relative to an extra-tropical cyclone are shown in Figures 3.3 and 3.1. These

examples are not representative of all cases. We created an EC-centric composite

of τd using EC center locations for the cool seasons (Nov-Mar) from Jan 2001 to

March 2010 for ECs identified in Zhang et al. (2019) to be associated with an AR

(Figure 3.10a). For each AR-associated EC in the record we composited τd within

15 degrees latitude and longitude of the low-pressure center. The conclusions of

this section remain the same when the distance from EC center used in the average

ranges from 5 to 15 degrees. We then selected only the ECs with average τd in

the top 10th percentile to composite. We also show in Figure 3.10b the number

of pixels (N) used at each grid cell for the composite shown in Figure 3.10a, ie.
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the number of non-missing values. Missing data in τd may occur due to cloud

cover or sun glint. Data may also be limited in cases where the EC center is near

to the northern edge of the domain of the τd dataset (55◦N) or near to land. In

both panels, contours of sea level pressure (dashed black lines) and AR probability

(solid black lines) are shown. We found that τd was generally highest nearest in

the warm sector of the extra-tropical cyclone, east of the EC center. Dust was also

enhanced in the southwestern quadrant of the EC, which is roughly the location

of the EC cold sector (Fig 3.10a). The cold sector of the extra-tropical cyclone is

the area within the circulation where cold air, advected from higher latitudes, can

be found (American Meteorological Society, cited 2020). It typically lies behind

the cold front. The regions of highest mean τd appear northeast and within the

highest AR probabilities, and east and south of the low pressure center. The

region of highest mean τd has fewer pixels used in the composite, due to cloud

cover and because this section fo the cyclone is most likely to be over land where

τd is excluded from the composite. It is possible that cloud contamination in the

AOD retrievals used in the calculation of τd could be more prevalent in this region

than in other parts of the EC and could therefore appear as an enhancement of

mean τd in this region. In order to test whether this was the case, we created

the same composite but replaced any τd with a missing value wherever MODIS

Terra daily cloud fraction was greater than 60% (Fig S2). While this substantially

decreased our sample size and decreased τd in the composite overall, the spatial

pattern remained qualitatively the same. The same result was found when other

cloud fraction thresholds were used, but when thresholds of 50% or less were used

there were not enough τd estimates remaining for a thorough analysis. Naud et al.

(2016), in making cyclone-centered composites of MODIS AOD, found that when

only Northern Hemisphere (NH) ECs with less than 80% cloud cover were used

in a composite, the mean AOD was lower but the spatial pattern remained the

same compared to when all NH EC were considered, consistent with our result.

Therefore, we do not expect the enhancement of dust in the warm sector of the

EC composite to be an artifact of cloud contamination.
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Creamean et al. (2013) found that post-cold front precipitation was more en-

riched in dust and biological residues, the particles that remain after water is

evaporated from precipitation samples, than in pre-frontal or peak AR conditions.

Both Ault et al. (2011) and Creamean et al. (2013) found that all of the atmo-

spheric rivers sampled and analyzed during the CalWater Field campaign in which

dust residues were dominant had meteorological conditions corresponding to the

passage of a cold front. Likewise, VanCuren (2002) observed short Asian dust

events along the U.S. West Coast at sea level in Inter-agency Monitoring of Pro-

tected Visual Environments (IMPROVE) measurements, but only during strong

frontal passages. These previous observations could have indicated either an en-

hancement of dust in the post-cold frontal region of the extra-tropical cyclone, or

more efficient removal, through activation or deposition, of dust in post cold-frontal

conditions.

3.4.3 Seasonality and inter-annual variability

We now aim to answer the question: When do these dusty-environment ARs

occur seasonally and how often do they occur annually? Previous published studies

have found that sources of trans-Pacific dust include deserts in Asia, North Africa,

and the Middle East (Hu et al., 2019) and transport of dust across the Pacific

occurs primarily in the springtime, when westerlies are strong but precipitation is

weaker than winter (Creamean et al., 2014; Hu et al., 2019). Dust emission over

the deserts of Asia has a seasonality with a maximum in the springtime (MAM), as

evidenced by high τd over the region (35− 45◦N, 78− 110◦E) in March, April, and

May (Fig 3.12a), and modeling efforts have suggested that trans-Pacific transport

from other dust sources also peaks in the spring Hu et al. (2019). However, the

season for ARs reaching the west coast of the U.S. is primarily from October to

March, as shown through the mean number of AR days per month (Fig 3.12b).

In each month between October and March, there are greater than 9 AR days

on average. In order to understand how the seasonality of dust and ARs impact

the seasonality of ARs in dusty environments, we have grouped AR events by the

percentile group of their dust score. By this method, AR days that have a dust
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score that is greater or equal to the 50th percentile dust score fall into the 50th

percentile group. AR days that have a dust score that is greater than or equal to

the 75th percentile dust score fall into the 75th percentile dust score group, but

are also counted within the 50th percentile group, and so forth. We then count the

number of AR days that are within each group for each month and divide by the

number of years of data (2001-2018) to show the average number of AR days per

month within each percentile group (Fig 3.11). Most ARs occur between October

and March (black line) (Rutz et al., 2014). However, as the percentile group of AR

dust score increases, the number of AR days in the months of October through

February decreases much more than the number of AR days in March and April.

AR days within the 95th percentile dust score (orange line) almost exclusively

occur between February and May. For each dust score, the percentage of pixels

with τd estimates relative to the total possible pixels in the 2-dimensional AR

was calculated ie. the data availability. It was found that the seasonality did

not change qualitatively when dust scores with data availability below specific

thresholds (10%, 20%) were excluded from the analysis. This highlights that the

seasonal cycle of ARs in dusty environments includes a maximum in the early

springtime, at the confluence of the AR season and the trans-Pacific dust season.

In order to understand how variable the dust score is from year-to-year, we cal-

culated the water-year mean dust score (Fig 3.13a). A water-year begins October

1st and ends on September 1st and is designated according to the calendar year in

which it ends. The maximum in water-year mean dust score, 0.033, occurs in 2018

and the minimum, 0.018, occurs in 2004. The average dust score for the water-

years 2002 to 2018 was 0.026. The standard deviation of the water-year mean dust

score, 0.004, is 16% of the mean. The water-years 2007, 2012 and 2017 also stand

out with an annual mean dust score of 0.033, 0.031 and 0.028, respectively. There

is no statistically significant trend in the water-year mean dust score.

Having found that there is inter-annual variability in the water-year annual

mean dust score, we now aim to understand the source of this variability. Is it

due to changes in dust, changes in the number of ARs hitting the west coast of

the U.S., or correlated changes in both of these factors? We address this question
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Table 3.1: Variance of each term in Equation 3.8 as a percentage of the sum of
the variance of these terms. τdA represents the contribution of the climatological
mean and seasonal cycles of dust and ARs to the variance in dust score. τ ′dA
represents the contribution from independent changes in dust, while τdA

′ represents
the contribution from independent changes in the location of ARs in space and
time. τ ′dA

′ represents the contribution from correlated changes in dust and the
location of ARs in space and time.

τdA τ ′dA τdA
′ τ ′dA

′

13% 40% 5% 41%

by performing a Reynolds decomposition on the time series of the annual AR dust

score. The time series of dust score can be expressed as

S = τd · A (3.3)

Where τd and A are a function of space and time and therefore S is also a

function of space and time. We can then use a Reynolds Decomposition to define

the mean and time varying components of τd and A. For example, the mean A is

given by

A = lim
T→∞

(
1

T

T∫
0

Adt) (3.4)

such that the time varying component is defined as

A′ = A− A (3.5)

and then

A = A+ A′ (3.6)

If we similarly decompose τd, then S is

S = (τd + τ ′d) · (A+ A′) (3.7)

or

S = τdA+ τ ′dA+ τdA
′ + τ ′dA

′ (3.8)

The four terms on the right hand side in Equation (3.8) are, from left to right:

1. The long term mean of S, which includes the seasonal cycle
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2. The contribution to S from changes only in τd

3. The contribution to S from changes only in A

4. The contribution to S from correlated changes in τd and A.

From Equation (3.8), the total variance in the dust score (S) can be approx-

imated as the sum of the variances from each term plus the co-variance between

the terms. The contribution of each of these terms to the total variance in the

dust score can be used to understand the sources of inter-annual variability in the

dust score. It must be noted that these terms are not completely independent, the

correlation between each of the terms is non-zero, resulting in non-linearity. Each

of the co-variance terms amount to less than 10% of the variance in dust score.

We will excludes these small terms from the rest of our analysis in order to focus

on the physically meaningful terms that explain more of the variance.

The sum of the variance of the first four terms in Equation 3.8 account for 69%

of the variance in the dust score. In Equation 3.8, if τd never had missing values

then the annual mean τdAR would be constant from year to year. However, given

that τd is missing at some locations in space and time, when any right hand side

term is missing S is missing as well. If you were to calculate the annual mean of

each of the right hand side terms separately and add them, the only way you will

get the same annual mean S is if you sample each right hand side term in space

and time only where there are values for term. This means that the annual mean

τdAR will vary from year because the location and number of missing values for

all the other terms are different from year to year. Therefore, in Equation 3.8,

τdAR, which represents the contribution of correlated seasonal variations of dust

and ARs, is at a maximum in 2016 and is at a minimum in 2002 (Fig 3.13b). τdAR

contributes 13% of the variance of those terms (Table 3.1). In Equation 3.8, τdA
′,

which represents the contribution of independent changes in the location in space

and time of ARs making landfall along the west coast of the U.S., is at a maximum

in 2007 and is at a minimum in 2016 (Fig 3.13c). In Equation 3.8, τ ′dA, which

represents the contribution to the dust score from independent changes in dust,

is at a maximum in 2007 and is at a minimum in 2015 (Fig 3.13d). This aligns

with the maximum in the dust score. Independent changes in dust contributed
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43% to the variance of the dust score (Table 3.1). τdA
′ contributes only 5% to

the variance in the dust score (Table 3.1). The higher contribution of τdA
′ than

τ ′dA to the variance of the dust score highlights that variability in background

dust may be more important for the dust score than variation in ARs. Correlated

perturbations in dust and AR feature position contributed 41% of the variance in

dust score and are at a maximum in 2018 and a minimum in 2014 (Table 3.1; Fig

3.13e). These correlated perturbations indicate that there may be a dynamical

relationship between dust and ARs.

Missing data in τd, due to cloud cover or sun glint, may impact the variance

budget described in equation 3.8. In order to test whether missing data would

impact our conclusions, we performed two additional tests by filling the gaps in

τd with the long-term (2001-2018) daily mean of τd and, secondarily, filling the

gaps with zeros. Filling gaps with the long term mean τd resulted in an increase

of the contribution of the τdA to the variance, but did not otherwise change our

conclusions. Filling the gaps in τd also did not change our conclusions, as the

relative magnitudes of the contribution of each term to the variance was the same

as when gaps were unfilled.

In the calculation of the dust score for each AR day, we used the average AR

within the boundaries of the AR. However, there are often large areas of missing τd

within the AR due to cloud cover. For this reason, we decided to test whether our

results would change if we were to extend the boundaries of the averaging region

used to calculate the dust score beyond the AR itself. We calculated the dust

score and performed the Reynolds decomposition, but extended the boundaries

of the AR in one degree latitude and longitude increments. The results were

nearly identical to when the dust score is calculated with only dust within the

AR boundaries. The maximum and minimum dust score remained identical and

the mean decreased by 0.003. Each term in Equation 3.8 accounted for the same

fraction of the variance of the dust score.
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3.5 Conclusions and discussion

The AR dust score climatology presented here represents a new tool tool to

investigate the characteristics and frequency of ARs in dusty environments. The

mean dust score for the water-years 2002 to 2018 was found to be 0.026 ± 0.004σ

(Fig 3.13a). We have shown that there is a distinct seasonal cycle for ARs in dusty

environments, with the highest dust score events occurring in March, due to the

confluence of the AR season and the trans-Pacific dust season (Fig 3.11). This may

be useful information when planning field campaigns investigating aerosol impacts

on ARs. We have also shown that dust is present primarily in the warm sector of

AR-associated extra-tropical cyclones but is also enhanced in the cold sector (Fig

3.10).

We have decomposed the contribution of the seasonal, and time varying com-

ponents of τd and AR location in space and time to the total variance in dust score

(Equation 3.8; Fig 3.13). We discovered that the correlated seasonal changes in

τd and AR feature contribute 13% to the variance in dust score. While the con-

tribution from independent changes in AR feature variability is small (5%), the

contribution from independent changes in τd is much larger (40%). The contribu-

tion to the variance from correlated changes in τd with AR feature are also large

(41%), which may indicate a dynamical relationship between dust and ARs. This

motivates additional investigation into the meteorological conditions that lead to

dusty ARs and the dynamics of these events. We will investigate this further in

forthcoming work. The dust score presented here does not directly provide infor-

mation about provenance. As a result, the question “To what extent do each of the

major source regions (eg. Africa, East Asia, Middle East) contribute to dust in the

vicinity of ARs?” remains unanswered but could be addressed through additional

in-situ observations and/or modeling studies.

As discussed in the Methods section, there are several limitations to the AR

dust score presented here. As a result of calculating a new dust score for each AR

day, longer duration AR events may have greater influence on our climatological

analysis of the seasonality and inter-annual variability of ARs in dusty environ-

ments. It is also possible that multiple AR objects could be present within the
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domain on a given day and would be combined in the dust score for that day. Ad-

ditionally, τd estimates are only available in clear sky pixels. Dust that is present

within, above, or below clouds will not be counted in the dust score. Therefore,

any dust that is activated as CCN or IN will not be counted in the dust score. It

is plausible that an AR day could have substantial dust within, above, or below

cloud and still have a low dust score.

3.6 Data Availability Statement

The AR dust score dataset described in this manuscript will be made publicly

available at Pangea Open Access doi: XXXXXXXXX.
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Figure 3.1: A conceptual synoptic view of conditions at 18:00 UTC
29 March 2010 based on information from the Climate Forecast System
version 2 operational analysis (https://www.ncdc.noaa.gov/data-access/model-
data/model-datasets/climate-forecast-system-version2-cfsv2, last access: 9 Jan-
uary 2020) and the Weather Prediction Center Surface Analysis Archive
(https://www.wpc.ncep.noaa.gov/archives/, last access: 9 January 2020). Pre-
cipitable water is shown in blue filled contours and 250 hPa wind vectors are
shown with purple arrows for wind speeds greater than 50m s−1. IVT vectors are
shown with black arrows for IVT greater than 250 kg m−2. The upper-level jet is
highlighted with a light purple curved arrow and sea level pressure contours (hPa)
from CFSR are shown in black. The cold front location are drawn based WPC
information.
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Figure 3.2: 18:00 UTC IVT (line contours), τd over land (filled orange contours),
and PRISM daily precipitation (filled blue contours) when the AR made landfall
on March 29, 2010. IVT contours are shown in 50 kg m−1 s−1 increments between
250 and 600 kg m−1 s−1
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Figure 3.3: Schematic of an AR making landfall along the U.S. West Coast. In
this example, the AR is located in the warm sector of an occluded extra-tropical
cyclone along the cold front. The domain used in the calculation of dust score
(145 − 118◦W, 32 − 49◦N) is shown in the red box and 1-degree grid cells used to
identify the U.S. West Coast for the purpose of defining AR days are filled in red.
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Figure 3.4: Box plot of dust scores for AR days between 2001 and 2018. The center
line of the box represents the median (0.015), the top of the box represents the
75th percentile (0.034), and the bottom of the box represents the 25th percentile
(0.004) dust scores. The top and bottom whiskers represent the maximum (0.30)
and minimum (0), respectively.
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Figure 3.5: a) MODIS Terra Visible image of Asia on March 19, 2010 showing
visible dust lofting over source regions in the Taklamakan desert (blue arrow) and
Gobi desert (red arrow). b) τd derived from MODIS Terra on March 19th, 2019
showing enhanced dust over the Taklamakan desert and the Gobi desert overlaid
with daily 10m wind vectors (ms−1) from MERRA-2. Hourly MERRA-2 surface
wind speed from March 15-21, 2010 averaged over c) the Taklamakan desert and d)
the Gobi desert, showing enhanced winds on March 19 20:00 UTC. Grey areas in
panel b indicate missing τd data. The overpass time of Terra MODIS is indicated
on each wind speed time series with a red vertical line.
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Figure 3.6: τd and MERRA-2 500hPa geopotential height and wind vectors for
March 18, 2010 to March 29, 2010. Dust is initially lofted on March 19th and is
transported across the Pacific, arriving coincident with an Atmospheric River on
March 29, 2010. The black arrows follow the movement of the dust plume and
black brackets indicate its extension. The AR is indicated in panel l.
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Figure 3.7: Transect from 30 − 50◦N near 150◦E of CALIPSO Vertical Feature
Mask (VFM) dust classification on March 22, 2010 16:11UTC overlaid upon τd
centered upon the North Pacific Ocean on that date. The CALIOP orbital track
is shown with.

66



Figure 3.8: Transect from 30 − 50◦N near 145◦W of CALIPSO Vertical Feature
Mask (VFM) dust classification on March 29, 2010 11:22UTC overlaid upon τd
centered upon the North Pacific Ocean on that date. The CALIOP orbital track
is shown with a blue line.Contours of IVT greater than 250 kg m−s s−1 are shown
in black.
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Figure 3.9: NOAA HYSPLIT 288 hour forward trajectory ensembles from the
Taklamakan (teal) and Gobi (orange) deserts released at 18:00 UTC 19 March
2010 2km using 1 degree NCEP/NCAR meteorological information. The Gobi
and Taklamakan deserts are outlined in black.
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Figure 3.10: a) Extratropical cyclone-centric composite of τd using cool season
(Nov-Mar) EC center locations from January 2001 to March 2010, for ECs that
were found to be associated with an AR in Zhang et al. (2019) and which had mean
τd within 15 degrees of EC center in the 90th percentile. b) The number of pixels
(N), or non-missing values, for each grid cell used in the mean when calculating a).
In both panel a and b, black solid line contours show AR probability (%), while
dashed line contours show sea level pressure (hPa).
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Figure 3.11: Average number of days each month with ARs making landfall along
the contiguous U.S. west coast for the period from 2001-2018 grouped by dust-
score percentile e.g. AR days with dust score greater than the 90th percentile dust
score for the 2001-2018 period fall into the 90th percentile dust score group. ARs
with dust scores greater than the 75th percentile dust score occur mostly during
the Spring, when the dust season in Asia is at its peak.

70



Figure 3.12: a) Climatological (2001-2017) monthly mean τd over northwestern
China (35− 45◦N,78− 110◦E, red box in inset map). b) Mean number of days per
month when an AR was landfalling along the U.S. west coast between 2001 and
2017.

71



Figure 3.13: Time series (2001-2018) of water year mean terms in equation 3.8.
Equation 3.8 describes the Reynolds decomposition dust score time series which
was performed in order to understand the contribution of changes in dust and AR
occurrence to the variability of the dust score.
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Chapter 4

Evaluating the meteorological

conditions associated with dusty

atmospheric rivers

4.1 Chapter abstract

Trans-Pacific dust has been shown to influence the micro-physical character-

istics of atmospheric rivers that make landfall along the U.S. west coast. Atmo-

spheric Rivers (AR) reaching North America provide valuable water resources,

but also can produce damaging floods. While substantial research has been de-

voted to understanding the structure and meteorological drivers of Atmospheric

Rivers, far less is known about the conditions that lead to the presence of dust

within and around these storms. Here, we utilize an 18-year record of AR dust

scores combined with satellite, reanalysis, and observational meteorological data

to understand the drivers of ARs embedded within dusty environments, or “dusty

ARs”, as compared to ARs in more pristine environments. We find that dusty ARs

are associated with transport of dust from the east Asian coast to North Amer-

ica. Dusty ARs are associated with conditions that are especially conducive to

transport of dust across the Pacific; namely, enhanced mid- to upper-tropospheric

westerly winds over Asian dust source regions and over the Pacific. In contrast,
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ARs in more pristine environments are associated with a persistent ridge over the

central Pacific, which blocks zonal westerly flow, as well as continental dust.

4.2 Introduction

Mineral dust has been shown to influence the micro-physical characteristics of

mixed phase clouds and is sometimes found within Atmospheric Rivers (ARs) that

make landfall along the U.S. west coast, particularly in the late winter and early

springtime (Ault et al., 2011; Creamean et al., 2013). ARs, narrow corridors of

strong water vapor transport typically associated with an extra-tropical cyclone

(Ralph et al., 2018), modulate the hydro-climate of the western U.S. by producing

extreme precipitation (Neiman et al., 2008; Dettinger et al., 2011; Ralph et al.,

2006; Lamjiri et al., 2017). Trans-Pacific dust, from regions such as Asia and Africa,

has the potential to increase precipitation from ARs by enhancing ice formation in

mixed-phase clouds (Creamean et al., 2013; Ault et al., 2011). While understanding

of the structure and meteorological drivers of Atmospheric Rivers has evolved

substantially in the recent two decades, there has been no long-term evaluation of

the meteorological conditions that lead to the presence of dust in the environments

surrounding ARs.

Our understanding of the impact of dust on AR precipitation and cloud micro-

physics rests primarily on case studies of ARs during several years of CalWater

Field campaigns, when chemical measurements of dust in clouds and precipitation

were made (Ralph et al., 2016; Ault et al., 2011; Creamean et al., 2013, 2015, 2016;

Fan et al., 2014). In order to understand the relationship between dust and ARs

from a climatological perspective, a dust score has been developed for days of AR

landfall along the U.S. west coast between 2001 and 2018 (Voss et al., In Review)

using dust estimates from satellite observations (Voss and Evan, 2019) combined

with the Rutz AR catalogue (Rutz et al., 2014). This dust score was calculated

as the average of the dust aerosol optical depth (τd) within the lateral boundaries

of the AR. It was calculated for every “AR day”, defined as any day on which

an AR was made landfall along the U.S. west coast from 2001 through 2018. It
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was found that ARs with dust scores in the top 10th percentile occur primarily

in March, at the confluence of the AR season (Oct-Mar) (Rutz et al., 2014) and

the season favorable for trans-Pacific dust (Mar-May) (Voss et al., In Review).

Correlated year-to-year variability in the frequency of ARs and the dust-content of

the eastern North Pacific was found to explain more than a third of the variability

of the dust score (Voss et al., In Review), suggesting that AR frequency and the

dustiness of the eastern Pacific may be linked in some way, potentially through

large-scale circulation. Here we explore this linkage.

We aim to understand how dusty AR events, defined here as the top 100 AR

days in late winter and early spring (Feb.-Apr.) from 2001 through 2018, develop.

We do this through investigation of the following question: What meteorological

features are associated with dusty ARs a) over dust source regions and b) over the

North Pacific, and how do these meteorological features differ from features asso-

ciated with pristine ARs, defined here as the bottom 100 AR days in late winter

and early spring (Feb.-Apr.) when ranked by dust score? We hypothesize that

dusty ARs are characterized by conditions favorable to dust lofting over continen-

tal sources, including enhanced wind speeds over desert regions. We conjecture

that dusty ARs will also be associated with conditions favorable for trans-Pacific

transport, such as enhanced upper-level zonal winds extending across the North

Pacific. We predict that ARs in more pristine environments will either have low

surface wind speeds, and therefore less emission, over source regions and/or will

have conditions that are unfavorable for trans-Pacific dust transport. This may

include weak mid- and upper-level westerly winds, and ridging over the central

Pacific.

We proceed by describing the datasets and methods used to investigate the

conditions that control the dust content of the environment surrounding ARs that

made landfall along the U.S. west coast between 2001 and 2018. We continue by

comparing the probability distribution functions and composites of meteorological

variables from dusty and pristine ARs. We show that the magnitude of the AR dust

score is related to transport of dust across the Pacific. Our findings suggest that

ARs, whether dusty or pristine, are generally associated with evidence of dust
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emission from Asian deserts in the week prior. Dusty ARs are associated with

enhanced upper- and mid level westerly winds over Asian dust sources and over

the Pacific, while pristine ARs are associated with broad ridging over the central

Pacific that may block or weaken westerly flow. We conclude with a discussion of

how these findings may relate to other circulation features that exert influence over

North American weather. Finally, we discuss the potential value of these findings

for contextualizing future work on the relationship between dust and ARs.

4.3 Data and Methods

AR dust scores from Voss et al. (In Review) (Eq 4.2) are used throughout

the analysis. The AR dust score is calculated from the average of dust aerosol

optical depth (τd) within the boundaries of an AR feature as identified in the Rutz

catalogue only for over-ocean grid cells that fell within a domain that contained

the entire U.S. west coast and extended towards the central Pacific to a distance

that reflects the approximate length scale (1800 km) of a wintertime North Pacific

extra-tropical cyclone (Rudeva and Gulev, 2007) 145 − 116◦W, 32 − 49◦N. The

probability of the presence of an AR at any 1◦ x 1◦ grid cell on a given day can

be defined as Par, which in this case is always 0 or 1. This can be divided by the

total number of grid cells that have a probability of 1 to yield the probability of

an AR at a given grid cell normalized by the size of the AR, which we will define

as PAR.

PAR =
Par

N∑
n=1

Par

(4.1)

Where n is a 1◦x1◦ grid cell in the binary map of AR and N is the total number

of non-missing value pixels on a given day. The dust score (S) is then defined as

S =
N∑

n=1

(τd · PAR) (4.2)

The dust score (S) is based upon daily dust aerosol optical depth (τd) from

Voss and Evan (2019), hereafter VE19, for AR days between 2001 and 2018. The

VE19 record of τd is an observational satellite-remote sensing estimate of column-

integrated dust at 1◦x1◦ spatial resolution. Only τd over ocean is used to calculate
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S. Estimates of τd over ocean are based on isolation of the dust contribution to the

Moderate Resolution Imaging Spectroradiometer (MODIS) Terra level 3 Dark Tar-

get Aerosol Optical Depth (AOD) at 550nm. In the calculation of τd, it is assumed

that the total AOD is the sum of the contributions from dust, pollution, biomass

burning, and marine aerosol (Kaufman, 2005). The contribution of marine aerosol

to the total AOD is parameterized based on surface wind speed from reanalysis.

The contribution from pollution and biomass burning aerosol is estimated based

on the ratio of fine to coarse mode AOD. Estimates of τd are only available for

clear-sky pixels and are also absent where sun glint occurs. The estimate of τd

represents dust at approximately 1030 local time, as this is the approximate over-

pass time of the Terra satellite. Occasionally pixels of very high (> 0.5) τd were

present within the AR feature, preferentially in the summer months (JJA). Inspec-

tion of MODIS Terra visible imagery on those dates at the location of the very

high τd pixels yielded indications that this was a result of smoke, or thin cloud

cover that was not screened out in the MODIS cloud clearing algorithm. In order

to remove the impacts of these non-dust artifacts, we replaced any τd greater than

or equal to 0.5 with a missing value prior to calculation of the dust score. For AR

days between 2001 and 2018, the median dust score was 0.011, the 75th and 25th

percentile dust scores were 0.022 and 0.005, respectively, and the maximum and

minimum dust scores were 0.110 and 0, respectively.

Wind speeds and visibility at 3-hourly resolution from select surface stations

(Table 4.1) located within desert dust source regions in Asia, the Middle East, and

Northern Africa were used to investigate dust emission prior to AR days. Only

stations that reported 3-hourly measurements between 2001 and 2018 were used in

the analysis. Data were obtained from the National Ocean and Atmospheric As-

sociation (NOAA) National Centers for Environmental Information (NCEI) global

surface station network (gis.ncdc.noaa.gov/maps/ncei/cdo/hourly).

The Modern-Era Retrospective analysis for Research and Applications, Version

2 (MERRA-2) 18:00 UTC surface wind vectors and daily mean sea level pressure

(SLP), 500 and 250hPa zonal winds and geo-potential heights were used at 0.500◦

x 0.625◦ resolution. These variables were obtained from EarthData GES DISC
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Table 4.1: Surface stations over desert source regions in Asia, the Middle East,
and Africa used for 3-hourly wind speed and visibility measurements as indicators
of dust emission.

Country Source Region Stations (Lat, Lon)
China Taklamakan Desert Tazhong (39.000◦N, 83.667◦E), Tikanlik

(40.633◦N, 87.700◦E)
China Gobi Desert Guaizihu (41.367◦N, 102.367◦E), Bayan

(40.750◦N, 104.500◦E)
Saudi Arabia Arabian Desert Turaif (31.693◦N ,38.731◦E), Hail (27.438◦N,

41.686◦E), Arar (30.907◦N, 41.138◦E), Yenbo
(24.144◦N, 38.063◦E), Al Ahsa (25.285◦N,
49.485◦E), Al Baha (20.296◦N, 41.634◦E), Ne-
jran (17.611◦N, 44.419◦E), Wadi Al Dawasir
(20.504◦N, 45.200◦E), Sharurah (17.467◦N,
47.121◦E)

Chad Sahara Desert Faya Largeau (17.917◦N, 19.110◦E), Fada
(17.167◦N, 21.550◦E)

(disc.gsfc.nasa.gov). A daily seasonal cycle, or climatology, of each of the afore-

mentioned variables was constructed in order to calculate anomalies. The seasonal

cycle was constructed from 30 years (1986-2018) of daily data using a 21-day run-

ning mean technique as described in (Hart and Grumm, 2001). A 30-year time

period was chosen in order to obtain a smooth seasonal cycle. However, the re-

sults of our analysis are qualitatively the same when only the analysis time period

(2001-2018) is used in calculation of anomalies. Daily mean MERRA-2 dust ex-

tinction optical depth for select days in the period from 2001 to 2018 was also

used. A bootstrap with resampling approach was used for determining statistical

significance of anomaly fields. A randomly sampled 1000 member distribution of

representative data was compared with the composite signal and signals falling

above the 90th percentile or below the 10th percentile at each MERRA-2 grid cell

were deemed statistically significant.
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4.4 Results and Discussion

4.4.1 Trans-Pacific Dust

Previous studies have found that long-range transported dust influences the

micro-physical characteristics of ARs that make landfall along the U.S. West Coast

(Ault et al., 2011; Creamean et al., 2013), and dust from the Taklamakan and Gobi

Desert takes between 6 and 12 days to cross the Pacific (Yu et al., 2012). The

March peak in the number of dusty ARs, at the confluence of the beginning of the

trans-Pacific dust season and the end of the AR season suggests that trans-Pacific

dust contributes more to the dustiness of the surroundings of an AR than local

dust (Voss et al., In Review). Therefore, we hypothesize that dusty ARs will, on

average, be associated not only with high τd within the domain used in calculating

the dust score, but with evidence of transport across the Pacific ocean. In order to

test this, dusty AR days, defined as the top 100 AR days in February, March, and

April (FMA) when ranked by dust score, were compared with pristine AR days,

defined as the bottom 100 AR days in FMA when ranked by dust score between

2001 and 2018. While the number of samples in each subset, (100) was chosen

arbitrarily, other subset sizes (20, 30, 180) were tested and produced the same

results qualitatively but with weaker signals, in dust and meteorological features,

for 180 member subsets and noisier results for the small (20, 30) subsets.

We first compare composite Hovmoller diagrams of mean τd over eastern Asia

and the Pacific Ocean, averaged over 30 − 50◦N, between 40◦E and 240◦E, for the

15 days leading up to the AR day (Fig 4.1,4.2). An AR day is defined as any

day on which an AR was making landfall along the U.S. west coast from 2001

through 2018. For simplicity of language, AR days will be referred to as “ARs”

hereafter. The area over eastern Asia, top panel in Figures 4.1 and 4.2, is shown

with a separate color scale from the Pacific Ocean, bottom panel, for clarity due

to the steep gradient in τd between desert source regions and relatively clean air

over ocean. The approximate longitudinal boundaries of three major dust source

regions, the Middle East, the Taklamakan desert, and the Gobi desert are shown

in boxes marked with “M”, “T”, and “G”, respectively.
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Both dusty and pristine ARs show very high τd over the northern part of the

Middle East (50−60◦E) and over the Taklamakan (70−90◦E for the 15 days leading

up to the AR (Fig 4.1, 4.2). Over the Middle East, there is very little difference

between τd prior to dusty and pristine ARs, as evidenced by less than 0.03 taud

differences between dusty and pristine ARs (Fig 4.3). The mean τd over the Middle

East was found to be 0.12 ± 0.043 for dusty ARs (Fig 4.1) and 0.11 ± 0.046 for

pristine ARs (Fig 4.2). Over Asian deserts, τd was found to be slightly higher in

the days leading up to dusty ARs compared to pristine ARs. Over the Taklamakan

desert, the mean τd was found to be 0.18 ± 0.039 for dusty ARs and 0.17 ± 0.034

for pristine ARs. Over the Gobi desert, mean τd was found to be 0.10 ± 0.035 for

dusty ARs and 0.09 ± 0.037 for pristine ARs.

The dusty AR composite is suggestive of transport of dust from these deserts

eastward towards the coast, as evidenced by eastward extension of the 0.10 and

0.08 τd contours between 8 and 10 days prior to the AR day from 110◦ to 120◦E

(Fig 4.1). This is also visible as a greater than 0.03 positive offset in τd for dusty

ARs relative to pristine ARs at the same time and location in figure 4.3. In general,

the area between 110◦E and 120◦W which stretches from the central Gobi desert

to the Asian coast shows 0.03 to 0.06 higher τd between 6 and 11 days prior to

dusty ARs as compared to pristine ARs (Fig 4.3). There is an additional very high

τd region near 120◦E, the location of the east Asian coast, with peak values near

8 days prior to the AR and between 6 and 2 days prior to the AR day (Fig 4.1)

indicating dust that has been transported offshore. The dusty and pristine AR

composites differ more substantially over the Pacific. In the days leading up to

the dusty AR days there is high (> 0.04) τd in the central Pacific within 12 days

of the AR. Eight days prior to the AR, a region of greater than 0.045 τd extends

between 140 and 145◦E which is just offshore of northern Japan. A an area of high

τd appears to propagate eastward across the Pacific at variable speed. On the day

of the AR, there is a region of greater than 0.07 τd found east of 120◦W associated

with the AR. If a constant speed is assumed, the high (> 0.04) τd plume beginning

8 days prior to the AR and arriving along the U.S. west coast on the day of the

AR indicates a transport speed of approximately 11.25 degrees longitude per day,
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or approximately 956km per day at the latitude of 40◦N. This transport speed is

equivalent to approximately 11m s−1.

Interestingly, three days prior to the AR day there is another eastward extension

of the 0.10 τd contour from the Asian deserts (70 − 95◦E) towards 110◦E, and an

eastward propagating high (> 0.04) τd signal over the western North Pacific (Fig

4.1). This is indicative of another wave of dust transport, potentially suggesting

that these dust transport events occur successively.

For the pristine AR cases there is still high (0.07) τd over the Taklamakan (70−
90◦E) desert, Gobi desert (100 − 110◦E) and even slightly offshore (100 − 139◦E)

(Fig 4.2). However, there is very little temporal variation in the zonal extent of

contours over land. For example, the eastern boundary of the 0.04 τd contour over

the Gobi desert remains near 110◦E from 15 days prior to the pristine AR until 4

days prior to the AR in figure 4.2. In contrast, in the hovmoller diagram of dusty

ARs the eastern boundary of the 0.04 τd contour over the Gobi varies in location

between 110◦E 15 days prior to the AR to 135◦E 9 days prior to the AR and east

to 113◦E 4 days prior to the AR (Fig 4.1). There is much lower τd over the central

and eastern Pacific in all days leading up to the AR (Fig 4.3). In contrast to the

dusty AR composite, there are no days for which τd over the Gobi desert is above

0.12 for pristine ARs (Fig 4.2). Over the Pacific, there are isolated areas with

> 0.04 τd, such as at 160◦W twelve days prior to the AR or 180◦E seven days prior

to the AR, but they do not coherently propagate eastward and they do not persist

longer than several days. There is also no region of very high (> 0.07) τd east of

120◦W on the day of the AR.

Estimates of retrieved τd are only made for cloud-free and sun glint-free pixels.

As a result, τd estimates from satellite retrievals are limited in very cloudy condi-

tions such as those associated with extra-tropical cyclones and ARs. In contrast,

MERRA-2 provides 1-hourly reanalysis dust extinction optical depths including

under cloud cover. Dust extinction optical depths from MERRA-2 (τd,M) are not

completely independent from retrieved τd as MODIS AOD is assimilated into the

reanalysis. Hovmoller composite diagrams of τd,M for the days preceding dusty and

pristine AR days show qualitatively similar features to observed τd over ocean, but
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differ slightly over land (Figs. 4.4, 4.5). The sea level pressure contours on these

figures will be discussed later in section 4.4.3. Overall, τd,M is lower than τd and

the color scale in Figures 4.4 and 4.5 has been adjusted accordingly. West of 60◦E,

the hovmoller diagram for dusty ARs shows τd,M mostly greater than 0.15 for all

15 days prior to the AR (Fig 4.4). For pristine ARs, τd,M east of 60◦ is mostly less

than 0.15 between 15 and 4 days prior to the AR day (Fig 4.5). The more than

0.018 differences in τd,M over the Middle East between dusty and pristine ARs, as

shown in figure 4.6, indicate that dusty ARs may be associated with dustier con-

ditions over the Middle East. This was not evident in retrieved τd over the same

region (Fig 4.1). The mean τd,M over the Middle East was found to be 0.13±0.026

for dusty ARs and 0.11 ± 0.025 for pristine ARs.

Over the Taklamakan desert within 12 days of the AR, dusty ARs have more

than 0.2 higher τd,M than pristine ARs (Fig 4.6). This difference between the

dusty and pristine ARs is more pronounced than what was observed for τd in

figure 4.3 over Asian deserts. At 105◦E, near the Asian coast, dusty ARs do have

higher τd,M (> 0.10) than pristine ARs consistent with what was observed for τd

in Figure 4.1. Over the western Pacific, the composite of dusty ARs shows more

dust than pristine ARs. Near day 8 in the dusty AR composite , there is a peak in

the zonal extent of the 0.01 τd,M contour reaching 160◦E. This peak is present in

other contours on days closer to the AR, indicating an eastward migration of dust

across the Pacific, consistent with what was described for retrieved τd. There is

also a region of high (0.04) dust extinction east of 220◦E where ARs make landfall

along the U.S. west coast (Fig 4.4). The composite of τd,M for pristine ARs shows

less dust overall in the Pacific, and this difference is most pronounced within a

corridor that indicates an eastward migration in time, as evidenced by the greater

than 0.005 offset in τd,M for dusty compared to pristine ARs that appears in a

diagonal form in figure 4.6. Interestingly, there is a peak in the zonal extent of

contours of τd,M near 150◦E around seven days prior to the AR and indicates some

eastward transport of dust in the days leading up to the AR (Fig 4.5). However,

the magnitude is much smaller than for the dusty ARs and there is a minimum in

dust extinction east of 220◦E, the U.S. west coast.
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The differences between τd over the Pacific for the days leading up to dusty

and pristine AR reveal evidence of trans-Pacific transport of dust as a defining

factor in the dustiness of the environment surrounding an AR. While τd,M from

reanalysis indicate that dusty ARs are are associated with enhancement of dust

over source regions such as the Middle East and the Taklamakan desert, retrieved τd

did not yield strong evidence of this. It is unclear from these composites whether

this transport is associated with an enhancement of dust emission over source

regions, an enhancement of meteorological conditions favorable for transport, or

both of these factors. In order to investigate this, we proceed by analysing the

meteorological precursor conditions for dusty and pristine ARs over dust source

regions and over the north Pacific.

4.4.2 Source Regions

Imported aerosol mass to North America is dominated by dust, primarily from

Asia, followed by contributions from Africa and the Middle East (Yu et al., 2012).

In order to understand whether dust emission over distant source regions in the

days prior to an AR is a strong modulator of the dust content of the environment

surrounding the AR, 3-hourly surface wind speed and visibility measurements from

meteorological stations within Asian, Middle Eastern, and African dust source re-

gions were compared for days leading up to dusty and pristine ARs. While these are

not direct measurements of dust emission, dust emission is known to be primarily a

function of surface wind speeds and in the absence of daily observed measurements

of dust emission over these major dust source regions for the time period of inter-

est (Benedetti et al., 2018), wind speed and visibility have been demonstrated as

useful analogues in previous studies (Baddock et al., 2014; Kurosaki and Mikami,

2007).

Comparing measurements from stations within Asian dust source regions using

all measurements in FMA regardless of whether there was an associated AR, mean

wind speed and mean visibility are lower for the Taklamakan (mean wind speed:

2.12 ± 1.80m/s; mean visibility: 19, 947 ± 10, 151m) than for the Gobi (4.59 ±
3.23m/s; 26, 215 ± 6841m) desert. The probability distribution function (PDF) of
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Gobi desert wind speed for FMA (grey lines; Fig 4.7a) is wider than that of the

Taklamakan (grey lines; Fig 4.7b) and has a longer tail extending towards high

wind speeds. The PDF of visibility for the Gobi desert (grey lines; Fig 4.7e) shows

that more than 60% of measurements are clear, with visibility greater than 25, 000

m. The PDF of visibility for the Taklamakan desert using all measurements from

FMA (grey lines; Fig 4.7f) shows that a smaller fraction (< 50%) of measurements

are clear (visibility 2.5 km). The Taklamakan desert is known to have a lower

threshold wind speed for dust emission than the Gobi desert (Kurosaki and Mikami,

2007).

Over the Gobi desert, the PDFs of visibility (Fig 4.7e) measurements prior to

the AR are virtually identical for the 6 to 10 days prior to dusty (red line) and

pristine (blue line) ARs. Differences between each of the subsets, ie. dusty AR,

pristine AR, and all measurements, are within 3% for all visibility bins less than

27 km (Fig 4.7g). However, each visibility subset is statistically different from each

other subset at 99% confidence, likely as a result of large (> 6%) differences for

the very high visibility (30 km) bins (Fig 4.7g). There is a greater than 5% higher

probability of very clear (30 km visibility) measurements for the dusty AR subset

compared to the pristine AR subset, and an almost 7% lower probability of very

clear measurements for the pristine AR subset compared to the all measurement

subset. This is contradictory to our hypothesis that there would be more dust,

and therefore lower visibility, over the Gobi desert in the days prior to dusty ARs

compared to pristine ARs. The PDFs of wind speeds for the days prior to dusty and

pristine ARs are also nearly identical (Fig 4.7a), with differences of less than ±2%

(Fig 4.7c). Interestingly, both prior-to-AR groups have higher mean winds speeds

(dusty: 5.29± 3.34m/s; pristine: 5.13± 3.34m/s) than the when all measurements

from FMA are used (4.59±3.23m/s). This is clearly visualized as a shift in the PDF

of wind speeds towards higher speeds for days prior to both dusty and pristine AR

subsets as compared to all measurements (Fig 4.7a). For example, the probability

of a measurement being in the 2 ms−1 bin is more than 3% lower for the dusty

and pristine ARs than for all measurements, and the probability of a measurement

being in the 6 ms−1 bin is 2% higher for dusty and pristine ARs compared to
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all measurements (Fig 4.7c). Further, the difference in the mean between dusty

ARs and all FMA measurements and pristine ARs and all FMA measurements is

significant at 99% confidence but there is no difference between dusty and pristine

ARs at the same confidence level. This supports our hypothesis that dusty ARs

are associated with higher surface wind speeds over the Gobi desert, which lead

to dust emission. However, it also would suggest that there are other determining

factors for whether an AR is dusty since pristine ARs are also associated with

these high wind speeds over the Gobi desert.

The average wind speed over the Taklamakan desert prior to dusty ARs is

2.15±1.92m/s while prior to pristine ARs it is 2.09±1.75m/s. The mean difference

between the dusty and pristine AR subsets is not statistically significant at 99%

confidence and the PDFs for the dusty AR, pristine AR, and all measurement

subsets are similar to one another (Fig 4.7b). However, the difference of the dusty

AR subset PDF and the pristine AR subset PDF indicates that there is a higher

probability of wind speeds greater than 6 ms−1 for dusty ARs than for pristine

ARs (Fig 4.7d). There is also a higher probability of wind speeds greater than 6

ms−1 for dusty ARs as compared to all measurements. Dust emission has been

found to be dependent on exceeding of specific thresholds in wind speed (Kurosaki

and Mikami, 2007), so differences between subsets in the high wind speed bins may

be important even if the mean wind speed does not differ.

The PDFs of visibility for the Taklamakan show similar distributions for the

days prior to dusty and pristine ARs (Fig 4.7f), with differences in probability

within 1% excluding the 30 km visibility bin (Fig 4.7h). Both dusty and pristine

ARs have higher probabilities for measurements with lower than 22.5 km visibility,

with differences of up to +7%, and 28% lower probability for measurements in

the highest visibility (30 km) bin. The average visibility over the Taklamakan

prior to dusty AR days is 14.281 ± 8.408 km while prior to pristine AR days it is

15.156±8.648 km, and this difference is statistically significant at 99% confidence.

The average for the all measurement subset was found to be 19.948 km, which

is statistically different from both the dusty AR and pristine AR subsets at 99%

confidence. These results did not change qualitatively when the analysis window

85



was shifted 2 days earlier, ie. 4 to 9 days prior to the AR, or later, ie. 8 to 14

days prior to the AR, or when the length of the analysis window was shortened to

3 days. These results support our hypothesis that dusty ARs are associated with

lower visibility over the Taklamakan desert, a possible indication of dust emission.

However, consistent with what was found for the Gobi desert, pristine ARs were

also found to be associated with lower visibility over the Taklamakan desert. While

visibility was found to be lower over the Taklamakan desert prior to dusty ARs

compared to pristine ARs, the difference was much smaller than the difference

from the all measurement subset, again suggesting that other factors besides dust

emission from source regions may play a role in modulating the dust content of

the surroundings of an AR.

This same analysis was performed using stations above 25◦N from Saudi Arabia

previously used for dust transport studies (Notaro et al., 2013) and with stations

from Africa near to source regions as identified in (Gherboudj et al., 2017). There

was no difference in the PDF of visibility between days prior to dusty and pristine

ARs for Saudi Arabia or for Chad, nor were there differences between the prior-

to-AR groups and the climatology.

Composites of MERRA-2 2-meter wind speed between 5 and 11 days prior to

AR landfall for dusty (Fig 4.8a) and pristine (Fig 4.8b) AR days both show small

(< 3 m s−1) positive anomalies in wind speed 9-days prior to AR landfall over the

Gobi (near 40◦N, 103◦E) and Taklamakan desert (near 40◦N, 85◦E) as well as over

the northern part of the Arabian Peninsula (near 30◦N, 17◦E) and northern Africa

(above 22◦N) but there is no clear difference between the days prior to dusty and

pristine AR days (Fig 4.8c). The spatial structure of 2-meter wind speed does not

change between 12 and 5 days of AR landfall, so only the composite for 9 days

prior to AR landfall is shown in Figure 4.8.

Overall, these results show mixed consistency with our hypothesis. We pre-

dicted that dusty ARs would be associated with high wind speeds and low visibil-

ity, indirect indicators of dust emission over source regions, and that pristine ARs

would not be associated with these indicators. While it was found that the mean

wind speed over the Gobi desert was higher that normal for dusty ARs, with a
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significant difference at 99% confidence, the pristine ARs were also found to be

associated with a higher mean wind speed than normal. Inconsistent with our

hypothesis, dusty ARs were found to be associated with a higher mean visibility

over the Gobi desert than pristine ARs. Over the Taklamakan desert, there was

no statistically significant difference in mean wind speed for dusty ARs or pris-

tine ARs from all measurement or from each other. However, dusty ARs were

associated with a higher probability of high (> 6 ms−1) wind speeds, which may

be important for dust emission. Consistent with our hypothesis, dusty ARs were

found to be associated with a statistically significantly lower mean visibility than

normal. However, the same is true for pristine ARs. The difference between dusty

and pristine ARs, in visibility over the Taklamakan, were much smaller than the

difference from the all measurement subset. This could indicate that dust emission

in these regions in springtime is in some way linked to AR activity through large

scale circulation. This is also supported by the similarity of τd over source regions

in the days leading up to dusty and pristine ARs as shown in Figures 4.1 and 4.2

4.4.3 Pacific Region

It is plausible that the meteorological conditions of the Pacific may yield con-

siderable influence over whether dust is transported across the Pacific to reach the

surroundings of an AR. In order to test whether this is the case, synoptic me-

teorological conditions over the Pacific for dusty ARs were compared to that for

pristine ARs to test the hypothesis that dusty ARs are associated with conditions

that would be favorable for transport of dust from the Asian continent towards

North America. These conditions could include enhanced upper-level zonal winds

across the Pacific and/or eastward propagating extra-tropical cyclones that may

facilitate transport dust across the Pacific.

In order to investigate the upper-level dynamics associated with dusty ARs

as compared with pristine ARs, composites of 250-hPa anomalous, relative to

the seasonal cycle, zonal winds (shaded contours) and anomalous 250-hPa geo-

potential height (line contours) were constructed using the days prior and dusty

(Fig 4.9) and pristine (Fig 4.10) ARs. Geopotential heights at this pressure level
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are commonly used to investigate upper-tropospheric features such as the North

Pacific Jet (Griffin and Martin, 2017; Jaffe et al., 2011; Eichelberger and Hartmann,

2007), but the features (e.g. troughs, ridges) we describe here are also present at

500hPa. In the composite of six days prior to the dusty ARs (Fig 4.9a), two weak

(−5m anomaly) upper-level troughs are present, one over Mongolia, centered near

100◦E, and one over northern Japan (135◦E). These troughs are associated with

2 ms−1 enhancements in upper-level eastward winds over northern Asia, at the

eastern edge of the Taklamakan desert (approx. 90◦E) and over the entire Gobi

desert (approx. 90− 116◦E), extending over Japan towards the Pacific. Between 5

and 4 days prior to the AR (Fig 4.9b,c), the trough over Mongolia recedes and the

trough over Japan deepens to a -15 m anomaly. Simultaneously, a +30 m ridge

develops in the north eastern Pacific centered around 35◦N, 225◦E with a -50 m

trough over western British Columbia (55◦N, 240◦E) just northeast of it. Three

days prior to the AR (Fig 4.9d), the trough over Japan extends eastward and

begins to shed a smaller low geo-potential height anomaly into the central Pacific

and 3-5 ms−1 anomalous westerly winds develop between 30 and 40◦N in the central

Pacific, indicating an extension of the North Pacific Jet. Two days prior to the

AR (Fig 4.9e), the parent stationary low over Japan continues to deepened beyond

-25 m while shedding a smaller low into the central Pacific. The troughs that were

present in the Central Pacific and over British Columbia merge on the day before

the AR (Fig 4.9f), forming a low -50 m geo-potential height anomaly in the Gulf of

Alaska (approx. 55◦N, 215◦E). The trough over Japan widens on the day before the

AR. On day zero (Fig 4.9g), the day the AR makes landfall on the western U.S.

coast, there is an elongated trough over the eastern Pacific and western North

America and a trough over Japan that has maintained position, yet weakened

slightly from the day before. These two upper-level troughs are associated with

enhanced +3 to +7 ms−1 westerly upper-level zonal winds extending across the

Pacific from 135◦E to 245◦e, near 30◦N in the western Pacific. There are also

greater than 6 ms−1 enhancements in zonal winds between 30 and 50◦N in the

eastern Pacific, between the strong trough and the ridge. The enhanced westerly

winds over the eastern Taklamakan and entire Gobi desert 6 days prior to the AR
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day are likely to facilitate transport of dust from these source regions towards the

Asian Pacific coast. Consistent with this, there is a greater than 0.10 positive offset

in τd between southern central Mongolia (near 45◦N, 110◦E) and the Asian coast

(near 45◦N, 125◦E) for dusty ARs as compared to pristine ARs six days prior to the

AR (Fig 4.11a). There are also greater than +0.05 offsets in τd for dusty ARs at the

southern flank of the stationary low 500-hPa (Fig 4.11b) and 250-hPa (Fig 4.9b)

geo-potential height anomalies over Japan, co-located with the enhanced westerly

zonal winds in the upper-troposphere. Within four days of the AR, positive offsets

in τd over the Pacific are mostly co-located with low 500-hPa geo-potential height

anomalies (Fig 4.11d-g). For example, two days prior to the AR (Fig 4.11e), there

are > 0.04 offsets in τd for dusty ARs, as compared to pristine ARs, positioned on

the southern flank of a -25 m 500-hPa geo-potential height anomaly centered at

41◦N, 185◦E. The largest positive offsets (> 0.08) in τd over the Pacific occur on

the day of the AR offshore of the western U.S. and east of 210◦E, situated between

a ridge (40◦N, 235◦E) and trough (55◦N, 220◦E) (Fig 4.11g).

A very different pattern emerges in composites of upper-level (250-hPa) zonal

winds (shaded contours) and geo-potential heights (line contours) for pristine ARs

(Fig 4.10). There is substantial ridging over the Asian continent with +15 and

+100 m 250-hPa geo-potential height centers near 50◦N, 95◦E and 50◦N, 130◦E,

respectively, six days prior to the AR (Fig 4.10a) and broader ridging over the

continent within five days of the AR (Fig 4.10b). The southern flank of these

high geo-potential height anomalies are collocated with weak anomalous −5 ms−1

upper-level flow over Asian dust source regions between three and five days prior

to AR landfall (Fig 4.10b-d). For these pristine ARs, a ridge centered at 180◦E

persists in the central Pacific between 6 days and 1 day prior the AR, blocking

or weakening flow from the Asian continent towards North America (Fig 4.10a-f).

However, the difference in τd between dusty and pristine ARs three to five days

prior to the AR indicates that dust may still be present in the western and central

Pacific but displaced to the North, as evidenced by −0.04 offsets in τd within

45−50◦N, 140−190◦E between dusty and pristine ARs (Fig 4.11b-d). The deeper

than 100 m low in the gulf of Alaska (near 50◦N,135◦W) is fed by the central Pacific
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high (Fig 4.10g).

The pattern of upper-level geo-potential height for dusty ARs bears resem-

blance to the extended mode of the North Pacific Jet. The North Pacific jet

stream is a narrow corridor of strong upper-level (200-250-hPa) wind speeds that

is consistently located downstream of the Asian continent but meanders because of

factors such as interactions with baroclinic eddies along the storm track, the East

Asian winter monsoon, and tropical convection (Winters et al., 2019), and is a re-

gion of high horizontal and vertical sheer. Empirical Orthogonal Function analysis

has been used to identify several leading modes of variability of the North Pacific

jet stream (Eichelberger and Hartmann, 2007; Winters et al., 2019; Athanasiadis

et al., 2010; Jaffe et al., 2011). These leading modes include a zonal extension or

retraction and a north or southward meridional shift. Griffin and Martin (2017)

found that the mode of the North Pacific jet stream yields considerable influence

on the large-scale flow pattern across the North Pacific and over North America.

The extended jet pattern was found to develop from two upper-level low (250-

hPa) geo-potential height anomalies, one in the central North Pacific at the exit

region of the climatological jet, near 200◦E, 40◦N, and another just north of the

climatological jet, near southern Japan (Fig. 4.9b). These upper-level height

anomalies each produce enhancements in zonal eastward wind at their southern

flanks. As the height anomaly in the central Pacific intensifies, it merges with the

low anomaly near East Asia. So, too, do the anomalies in zonal wind resulting in

an effective extension of the jet farther to the east towards North America. These

features in the upper-level geo-potential height and zonal wind fields are the similar

to the features that are present in composites of upper-level height and winds in the

days prior to dusty ARs (Fig. 4.9), suggesting that an extended north Pacific jet

may allow dust to be transported from Asian dust source regions into the central

and eastern North Pacific where it can be picked up by an extra-tropical cyclone

and reach the vicinity of an AR.

Hovmoller diagrams of mean 30−40◦N anomalous sea level pressure (SLP) be-

tween the Asian coast (100◦E) and North America (210◦E) for dusty ARs between

15 days prior to the AR and the day of the AR show a region of anomalously low
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SLP that develops over western China (100◦E) beginning around 15 days prior to

the AR, deepening to a minimum of less than -150 hPa around 11 days prior and

weakening to zero by approximately eight days prior to the AR (Fig 4.4). At the

same time, a greater than +250 hPa ridge develops in the eastern North Pacific

until around six days prior to the AR. Between nine days prior to the AR and

the day of the AR, the low SLP from the western China coast weakens and a new

region of less than -150 hPa low SLP anomaly developed in the central Pacific

(near 160◦E) between 8 and 3 days prior to the AR, appearing to migrate towards

the western U.S. coast (near 210◦E). Between 5 days prior and the day of the AR,

this trough deepens to less than -300 hPa in the Northeastern Pacific.

From a hovmoller diagram of mean SLP for the days prior to pristine ARs (Fig

4.5), the primary feature is a region of high, greater than 300 hPa, SLP between

160◦E and 220◦E that has developed by 15 days prior to the AR and weakens

slightly, by at least 50 hPa, around 4 days prior to the AR day but persists as a

region of anomalously high SLP up to the AR day. A region of anomalously low

(approx. -100 hPa) SLP is also present over western China (near 100◦E) between

9 and 14 days prior to the AR for the pristine days but it is weaker than for

the dusty days. The anomalous low SLP, approximately -100 hPa, feature in the

western Pacific (near 120◦E) is mostly confined within the 2 days leading up to the

AR and the day of the AR and is confined east of 140◦W. The trough and ridge

patterns described using composites of upper-level (250-hPa) winds and heights

(Fig 4.9, 4.10) are consistent with what is found at mid-levels of the troposphere

(500-hPa; not shown).

The latitude of landfall of ARs is controlled by dipoles in pressure along the

coastline that may direct moisture through the dominant flow towards specific

location. The northeastward slanting ridge centered just offshore of northern Cali-

fornia and the trough centered in the gulf of Alaska in the composite of upper-level

geo-potential height (Fig 4.9), which also exists at 500 and 850-hPa (not shown)

may steer ARs towards the Pacific Northwest and southern British Columbia. It

is therefore plausible that ARs impacting the northern parts of the U.S. coast-

line are more likely to contain dust than those impacting places such as southern
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California.

Some of the characteristic synoptic conditions associated with dusty ARs, in-

cluding an enhanced 250-hPa North Pacific Jet (Fig 4.9) and low 500-hPa geo-

potential heights (Fig 4.11) across the North Pacific, are the same conditions that

have been found to be associated with AR families, successive but distinct AR

events within a short time period (Fish et al., 2019). It is possible that these dusty

ARs occur in succession, associated with AR families. The suggestion that dusty

ARs may occur successively is consistent with a case study of a dusty AR (Voss

et al., In Review). While the case study in Voss et al. (In Review) focused on an

AR event that followed a major Asian dust storm on March 19th, 2010, another

very high τd event over the Gobi desert and the beginning of a dust transport event

was visible 7 to 9 days later, at the same time that the AR event that the case

study focused on was making landfall along the U.S. west coast.

4.4.4 Conceptual Model

The conceptual model presented in Figure 4.12 summarizes the steps in the

development of dusty ARs, suggested by our findings. In step I, high wind speeds

over Asia loft dust from source regions such as the Taklamakan and Gobi deserts.

This step is not unique to dusty ARs, but our finding suggest that it often occurs

for both high and pristine ARs. In step II, mid- to upper-level westerly winds over

the Asian continent transport dust from source regions towards the Asian coast. In

step III, an extended North Pacific Jet over Japan transports dust from the Asian

coast towards the central Pacific. In step IV, a transient extra-tropical cyclone,

potentially one that developed from a parent low associated with the extended jet,

moves eastward towards North America carrying with it dust from the western or

central Pacific. In step V, an AR develops associated with a deepening low in the

Gulf of Alaska that now contains dust from the transient extra-tropical cyclone.
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4.5 Conclusion

An 18-year record of dust score for Atmospheric Rivers (ARs) that made land-

fall along the U.S. west coast was used to investigate the conditions that enhance

the dust content of the environment surrounding the AR. It was found that dusty

ARs are associated with long-range transport of dust across the Pacific Ocean.

Our findings suggest that dust emission over source regions in Asia appears to

be favored in the week prior to AR landfall for both dusty and pristine ARs. In

addition, the synoptic conditions associated with dusty ARs, as opposed to pris-

tine ARs, indicate that the large- and synoptic-scale meteorology over the North

Pacific is an important modulator of the dustiness of AR surroundings. These con-

ditions include enhanced upper and mid-level westerly winds over northern China,

where there are dust sources, an extended jet over Japan, and eastward propagat-

ing extra-tropical cyclones moving from the western and central Pacific towards

North America.

While this work does not address the impacts of dust on ARs, it may serve to

contextualize further research on this subject. For example, the statistical rela-

tionship between dust score and cloud micro-physical parameters or precipitation

may be as much a result of the synoptic and large-scale meteorological conditions

that lead to the presence of dust in ARs as a result of dust enhancing precipita-

tion or dust changing cloud micro-physics. A long-term analysis of the impacts

of dust on precipitation or micro-physical characteristics would be informative for

understanding the impact of dust on ARs, but would need to be cautious of the

underlying dynamics that lead to these events.

While research on the impact of dust on ARs has focused on the micro-physical

impacts of dust, when acting as an ice nucleating particle, it is also possible that

dust may have direct impacts on the temperature structure of the environment

surrounding ARs. The direct radiative effect of trans-Pacific dust in springtime

has been estimated at approximately -3 W m−2, which is approximately 37% of the

impact from North American domestic-sourced aerosols (Yu et al., 2012). Whether

dust has direct impacts on the temperature structure of ARs, or their associated

extra-tropical cyclones, remains an open question worth addressing.
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Finally, this understanding may also yield some amount of predictability that

may be useful for timing field measurements. In-situ measurements are extremely

valuable for constraining the impact of dust on ARs, and the ability to predict

when an AR is likely to contain dust may allow for more efficient use of resources.
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Figure 4.1: Composite Hovmoller diagram of mean 30− 50◦N dust aerosol optical
depth (τd) over the Asian continent (40 − 140◦E; top) and over the North Pacific
Ocean (140 − 240◦E; bottom) for the 15 days leading up to and the day of dusty
ARs. A 5-point local smoothing filter was applied to the τd field prior to calculation
of the 30 − 50◦N mean.
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Figure 4.2: Same as Figure 4.1 but for pristine ARs.
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Figure 4.3: Difference of Figure 4.1 and 4.2.
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Figure 4.4: Composite Hovmoller diagram of MERRA-2 mean 30 − 50◦N dust
extinction optical depth (τd,M ; shaded) and sea level pressure anomalies (SLP;
hPa; lines) over the Asian continent (40 − 140◦E; top) and over the North Pacific
Ocean (140 − 240◦E; bottom) for the 15 days leading up to and the day of dusty
ARs. Positive SLP anomalies are shown with solid lines while negative anomalies
are shown with dashed lines.

98



Figure 4.5: Same as Figure 4.4 but for pristine ARs

99



Figure 4.6: Difference of figures 4.4 and 4.5 for τd,M .
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Figure 4.7: Probability Density Function (PDF) of aggregated 3-hourly a-b) wind
speed (ms−1) and e-f) visibility (m) measurements between 2001 and 2018 for
subsets of all February-April (FMA) measurements (grey), the 6 to 11 days prior
to dusty ARs (red), and the 6 to 11 days prior to pristine ARs (blue) at surface
stations in the a,e) Gobi and b,f) Taklamakan desert. The differences of the PDF
for dusty ARs compared to all FMA measurements (red), pristine ARs compared to
all FMA measurements (blue), and dusty ARs compared to pristine ARs (black) are
shown for c) winds speed over the Gobi desert, d) wind speed over the Taklamakan
desert, e) visibility over the Gobi desert, and f) visibility over the Taklamakan
desert.
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Figure 4.8: Composite of 2-meter wind speed (shaded contours; m s−1) for 9-days
prior to a) dusty ARs and b) pristine ARs, and c) the differences of dusty and
pristine ARs. The location of ground stations in the Taklamakan desert, Gobi
desert, Saudia Arabia, and Chad are shown with circles, stars, diamonds, and
squares, respectively. Hatching in a) and b) indicates wind speed anomalies that
are significant at 90% confidence. Only differences that are significant at 95%
confidence are shaded in panel c.
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Figure 4.9: Composite of 250-hPa zonal winds (shaded contours; m s−1) and 250-
hPa geo-potential height (line contours; m) anomalies for days prior (a-f) and
day of (g) dusty ARs. Negative geo-potential height anomalies are shown with a
dashed line while positive anomalies are shown with a solid line. Hatching indicates
geo-potential height anomalies that are significant at 90% confidence.
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Figure 4.10: Same as Fig 4.9 but for pristine ARs.
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Figure 4.11: Composite of dust aerosol optical depth (τd; shaded contours) differ-
ence between days leading up to dusty and pristine ARs and 250-hPa geo-potential
height (line contours; m) anomalies for days prior (a-f) and day of (g) dusty ARs.
A nine-point local smoothing filter has been applied to the τd field. Negative geo-
potential height anomalies are shown with a dashed line while positive anomalies
are shown with a solid line. Hatching indicates geo-potential height anomalies that
are significant at 90% confidence.
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Figure 4.12: Conceptual model of the development of a dusty AR. The mustard
yellow meandering arrow represents transported dust. The blue and red circles
represent high and low mid- and upper-level geo-potential heights, respectively,
and the broken blue arrows indicate the direction of movement of the trough. The
blue solid arrow represents the North Pacific Jet.
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Chapter 5

Conclusions

5.0.1 Summary of major contributions

In this dissertation, satellite retrievals, observations, and model output were

used to understand the frequency, characteristics, and drivers of dust in the vicin-

ity of Atmospheric Rivers (AR). This work addresses existing gaps in the tools

available for researching dust, and in our understanding of the dust cycle.

In Chapter II, three global datasets of dust aerosol optical depth (τd) were

developed from a simple algorithm and observation-based data. These estimates

are rooted in observations of optical characteristics of the aerosol column from

satellite retrievals. Daily dust estimates between 2001 and 2018 (τMd ) were derived

from the Moderate Resolution Imaging Spectroradiometer. Monthly dust estimates

between 1981 and 2018 (τAd ) were derived from the Advanced Very High Resolution

Radiometer (AVHRR). The long-term mean global τMd over the ocean was found to

be 0.03 ± 0.06. While there are few measurements of dust aerosol for comparison,

τMd over land was found to compare well with ground-based measurements of dust

from the Inter-agency Monitoring of Protected Visual Environments (IMPROVE)

network in the western United States and τMd over ocean was found to compare well

with independent ground-based measurements made at Ragged Point, Barbados.

The observation-based dust estimates (τMd ) described in chapter II, allowed for

the development of an AR dust score climatology, presented in chapter III. This AR

dust score climatology represents a new tool tool to investigate the characteristics
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and frequency of ARs in dusty environments. The mean dust score for the water-

years 2002 to 2018 was found to be 0.026 ± 0.004σ. It was shown that there is

a distinct seasonal cycle for ARs in dusty environments, with the highest dust

score events occurring in March, due to the confluence of the end of the AR season

and the beginning of the trans-Pacific dust season. In chapter II, it was also

shown that dust is present primarily in the warm sector of AR-associated extra-

tropical cyclones but is also enhanced in the cold sector. From a decomposition

of the sources of year-to-year variability of the dust score, it was found that the

correlated seasonal changes in τd and AR feature contribute 13% to the variance

in dust score. While the contribution from independent changes in the frequency

and position of ARs is small (5%), the contribution from independent changes in

τd is much larger (40%). The contribution to the variance from correlated changes

in τd with AR position and frequency are also large (41%), which may indicate

a dynamical relationship between dust and ARs. This provided the motivation

for an investigation into the meteorological conditions that lead to dusty ARs in

chapter IV.

In Chapter IV, an 18-year record of dust score for Atmospheric Rivers (ARs)

that made landfall along the U.S. west coast was used to investigate the condi-

tions that enhance the dust content of the environment surrounding the AR. It

was found that dusty ARs are associated with long-range transport of dust across

the Pacific Ocean. While dust emission over source regions in Asia appears to be

favored in the week prior to AR landfall, our results suggest that dust emission

over these same source regions is also favored for pristine ARs, suggesting that

there are other factors that determine whether that dust reaches the vicinity of an

AR. The synoptic conditions associated with dusty ARs, as opposed to pristine

ARs, indicate that the large- and synoptic-scale meteorology over the north Pacific

is a major factor in the dustiness of AR surroundings. These conditions include

enhanced upper and mid-tropospheric westerly winds over dust sources in north-

ern China, an extended jet over Japan, and eastward propagating extra-tropical

cyclones moving from the western and central Pacific towards North America.

108



5.0.2 Remaining questions

This research improves our understanding of how often and why dust is present

in the vicinity of an AR. Many questions remain regarding the relationship between

dust and ARs. The dust estimates presented in chapter II and the AR dust score

presented in chapter III cannot directly prove dust provenance. Therefore, while

our findings and previous literature suggest that Asian deserts are a major contrib-

utor and other, e.g. African or Middle Eastern, sources contribute some amount

to dust in ARs (Ault et al., 2011; Creamean et al., 2013), we do not have a quanti-

tative understanding of the contributions from different sources. Further, because

our satellite-derived dust estimates can only be made for cloud-free pixels we can-

not directly observe dust within cloudy regions of an AR. Therefore, the questions

remains “Where is dust present in an AR, and does this change throughout the

life cycle of the AR?”.

Our analysis of the meteorological conditions associated with dusty ARs, in

chapter IV, yielded evidence that the dust content of the environment surrounding

an AR is linked to specific patterns in synoptic-scale circulation. As these patterns

are linked to climate modes which are connected, in turn, to different types of ARs

it would be interesting to investigate the relationship between the dust score and

climate modes. This could yield additional predictability for these events. Such an

analysis could be done by comparing the dust score to principle component time

series of AR modes as presented in Guirguis et al. (2018).

Finally, while case studies have indicated that dust may enhance ice formation

in ARs and increase precipitation (Ault et al., 2011; Creamean et al., 2013), we still

have no quantitative understanding of this process. We also do not know whether

there is dependency of this effect on the location of dust within or around an AR.

Additionally, while on an annual basis Asian dust has been suggested to have a

substantial direct radiative effect over North America (Yu et al., 2012), the direct

radiative effect of dust on the structure of an AR has not been considered in any

previous study.
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